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Thie Synposium m r k s  a step f o w r d  i n  t he  progress nude by the  Guidance and Control Panel o f  t he  
Advieory Croup for Aerospace Research and Development (GCP/AGARDl t m r d s  providing a forum for  those 
responsible for t he  se lec t ion  of technologiml options sui table for  meeting t he  a i r  t m f f i c  control and 
mmgement chattengee o f  the  future. 

The conputer has already been of great service t o  the  a i r  t m f f i o  control ler .  I t  hue relieved 
him of a eerie8 o f  m i n t y  log is t ica l  tasks,  embl ing  him t o  concentmte h ie  a t t en t i on  on the  eafe conduct 
of navigation. 

We have now reached a stage where we a n  look f o w r d  t o  the  development of a ground-based com- 
puter capable o f  ta lk ing  d irec t  t o  an onbwrd conputer t o  pi& a i r c m f t  ea fe ly  from departure t o  dee t im-  
t i o n  with a level  of ea fe ty  a s  high ae tha t  achieved today and with n e a ~  d m m  e f f ic iency  i n  t e r n  of 
economice and capacity. 

The uee of ea t e l t i t e e  for  highly accumte surveillance, mvigat ion  t ha t  i e  v i r t ua l l y  independent 
of local f a c i l i t i e s ,  and re l iable  c o m m m t i o n e  with a i r c m f t  anywhere i n  the  sky over t he  planet, 
together with t he  tremendous power o f  the  nezt genemtion o f  conputere or, more gensml ly ,  proceseing 
f a c i l i t i e s  sui table for taking guidance decisions i n  t he  most conplez co$igumtions, tend t o  confirm t h a t  
t he  above e q e c t a t i o n  i s  no longer a mere dream. n s a r l y ,  it i s  not our i n t en t i on  t o  suggeet tha t  both 
s ta t ions  fground-baeed and onbwrdl wi l l  opemte without hwmn intervention.  But does the  presence of 
e i t he r  one person ( t he  p i l o t )  or  two persons ( t he  p i l o t  and t he  controt lerl  neceeearity prevent t he  
o v e m l l  control eyetem from opemting au tomt i ca l l y?  I n  other words, what leve l  o f  automation do we envi- 
eage and, regardleee o f  present leg is la t ion ,  what role m y  we e q e c t  t he  humn t o  play i n  t he  
ground/air/ground control loop? 

h e  dunsity o f  a i r  t m f f i c  continues t o  grow, but t he  available capacity seems unlikely t o  keep 
pace. As a reeult ,  t he  conplexity o f  a i r  t r a f f i c  mmgement and control w i l l  increase and t he  conputer 
w i l l  have t o  take guidance decieions. I n  the  i m t i a t  phaee it w i l l  o f f e r  them t o  t he  hwmn control ler  &o 
w i l l  then  decide whether or not t o  inplement them. I f  the  conputer provee i t e e t f  t o  be rel iable,  t he  
controt ter  w i l l  begin t o  accept i t e  guidance s y e t e m t i c a t t y .  The consequences are eaey t o  predict.  
A second phaee w i l l  follow, i n  which t he  conputer w i l l  einply present what it intende t o  eend t o  t he  
u m t f e l  c o n e e m d  ( e i t h e r  adjacent oentreisl and/or a i r c r a f t )  and request t h e i r  agreement. This procedure 
could i n  due course become no more than a courterne f o m l i t y .  A t  tha t  etage, what role w i l l  t he  human 
control ler  play? 

I t  i e  i n  an  at tenpt  t o  ansmr  t h i s  queetion t ha t  t h i e  Synposiwn w i l l  inveet igate t he  l a t ee t  
pe~epect ivee  on a mmber of fundamental ieeuee bv eplmimng the  poes ib i l i t i ee  of fered by nsw technologies. 
Particular a t t en t i on  w i l l  be focused on the  use of more powerful data proceesing f a c i l i t i e s ,  t he  in twduc-  
t i o n  o f  ea t e l t i t e e  for  i n t egmted  mvigat ion  connummtions and surveillance and t he  potential role o f  
a u t o m t i c  two-way air/ground data l inke.  The f i e ld s  covered w i l l  include advanced surve i l law% radar, 
advanced landing eyeteme, the  mmgement of a i r  t m f f i o  fpar t icu lar ly  i n  eztended t e n n i m l  areas) ,  the  
potential and l imi ta t ions  of automtion,  including t he  possible applications of i n t e l l i gen t  knowledge 
based s y s t em ,  and new onbwrd equipment t ha t  w i l l  olearl# nsceeei tate a fresh look a t  the  relat ionship 
between a i r  t m f f i c  control and individual a i r c m f t .  

Dr. Andre B.no1t 
Sy.po . iu  Ch.irun 
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OPENING ADDRESS 

Major General H.Robyns de Schneidauer 
Chef d'Etat-Major Adjoint Logistique 

de la Force Airienne Belge 
National Delegate to AGARD 

Ladies and Gentlemen, 

Let me introduce myself. I am Major General ROBYNS, Deputy Chief of Staff Logistics of the Belgian Air 
Force. On behalf of Lieutenant General LEFEBVBE. Chief of Staff of the Belgian Air Force. I have the pri- 
vilege and the pleasure in my capacity as Belgian National Delegate to AGARD to welcome the Guidance and 
Control Panel for its 42nd symposium and the 2nd one organized in Belgium. 

The interest shown by Belgium in the activities of the GCP from both points of view of the scientists com- 
munity on one hand as well as of the users community on the other hand, is illustrated by an active 
contribution to the programme of this symposium. Dr. BENOIT of EUROCONTROL (scientist) will chair the 
first 8ession entitled '"Looking to the future" and LtCol COUPE2 (user) Commander of the BAE traffic 
control center/radar post will chair the last session of thie meeting entitled "Contribution to system 
automation". 

I am also particularly pleased and proud to note among this distinguished audience the presence of the 
honorary dean of AGARD Prof. HAUS, Belgian member of your panel since the very beginning of its existence 
in 1965. 

Several AGARD conferences have already been organized in Belgium, nevertheless I see that, once more, a 
very large attendance is reached, and it gives me great pleasure. I dare not gueea whether you are mainly 
attracted by the subjects of this symposium or by the charms of Brussels and Belgium, or even by a com- 
bination of both. 

Anyhow, I think that Belgium iB a proper place to hold a meeting dedicated to "The efficient conduct of 
individual flights and sir traffic". 

Indeed, as you all know, the Belgium Airspace is a very complicated one, not only as a consequence of its 
limited dimensions, but also because of the amount and variety of air traffic criss-crossing, and because 
of the different control centres that have to co-operate, and co-ordinate their action in the same small 
area. 

Throughout the whole world modern technology is in continuous development, and already in the last decade 
of this century, we will hove to define the philosophy according to which more and more powerful technical 
tools will have to be applied in the best possible way, in order to guide and control air traffic in such 
a manner that optimal use of airspace is obtained for all categories of users. 

The important impact of technology upon operatiom1 flying io the future is well underlined by several 
interesting contributions to this symposiums' programme where I remark i t e m  such as advanced surveillance 
end landing systems, automatic data link between airborne and ground based stations, apace hased capabili- 
ties, air traffic and flight management systems and proceeding automation in sir traffic control. All of 
these features will contribute to safeguard the classic objective of establishing a safe, orderly, expe- 
dite and eeooonical flow of air traffic. 

There is a continuous need for advanced technology that will offer many advantages; among others it will 
permit aircraft to operate more independently, it will meet the requirement of proceeding as direct as 
poesible from departure to destination field, it will allow optimization of automation in order to modify 
the methods of separation of aircraft and to obtain a better regulation of air traffic in busy areas, it 
will establieh data com.unication channels for exchange of information between control and flight manage- 
ment systems. 

Let me end up with just one more non technical reflection; notwithstanding the emerging technolagical 
p088ibilitie8, it is anticipated that during the next decades the responsibility for safety in the air 
will remain with the ground hased air traffic control, possibly backed up by airborne traffic warning 
system; this option, anyway, has among othere, already been taken in the United Statea of America. 
It is clear that technological development and progress alone cannot yet provide a solution to the problem 
of efficient and safe management of air traffic and that, up to now, the important role of men - fall the 
controllers or airspace managers - is highly confirmed, as long as these human beings are strongly 
assisted by automatic systems in their decision making proeese. 

In conclusion I think that many attractive chsllengee cootinue to be present in the air traffic world and 
I am sure that this 42nd AGARD guidance and control panel meeting will bring e most valuable contribution 
to sound and suitable solutions for the future problems by giving the participants the opportunity of 
eharing their experience and knowledge, so that safety and economy in the air will he maintained for many 
years to come. 

I wish you all a pleasant stay in Brussels and a very successful meeting. 
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BELGIUM MOVES AHEAD i~ A I R  TRAFFIC CONTROL 

ir . A. VANDENBROUCKE 

D i r e c t o r  General, Department o f  A i r  T r a f f i c  Safety 
RBgie des Voies ABriennas/Regie de r  Luchtwegen 

Rue du ProgrBs, 80, Voo ru i t gangs t r aa t  
1210 BRUSSELS 

INTRODUCTION 
============ 

I t  i s  a  personal  p ~ i v i l e g e  and a   re at p leasure  t o  be g i ven  t h e  chance t o  speak 
t o  your  a t  t h e  AGARD symposium, which t h i s  year i s  concerned wkth t h e  e f f i c i e n t  
conduct of i n d i v i d u a l  f l i g h t s  and a i r  t r a f f i c .  I l i k e  t o  t h i n k  t h a t  t h e  reason 
t h a t  I was se l ec ted  by AGARD f o r  t h i s  keynote address i s  t h a t  we a r e  do i ng  
something app rop r i a t e  t o  t h i s  symposium and i n t e r e s t i n g  t o  you, t h e  at tendees.  
What I am go ing  t o  t a l k  about i s  an e x c i t i n g  new program f o r  us, t h e  RBgie des 
Voies Akr iennes/Regie der  Luchtwegen (RVA/RLW). One t h a t  has been i n  prepa- 
r a t i o n  f o r  q u i t e  a wh i le ,  b u t  has now l e f t  t h e  runway f o r  good. 

Also, by way of i n t r o d u c t i o n ,  I want t o  t e l  l you t h a t  t h e  RVA/RLW, which i s  
under t h e  r e s p o n s i b i l i t y  o f  t h e  M i n i s t r y  o f  Communications, has j u r i s d i c t i o n  
ovev t h e  p u b l i c  a i r p o r t s ,  airways, f a c i l i t i e s ,  and a i r  t r a f f i c  c o n t r o l  s e r v i c e s  
w i t h i n  Belgium. 

Rather t han  go ing  d i r e c t l y  t o  t h e  d e t a i l s  of  t h e  sub jec t  mat te r ,  I would l i k e  
t o  s e t  t h e  stage. Belgium i s  a  smal l  coun t r y  by wo r l d  standards, b u t  i t s  
l o c a t i o n  bestows on it g r e a t  i n t e r n a t i o n a l  s i g n i f i c a n c e .  Belg ium i s  t h e  home of 
t h e  EEC, SHAPE and NATO and about 10 m i l l i o n  people. Wi th  i t s  s u b s t a n t i a l  and 
d i v e r s e  popu la t i on ,  Belgium i s  a  n a t i o n  a t  t h e  crossroads o f  Europe and 
t h e r e f o r e  t r a n s p o r t a t i o n  i s  an e s s e n t i a l  f a c t  o f  l i f e .  T ranspor t  movement a t  
ground and sea l e v e l  i s  s t r u c t u r e d  t o  f o l l o w  t h e  motorweys, r a i l w a y s  and water-  
ways. T ranspo r t a t i on  i n  t h e  a i rways  cannot be s t r u c t u r e d  w i t h  p h y s i c a l  
c o n s t r a i n t s  because it i s  un i que l y  three-d imensional  end an o rde r  of magnitude 
f a s t e r  t han  su r f ace  t r a n s p o r t a t i o n .  Wi th  t h e  dynamics o f  modern a i r c r a f t  and 
t h e  l i m i t e d  a i rspace ,  t h e  d i f f i c u l t i e s  o f  p r o v i d i n g  t h e  e f f i c i e n t  conduct o f  
a i r  t r a f f i c  a re  magni f ied.  Increases i n  a i r  t r a f f i c  add an element o f  
c ~ i t i c a l i t y  t o  t h e  s i t u a t i o n .  

How w i l l  Belgium meet t h e  cha l lenge  o f  p r o v i d i n g  e f f i c i e n t  conduct of i n d i -  
v i d u a l  f l i g h t s  and a i r  t r a f f i c  w i t h i n  t h e  coun t r y ' s  un ique a ivspace ? The 
answer l i e s  i n  an optimum u t i l i z a t i o n  o f  modern technology i n  a  new A i r  T r a f f i c  
Con t ro l  System c a l l e d  CANAC,  which i s  an acronym o f  Computer Ass i s t ed  Na t i ona l  
A i r  T ~ a f f  i c  Con t ro l  Center.  

CANAC BACKGROUND 
================ 

Before I go i n t o  a  d e s c ~ i p t i o n  o f  CANAC I would l i k e  t o  t e l l  you a  l i t t l e  about 
i t s  h i s t o r i c a l  background. 

It was determined i n  t h e  mid 1970's t h a t  t h e  Be lg i an  o p e r a t i n g  f a c i 4 i t i e s  were 
no longer  compat ib le  w i t h  t h e  needs and e v o l u t i o n  o f  c u r r e n t  a i r  t r a f f i c .  I n  
1976 t h e  RVA/RLW addressed t h i s  problem by i n s t i t u t i n g  a  p l a n  t o  modernize t h e  
Be lg i an  a i r  t r a f f i c  c a p a b i l i t i e s .  T h i s  p l a n  inc luded  t h e  i n s t a l l a t i o n  o f  a  new 
en-route r ada r  s t a t  i o n  a t  St.  Hubert ,  t h e  p r o v i s i o n  o f  an i n t e r i m  automated 
radar  da te  p rocess i ng  and d i s p l a y  system ( c e l l e d  t h e  "TEMPO A C C " )  and t h e  
replacement o f  t h e  obso le te  en-route r a d a r s  a t  B russe ls  a i r p o r t  by  a new rada r  
s t a t i o n  a t  Bertem. The implementat ion o f  CANAC t o  r ep l ace  t h e  "TEMPO ACC" w i l l  
now complete t h i s  modern iza t ion  p lan .  

CAYAC OVERV l EW 
=====-===,====== 

The CANAC p r o j e c t  w i l l  f u l f i l l  t h e  goal  of a  Be lg i an  n a t i o n a l  a i r  t r a f f i c  
c o n t r o l  cen te r  which i n t e g r a t e s  t h e  c o n t r o l  o f  en-route and t e r m i n a l  a i r  
t r a f f i c .  I n  genera l ,  CANAC i s  a  c o n s o l i d a t i o n  and modern iza t ion  program f o r  
t h e  p rocess ing  and d i s p l a y  o f  r ada r  and f l i g h t  p l a n  data,  and f o r  a  h i g h l y  
r e l i a b l e  ground-to-ground and ground- to-a i r  v o i c e  communication c a p a b i l i t y .  



Two ma jo r  subsystems a r e  t o  be p r o c u r e d  t o  r e p l a c e  a g i n g  equipment.  These a r e  
an A i r  T r a f f i c  C o n t r o l  (ATC) Automat ion System which w i l l  p rocess  and d i s p l a y  
r a d a r  d a t a  and a i r c r a f t  f l i g h t  data ,  and a  Vo ice Communication S w i t c h i n g  System 
which w i l l  p r o v i d e  a i r  t r a f f i c  pe rsonne l  w i t h  a modern, r e l i a b l e  means o f  v o i c e  
communicat ion.  Other  procurements  i n c l u d e  a  new ATC b u i l d i n g ,  a r e l i a b l e  power 
source and a s e c u r i t y  system. 

The ATC Automat ion System w i l l  be used f o r  b o t h  t h e  Area (en - rou te )  C o n t r o l  
Center  and B r u s s e l s  N a t i o n a l  A i r p o r t  Approach C o n t r o l  U n i t .  These c o n t r o l  
u n i t s  w i l l  share t h e  computer hardware and sof tware,  t h e r e b y  m i n i m i z i n g  t h e  
t o t a l  c o s t  of t h e  CANAC system. 

The o b j e c t i v e s  i n  a c q u i r i n g  CANAC i n c l u d e  : 

- R e l i e v i n g  c o n t r o l l e r s  and a s s i s t a n t s  o f  r o u t i n e  t a s k s  a s s o c i a t e d  w i t h  t h e  
c o l l e c t i o n ,  c o l l a t i o n ,  s o r t i n g ,  upda t ing ,  cod ing,  p r o c e s s i n g  and d i s t r i -  
b u t  i o n  o f  data .  

- S i m p l i f y i n g  and a c c e l e r a t i n g  t h e  exchange o f  d a t a  needed f o r  c o o r d i n a t i o n  
between o p e r a t i n g  p o s i t i o n s  i n  t h e  new c e n t e r  and between o t h e r  a i r  t r a f f i c  
p o s i t i o n s  i n  m i l i t a r y  and a d j a c e n t  c e n t e r s .  

- Improv ing  t h e  d i s p l a y  and t h e  upda te  o f  f l i g h t  d a t a  t o  a i r  t r a f f i c  p e r -  
sonne I. 

- Reducing t h e  communicat ions volume and consequen t l y  t h e  menta l  e f f o r t  
n o r m a l l y  a s s o c i a t e d  w i t h  a i r  t r a f f i c  h a n d l i n g .  

- s t a n d a r d i z i n g  t o  a l a r g e r  e x t e n t  a i r  t r a f f i c  p rocedures  i n  most o f  out- a i r  
t r a f f i c  u n i t s  and w i t h  ou r  m i l i t a r y  and i n t e r n a t i o n a l  p a r t n e r s .  

AUTOMATION SYSTEM DEFINITION 
............................ 

The CANAC Automat ion System w i l l  be p a r t  o f  t h e  t o t a l  a i r  t r a f f i c  s e r v i c e s  
p r o v i d e d  by  t h e  RVA/RLW. It w i l l  have t h e  c a p a b i l i t y  t o  i n t e r f a c e  w i t h  up t o  
s i x  r a d a r s  ( f i g .  1 ) .  The i n i t i a l  imp lementa t ion  w i l l  i n c l u d e  t h e  p r o c e s s i n g  o f  
s i g n a l s  d e l i v e r e d  b y  t h e  en- route  r a d a r s  o f  Bertem and St .  Huber t .  

Both  r a d a r s  a r e  o f  a v e r y  r e c e n t  techno logy .  The r a d a r  o f  S t .  Huber t  i s  i n  use 
s i n c e  1980 and t h e  Bertem s i t e  has j u s t  r e c e n t l y  been p u t  i n t o  s e r v i c e .  The 
ASR-7 t e r m i n a l  a r e a  r a d a ~  a t  t h e  B r u s s e l s  N a t i o n a l  A i r p o r t  w i l l  a l s o  p r o v i d e  
r a d a r  s e r v i c e  t o  t h e  CANAC APP p o s i t i o n s .  The i n p u t  of m i l i t a r y  d a t a  t o  CANAC 
i s  f r o m  t h e  Semmerrake Radar Operated System (SEROS) i n  t h e  M i l i t a r y  A i r  
T r a f f i c  C o o r d i n a t i n g  Center .  And, t h e  Message S w i t c h i n g  System (MSS) i n t e r f a c e  
i s  used f o r  A e r o n a u t i c a l  F i x e d  Te lecommunicat ions Network (AFTH) da ta .  F u t u r e  
i n t e r f a c e s  w i l l  i n c l u d e  t h e  M a a s t r i c h t  Au tomat i c  Data P rocees ing  and D i s p l a y  
System (MADAP,), t h e  Benelux A i r  T r a f f i c  Flow Management U n i t  (ATFMU), t h e  
D i s t r i b u t e d  A ~ r p o r t  I n f o r m a t i o n  System (DAISY), and a d j a c e n t  F l i g h t  I n f o r m a t i o n  
Regions. 

By u s i n g  v e r y  advanced t e c h n o l o g i e s  and s u i t a b l y  s i t e d  radars ,  a  much s a f e r  and 
e x p e d i t i o u s  movement o f  a i r  t r a f f i c  w i l l  be assu red  i n  t h e  en - rou te  a i r s p a c e  o f  
B e l g i u h  and Luxembourg, as  w e l l  as  i n  t h e  t e r m i n a l  a r e a  o f  t h e  B r u s s e l s  
N a t i o n a l  A i r p o r t  . 
F i g .  2 i l l u s t r a t e s  t h e  r a d a r  coverage i n  t h e  B e l g i a n  FIR. 

The CANAC system w i  l l c o m p l e t e l y  fit i n t o  t h e  i n t e g r a t e d  concept  o f  t h e  
s e c u r i t y  o f  t h e  a i r s p a c e  above t h e  Benelux/Nor th  Germany a r e a  t h a t  i s  now b e i n g  
deve loped between t h e  f o u r  i n v o l v e d  c o u n t r i e s  and E u r o c o n t r o l .  T h i s  concept  
w i l l ,  by  way of au tomat i c  computer- to-computer d a t a  exchange, i n t e g r a t e  f i v e  
ATC cen te rs ;  f o u r  n a t i o n a l  c e n t e r s  (Amsterdam, B russe ls ,  Bremen and 
Oi isseldorf) .  f o r  t h e  lo we^ and t e r m i n a l  a i r space ,  and t h e  E u r o c o n t r o l  Center  o f  
M a a s t r i c h t  f o r  t h e  upper a i r s p a c e .  

F i g .  3 shows a  g e n e r a l  b l o c k  diagram o f  t h e  CANAC Automat ion System. 

The proposed d e s i g n  o f  t h e  au tomat ion  system makes maximum use of o f f - t h e - s h e l f  
equipment.  There w i l l  be m u l t i p l e  t h r e a d s  o f  d a t a  p r o c e s s i n g  equipment w i t h  
p r o v i s i o n  f o r  a u t o m a t i c  r e c o n f i g u r a t i o n  t o  s tandby equipment f o r  b o t h  r a d a r  and 
f l i g h t  d a t a  pvocess ing.  Manual assignment o f  t h e s e  t h r e a d s  t o  s o f t w a r e  
development and t r a i n i n g  f u n c t i o n s  i s  a l s o  p r o v i d e d  f o r .  S i t u a t i o n  d a t a  
d i s p l a y s  w i l l  be o f  p r o v e n  des ign.  C lose  c o o r d i n a t i o n  between t h e  c o n t r a c t o r  
and an RVA/RLW t a s k  f o r c e  w i l l  assure t h a t  t h e  a i r  t r a f f i c  conso les  w i l l  be o f  
a  good ergonomic concept .  
So f tware  w i l l  a l s o  make use o f  o f f - t h e - s h e l f  des igns,  p a r t i c u l a r l y  f o r  suppor t  
programs. Much of  t h e  a p p l i c a t i o n  s o f t w a r e  w i l l  be done i n  t h e  ADA language. 
T h i s  i s  t h e  language t h a t  has been adopted as  a  s t a n d a r d  by  t h e  U n i t e d  S t a t e s  



department o f  Defense. The s o f t w a r e  development c a p a b i l i t y  w i l l  p r o v i d e  f o r  
v e r i f i c a t i o n  o f  changes t o  t h e  o p e r a t i o n a l  and suppor t  programs p r i o r  t o  use i n  
t h e  CANAC system. The t r a i n i n g  f u n c t i o n  w i l l  p r o v i d e  f o r  c o n t r o l l e r  
f a m i l i a r i z a t i o n  and in-depth  t r a i n i n g  u s i n g  l i v e  as w e l l  as  s i m u l a t e d  da ta .  

The au tomat ion  system i s  composed o f  f i v e  f u n c t i o n a l  p a r t s  ( f i g .  4) .  
These p a r t s  a r e  d a t a  p r o c e s s i n g  and p e r i p h e r a l s ,  d i s p l a y  and i n p u t / o u t p u t ,  
d i g i t a l  d a t a  communicat ions,  s o f t w a ~ e  development and t r a i n i n g ,  and remote 
dev ices .  

The au tomat ion  system w i l l  p e r f o r m  f i v e  b a s i c  f u n c t i o n s  w i t h i n  CANAC. 
These a r e  : 

- To p r o v i d e  a i r  t r a f f i c  s e r v i c e s  t o  c i v i l  and m i l i t a r y  f l i g h t s  o p e r a t i n g  as  
genera l  a i r  t r a f f i c  w i t h i n  t h e  B e l g i a n  a i r s p a c e  ; 

- To p r o v i d e  f o r  t h e  t r a i n i n g  o f  pe rsonne l  ; 

- To p r o v i d e  f o r  t h e  maintenance and development o f  a i r  t r a f f i c  c o n t r o l  
so f tware ; 

- To augment t h e  a i r  defense system by  exchanging t h e  r e q u i r e d  d a t a  ; and 

- To p r o v i d e  c o o p d i n a t i o n  w i t h  a d j a c e n t  f a c i l i t i e s .  

The au tomat ion  system w i l l  have t h e  f o l l o w i n g  c a p a b i l i t i e s  

- Process ing  and s t o r i n g  f l i g h t  d a t a  r e c e i v e d  f r o m  t h e  A i r  T r a f f i c  S e r v i c e s  
R e p o r t i n g  O f f i c e ,  CANAC o p e r a t i n g  p o s i t i o n s ,  and t h e  Message S w i t c h i n g  
System, as  w e l l  as  s t o r i n g  t h e  f l i g h t  p l a n s  o f  r e g u l a r l y  scheduled a i r  
c a r r i e r  f l i g h t s  ; 

- M o d i f y i n g  t h e  f l i g h t  d a t a  base i n  response t o  f l i g h t  upda te  i n f o r m a t i o n ,  
c a l c u l a t i n g  a r r i v a l  t i m e s  ove r  p o s t i n g  f i x e s ,  and u p d a t i n g  t r a c k  i n f o r m a t i o n  

- R e c e i v i n g  P r i m a r y  S u r v e i l l a n c e  Radar (PSR) and Secondary S u r v e i l l a n c e  Radar 
(SSR) d a t a  from t h e  radars ,  p r o c e s s i n g  and a s s i g n i n g  SSR codes t o  f l i g h t s ,  
and p r o c e s s i n g  and d i s p l a y i n g  t h e  PSR and SSR d a t a  on a i ~ c r a f t  ; 

- I n i t i a t i n g  t r a c k s  o n  f l i g h t s ,  m a i n t a i n i n g  a s s o c i a t i o n  between f l i g h t  p l a n s  
and t r a c k s ,  p r o c e s s i n g  and d i s p l a y i n g  p l o t  and t r a c k  i n f o r m a t i o n ,  and 
a s s i s t i n g  c o n t r o l  personnel  i n  t h e  handof f  o f  a i r c r a f t  between CANAC s e c t o r s  
and between t h e  CANAC and a d j a c e n t  f a c i l i t i e s  ; 

- Receiv ing,  s t o r i n g ,  and d i s p l a y i n g  N o t i c e  t o  Airmen d a t a  ; 

- Exchanging i n f o r m a t i o n  w i t h  o t h e r  a i ~  t r a f f i c  c o n t r o l  and a i r  defense 
f a c i l i t i e s  ; 

- P e r f o r m i n g  r e e l - t i m e  q u a l i t y  c o n t r o l  as w e l l  as system and i n c i d e n t  a n a l y s i s  
r e c o r d i n g  ; and 

- P r o v i d i n g  s i m u l a t i o n ,  t r a i n i n g ,  end s o f t w a r e  development c a p a b i l i t i e s .  

VOICE COMMUNICATION SYSTEM DEFINITION 
................................ -====== 

The Voice Communication S w i t c h i n g  System i s  a  computer based e l e c t r o n i c  
s tored-program c o n t r o l l e d  system des igned s p e c i f i c a l l y  f o r  a i r  t r a f f i c  c o n t r o l .  
It w i l l  be used t o  connect  c a l l e d  and c a l l i n g  p a r t i e s ;  t o  ensure u n i n t e r r u p t e d  
communicat ions between (and among) t h e  connected p a r t i e s ;  and t o  d i s c o n n e c t  
t h e  p a r t i e s  when c a l l s  have been completed. I t  w i l l  c o n s i s t  of s w i t c h i n g ,  
s i g n a l i n g  and t r a n s m i s s i o n  f u n c t i o n s .  The s w i t c h i n g  f u n c t i o n  w i l l  i d e n t i f y  and 
connect  u s e r s  t o  a s u i t a b l e  t r a n s m i s s i o n  p a t h .  The s i g n a l i n g  f u n c t i o n  w i l l  
s u p p l y  and i n t e r p ~ e t  t h e  necessary  c o n t r o l  and s u p e r v i s o r y  s i g n a l s  t o  p e r f o ~ m  
t h e  s w i t c h i n g  f u n c t i o n .  A l l  s w i t c h i n g  and s i g n a l i n g  f u n c t i o n s  w i l l  be 
per formed u t i l i z i n g  m u l t i p l e  s tored-program d i g i t a l  p r o c e s s o r s  ( o r  
m ic rop rocessors ) .  The t r a n s m i s s i o n  f u n c t i o n  w i l l  dea l  w i t h  t h e  media ove r  
wh ich  c a l l s  and c o n t r o l  s i g n a l s  a r e  r o u t e d .  These f u n c t i o n s  w i l l  b e  i n t e g r a t e d  
i n t o  a  h i g h l y  r e l i a b l e  and e a s i l y  m a i n t a i n e d  system u t i l i z i n g  modern, 
s t a t e - o f - t h e - a r t  i n t e g r a t e d  c i r c u i t  t echno logy .  



The system i s  composed of : a Ground-to-Ground sw i t ch  which in te rconnec ts  
p o s i t i o n s  w i t h i n  t h e  a i r  t r a f f i c  c o n t r o l  f a c i l i t y  ( i n te rcom)  and connects those  
p o s i t i o n s  t o  p o s i t i o n s  a t  o t he r  a i r  t r a f f i c  c o n t r o l  f a c i l i t i e s  ( in te rphone) ;  
and a r a d i o  c o n t r o l  f u n c t i o n  which connects  t h e  ATC f a c i l i t y  p o s i t i o n s  t o  
Air-to-Ground equipment. 
RCgie des Telegraphes e t  des Telephones and R V A  voice-grade c i r c u i t s  w i l l  
i n t e r connec t  t h e  equipment. The system w i l l  be designed such t h a t  it may be 
in t roduced  i n t o  t h e  e x i s t i n g  system w i t hou t  i n t e r r u p t i o n  t o ,  o r  degrada t ion  o f ,  
a i r  t r a f f i c  se r v i ces ;  moreover, i t s  implementat ion w i l l  r e q u i r e  no s i g n i f i c a n t  
changes t o  e x i s t i n g  procedures. I n  o rder  t o  ach ieve r e l i a b i l i t y ,  t h e  system 
w i l l  p r ov i de  redundancy f o r  a l t e r n a t e  t r ansm iss i on  r o u t i n g  and equipment 
backup. The system w i l l  have i n t e r n a l  d i a g n o s t i c  features,  se l f - con ta i ned  
m o n i t o r i n g  and t e s t i n g ,  and p r o v i s i o n s  for  t r u n k  r e s t o r a t i o n .  

C a p a b i l i t i e s  inc luded  i n  t h e  Voice Communication System : 

- D i r e c t  access - ln tercom and in terphone connect ions s h a l l  be es tab l i shed  
between p a r t i e s  by t h e  depress ion o f  a  s i n g l e  pushbut ton.  

- I n d i r e c t  access - ln tercom and in te rphone  connect ions s h a l l  be e s t a b l i s h e d  
by d i a l i n g  a s e l e c t e d  p a r t y  th rough  t h e  use o f  a  12-key d i a l  pad. 

- Incoming c a l l  queueing and common answer - lncoming i n d i r e c t  access c a l l s  t o  
a p o s i t i o n  s h a l l  be queued f o r  answering i n  a random order .  

- Over r ide  - A c a l l i n g  p a r t y  s h a l l  have t h e  a b i l i t y  t o  o v e r r i d e  a busy c o n t r o l  
p o s i t i o n  t o  e s t a b l i s h  an in tercom o r  in te rphone  connect ion.  

- C a l l  fo rward ing  - lncoming in tercom and in terphone c a l l s  t o  a  c o n t r o l  
p o s i t i o n  s h a l l  be a u t o m a t i c a l l y  forwarded t o  another  p o s i t i o n .  

- C a l l  t r a n s f e r  - lncoming in tercom and in terphone c a l l s  s h a l l  be manual ly 
t r a n s f e r r e d  t o  another  p o s i t i o n .  

- Hold - An in te rcom o r  in terphone c a l l  s h a l l  be capable o f  be i ng  h e l d  by 
e i t h e r  t h e  c a l l e d  o r  c a l l i n g  p a r t y .  

- Radio c o n t r o l  - The system s h a l l  p r o v i d e  r a d i o  t r a n s m i t t e r  end r e c e i v e r  
s e l e c t i o n  and c o n t r o l  c a p a b i l i t y .  

Voice r e c o r d i n g  and so f tware  deve lopment / t ra in ing  f u n c t i o n s  w i l l  a l s o  be 
p rov ided .  

FACILITY 
======== 

CANAC r ep resen t s  t o t a l l y  new system equipment f o r  automat ion and communica- 
t i o n s .  As b e f i t s  such an under tak ing,  a  new b u i l d i n g  i s  be i ng  cons t r uc ted  t o  
house CANAC. T h i s  f a c i l i t y  w i l l  be loca ted  w i t h i n  t h e  land  area of t h e  
Brusse ls  n a t i o n a l  a i r p o r t .  

B a s i c a l l y ,  t h e  CANAC b u i l d i n g  w i l l  c o n s i s t  of  two main wings : t h e  ope ra t i ona l  
wing and t h e  a d m i n i s t r a t i v e  wing. The ope ra t i ona l  wing r e q u i r e s  two l eve l s .  
The lower l e v e l  w i l l  i n c l ude  a computer r a i s e d  f l o o r  and a mezzanine 
( l o w - c e i l i n g e d  cab le  f l o o r )  f o r  t h e  e l e c t r o n i c  da ta  p rocess ing  equipment, 
te lecommunicat ions equipment and o the r  suppor t  f unc t i ons .  The upper l e v e l  w i l l  
i n c l ude  a f a l s e  f l o o r  and e double-he ight  f a l s e  c e i l i n g  and w i l l  house t h e  
en-route and approach ope ra t i ons  rooms, t h e  Be lg ian  A i r  Force o f f i ces ,  and t h e  
c u r r e n t  operat ions/on- the- job t r a i n i n g / e x t e n s i o n  area. 
The a d m i n i s t r a t i v e  wing c o n s i s t s  ma in ly  o f  a d m i n i s t r a t i v e  and housekeeping 
func t ions ,  and w i l l  c o n s i s t  o f  f o u r  l e ve l s .  

PROGRAM MANAGEMENT 
------============ ------ 

CANAC i s  t h e  l a r g e s t  a i r  t r a f f i c  c o n t r o l  system p r o j e c t  t o  be undertaken i n  
Belgium. I t s  degree of s o p h i s t i c a t i o n  and complex i t y  c rea tes  t h e  need f o r  
c a r e f u l  program management. 

The approach be ing  used f o r  CANAC p rov i des  a four-phase d i v i s i o n  o f  a c q u i s i t i o n  
a c t i v i t i e s  : System D e f i n i t i o n  Phase ; System Development Phase; System 
T e s t i n g  and Deployment Phase ; and System Operation/EvaIuation/Transition 
Phase. 



The au tomat ion  system i s  b e i n g  p rocu red  as  a  s i n g l e  system. The system i s  
b e i n g  deve loped by  a s i n g l e  p r ime  c o n t r a c t o r ,  Thomson-CSF (France) ,  and t h a t  
c o n t r a c t o r  w i l l  have t h e  p e s p o n s i b i l i t y  f o r  i n s t a l l a t i o n  ( h a ~ d w a r e  and 
s o f t w a r e ) ,  checkout ,  system t e s t i n g ,  and t r a i n i n g .  The M i t r e  C o r p o r a t i o n  
p r o v i d e d  suppor t  d u r i n g  t h e  d e f i n i t i o n  phase and w i l l  c o n t i n u e  t o  p r o v i d e  
system e n g i n e e ~ i n g  s u p p o r t  t o  t h e  RVA/RLW d u r i n g  development, i n s t a l l a t i o n  and 
t e s t i n g .  As r e q u i p a d  by  t h e  RVA/RLW, B e l g i a n  i n d u s t r y  and i n  p a r t i c u l a r  
T r a c t i o n e l  I n f o r m a t i o n  Systems (TRASYS) w i l l  p a r t i c i p a t e  i n  t h e  development o f  
CANAC t h e r e b y  a l l o w i n g  t r a n s f e r  o f  s o f t w a r e  and ATC techno logy .  The RVA/RLW 
w i l l  have t h e  r e s p o n s i b i l i t y  f o r  i n t e g r a t i n g  personnel  and p rocedures  i n t o  t h e  
p r i m e  c o n t r a c t o r  s u p p l i e d  system and t o  ensure t h a t  t h e  f i n a l  au tomat ion  system 
i s  o p e r a t i o n a l l y  c e r t i f i e d  f o r  a i r  t r a f f i c  c o n t r o l .  

The Voice Communication S w i t c h i n g  System i s  b e i n g  p r o c u r e d  ae a s i n g l e  system 
and developed by  one p r ime  c o n t r a c t o r ,  N e r i o n  (Norway). The i n s t a l l a t i o n  of 
t h i s  Communication System w i l l  be c o o r d i n a t e d  w i t h  t h e  i n s t a l l a t i o n  o f  t h e  ATC 
Automat ion System. 

The System D e f i n i t i o n  Phase o f  t h e  CANAC p r o j e c t  has been completed. The 
a c t i v i t i e s  i n  t h i s  phase i n c l u d e d  : p r e p a r a t i o n  o f  system s p e c i f i c a t i o n s ;  
p ~ e p a r a t  i o n  o f  Requests f o r  Proposa l  ; e v a l u a t i o n  o f  p roposa ls ;  and nego- 
t i a t i o n s  and p l a c i n g  of t h e  o rde rs .  

D u r i n g  t h e  system development phase which has r e c e n t l y  begun, t h e  components of 
t h e  system w i l l  be p r o c u r e d  o r  assembled a t  t h e  p r ime  c o n t r a c t o r s '  f a c i l i t i e s .  
A lso  d u r i n g  t h i s  phase a  s i g n i f i c a n t  amount of a p p l i c a t i o n  s o f t w a ~ e  w i l l  be 
deve loped t o  meet ou r  s p e c i f i c  o p e r a t i o n a l  requ i remen ts .  

D u r i n g  t h e  system t e s t i n g  and deployment phase, t e s t s  w i  l l be conducted i n  
accordance w i t h  t h e  p repared  system acceptance t e s t  p l a n s .  The t e s t s  w i l l  
i n c l u d e  t h e  e v a l u a t i o n  o f  system p e r f o ~ m a n c e  i n  t e r m s  o f  s p e c i f i e d  f u n c t i o n a l  
c a p a b i l i t y ,  r e l i a b i l i t y ,  c o m p a t i b i l i t y  w i t h  t h e  e x t e r n a l  env i ronment ,  and t h e  
adequacy of t h e  s p e c i f i e d  suppor t  f u n c t i o n s .  

The f i n a l  phase w i l l  p r o v i d e  o p e r a t i o n a l  assessment and phaseover t o  opera- 
t i o n a l  s t a t u s .  T h i s  phase p ~ o v i d e s  t h e  o p p o r t u n i t y  t o  f i ne - tune  t h e  system, 
r e f i n e  t h e  c e r t i f i c a t i o n  requ i remen ts  and s tandards,  and deve lop  t h e  procedures 
t o  be used d u r i n g  o p e r a t i o n s .  The o p e r a t i o n a l  p r o f i c i e n c y  o f  c o n t r o l l e r  
pe rsonne l  on t h e  new system i s  a l s o  f u r t h e r  deve loped d u r i n g  t h i s  t i m e .  The 
e v a l u a t i o n  p e r i o d  i s  completed when t h e  t o t a l  system has been demonst ra ted t o  
be ready f o r  c e r t i f i c a t i o n .  

The phaseover o f  t h e  system t o  o p e r a t i o n a l  use w i l l  be accompl ished i n  
accordance w i t h  a c a r e f u l l y  p ~ e p a r e d  phaseover p l a n .  

Now t h a t  CANAC has d e f i n i t e l y  " taken  o f f " ,  i t  i s  i n t e r e s t i n g  t o  l ook  a t  t h e  
program schedules.  Look ing  back a t  t h e  system d e f i n i t i o n  phase, t h e  p r o j e c t  
has been underway f o r  a few years .  T h i s  t i m e  has been spen t  d e t e r m i n i n g  a l l  
r e q u i r e m e n t s  t o  be s p e c i f i e d  and i n  p r e p a r i n g  procurement documentat ion.  Some 
d e l a y  has a l s o  c r e p t  i n t o  t h e  p rocess  as a i r  space c o n t r o l  r e s p o n s i b i l i t i e s  had 
t o  be r e s o l v e d .  These a c t i v i t i e s  a r e  now beh ind  us, and Belg ium i s  c a t c h i n g  up 
t h e  l o s t  t i m e .  Some o f  t h e  major m i l e s t o n e s  f o r  t h e  au tomat ion  system i n c l u d e  
: f i n a l  des ign  Peview, January 1987; f a c t o r y  acceptance t e s t s ,  September 1988; 
d e l i v e ~ ~ ,  December 1988; s i t e  acceptance, June 1989 and system phaseover, 
December 1989. The t o t a l  t i m e  from c o n t r a c t  award t o  phaseover i s  42 months. 

CONCLUSION ---------- ---------- 

I n  c o n c l u s i o n ,  I would l i k e  t o  emphasize t h a t  CANAC i s  i n v o l v e d  i n  t h r e e  ma jo r  
i n t e g r a t i o n s .  

1. The i n t e g r a t i o n  of en- route  and t e r m i n a l  c o n t r o l  c a p a b i l i t i e s  i n t o  one 
shared system ; 

2. The i n t e g r a t i o n  o f  m i l i t a r y  c o n t r o l  p o s i t i o n s  w i t h i n  a  c i v i l  f a c i l i t y  ; 

3. and f i n a l  I y ,  t h e  most impor tan t ,  t h e  i n t e q r a t i o n  o f  i n f o r m a t i o n  among 4 
n a t i o n a l  c e n t e r s  and M a a s t r i c h t .  

To enhance a  l i t t l e  on t h i s  t h i r d  i n t e g r a t i o n ,  CANAC w i l l  have, i n h e r e n t  i n  t h e  
system, t h e  c a p a b i l i t y  o f  c o n t r o l l i n g  t r a f f i c  t o  FL 300 (and  beyond). T h i s  
c a p a b i l i t y ,  i n  c o o r d i n a t i o n  w i t h  t h e  d a t a  exchange p r o v i d e d  i n  t h e  t h i r d  
i n t e g r a t i o n ,  g r e a t l y  f a c i l i t a t e s  t h e  p o s s i b i l i t y  o f  b a c k i n g  up a d j a c e n t  



facilities in time of center failures. The RVA/RLW is presently engaged in 
on-going discussions aimed at the realization of a mutually supportive Westevn 
European ATC service. 

Now that the " g ~ e e n  light" has been given t o  CANAC, and t o  t h e  activities of 
this symposium, I hope you will find t h e  presentations on air traffic 
activities which follow t o  be most interesting. I also hope that you will find 
an opportunity t o  explore the ancient heart of Brussels. And, while wandering 
among the many 17th century buildings, if a jumbo jet climbs out over the city 
you may get a true sense of t h e  progress we have made and will continue t o  make 
as we move towards the Zlst century. 
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L 'organisat ion de I 'Av i a t i on  C i v i l e  Internat ionale a c r k  un comite s p k i a l  FANS 
charge des fu tu rs  syst6mes de navigation aerienne. L'exposC d k r i t  l a  creat ion 
de ce con i t 6  e t  t r a i t e  avec p lus de de ta i l  de sa p r inc ipa le  reunion, FANS-2, en 
a v r i l  1985. I 1  evoque aussi l es  travaux plus r k e n t s  de ce comite. Les concepts 
de "survei l lance dependante automatique" (ADS), & "prformances de navigation 
requises" (RNPC) sont d k r i t s .  L'absence de discussion i FANS sur Navstar es t  
r e g r e t t k .  Enf in I ' k o l u t i o n  t r6s  rapide de l a  s i t ua t i on  dans l e  domaine des 
comunications mobiles aCronautiques par s a t e l l i t e  es t  d k r i t e .  Cette evolut ion 
pou r ra i t  se f a i r e  s i  v i t e  que I'OACI n ' a r r i v e  pas i l a  contra ler ,  ce qui se ra i t  
regret table pour I ' e f f i c a c i t 6  du t ransport  aerfen. 

1 - INTRODUCTION 

~ ' o b j e t  p r i nc i pa l  de ce t  expose es t  de decr i re I ' a c t i o n  de 1 '0 rgan l ra t ion  de 1 ' ~ v i a t i o n  C i v i l e  
In te rna t iona le  (OACI) dans l a  mise en place des fu tu rs  syst6mes de l a  navigation aerienne e t  p lus  p a r t i -  
culiPrement des travaux du con i t5  s p k i a l  FANS (Future A i r  Navigation Systems). L'auteur de ce t  expose 
es t  l e  membre de ce comite design6 par l a  France. L'exposE tentera de fa i re  l e  po in t  sur I ' e t a t  des 
forces qui agissent en ce domaine, i I'OACI lm is  aussi hors de I'OACI. La s i t ua t i on  evoluant de mais en 
mois, ce t te  pa r t i e  de l 'expose r isque d ' s t r e  rapidement dEsuPte, m a l g d  nos e f f o r t s  pour ne pas t m b e r  
dans I 'anecdote. 

un pays, l e s  Etats-Unis, joue un rd l e  fondamental dans l e  developpement de I ' a v i a t i o n  c i v i l e  
e t  l e  choix de ses syst6mes. Le representant des Etats-Unis au cornit* FANS se trouve avo i r  une f o r t e  
personnali t6. i l a  nesure des i n te re t s  q u ' i l  do i t  promouvoir.11 es t  l ' au teur  de I'expos6 qui s u i t  ce l u i -  
c i ,  expose que nous suivrons avec une grande at tent ion.  

2 - L'ECHEC O'AEROSAT 

L 'av ia t ion  c i v i l e  a f a i l l i  u t i l i s e r  des s a t e l l i t e s .  En France, l e  Centre National d0Etudes 
Spatiales (CNES) a comenc6 i considerer l a  question des 1966, il y a v ing t  ans. Le p ro j e t  de s a t e l l i t e  
akonautique auquel p a r t i c i p a i t  I'Agence Spatiale Europknne, l e s  Etats-Unis e t  l e  Canada s 'appela i t  
AEROSAT. L ' O A C I ,  fa isan t  su i te  aux voeux de nmbreux Etats, a cr66 sur ce m6me su je t  un groupe de t r a -  
va i l  l e  groupe ASTRA. Les Mudes konomiques j u s t i f i a n t  l e  s a t e l l i t e  Akosa t  on et6 f a i t e s  avec l e  plus 
grand serieux. E l l es  e ta len t  cependant b a s k s  sur diverses hypothhses malheureuses = l e  t r a f i c  d'avions 
supersoniques Concorde au dessus & I 'A t l an t i que .  & a f t  surestim6, l a  place qu 'a l l a i en t  prendre l es  
avions gros porteurs en p a r t i c u l i e r  l e  747 e t a i t  sous e s t i m k .  La navigation des avions, i I'epoque 
e f f e c t u k  par des navigateurs semblait exiger une espke  de super radar, or l a  d i f fus ion des centra les 
a i n e r t i e ,  du Loran C, de l 'mega,  ont  change l e  probl6m. Bien entendu l es  experts n 'avaient  pas prCvu 
l e  basculelnent de I ' konom ie  mnd ia l e  dans l es  d i f f i c u l t e s  qu 'e l le  connait depuis l e  m i l i eu  des annks  
70. Le p r o j e t  Aerosat ava i t  beau avo i r  f a i t  I ' o b j e t  d'exp6rimentations e t  du developpement techniques 
passionnants, il e t a i t  abandonnC en 1976, la issant  chez tous les d i recteurs de I ' a v i a t i o n  c i v i l e  imp l i -  
q u k ,  un grand ressentiment. 

3 - L'INERTIE MTURELLE IN 1'AVIATION CIVlLE 

L 'av ia t ion  c i v i l e  n 'a pas beaucoup de goOt pour l es  nouveautes. ou p l u ta t ,  l a  necessite impera- 
t i v e  de nonnaliser l e s  sys thes  de l ' a v i a t i o n  c i v i l e  1 l ' k h e l l e  mondiale rend t r 6s  d i f f i c i l e  e t  t r 6s  
coOteux t o u t  changement. Les perlodes de t r ans i t i on  entre syst&s anciens e t  nouveaux sont longues. Le 
C O O t  de I 'emport d'un double equipement ( l 'ancien e t  l e  nouveau) pendant c inq  i d ix  ans es t  exorbi tant .  
On v o i t  aujourd'hui come il es t  presque impossible de changer de syst6mes d'atterr issage, de passer de 
1 ' 1 ~ s  au MLS. Les cmpagnies aeriennes qui de l o i n  accue i l la ien t  avec p l a i s i r  l a  nouvelle des fu tu res  
performances du MLS, s 'aper~o iven t ,  que vu de pr6s. l e  MLS apporte d'innombrables depenses, nmdi f i -  
cat ions des avions, des p i l a t e s  autmat iques,  des procedures d ' u t i l i s a t i o n  des avions, de 1 'entralnement 
des equipages, des homolagations e t  c e r t i f i c a t i o n s  des mater ie ls  e t  des procedures, en khange d'avan- 
rages futurs t rop tenus pour j u s t i f i e r  l e  coOt de l a  t rans i t ion .  

Notons que I'OACI a & f i n i  un autre syst6me dont I ' i n t r oduc t i on  ne va pas sans d i f f i c u l t 5  : l e  
mode S du radar secondaire. Tout ceci ne plonge pas dans l'enthousiasme l es  responsables de I ' a v i a t i o n  
c i v i l e .  L ' in t roduc t ion  de services s a t e l l i t a i r e s  n ' i r a  pas sans d i f f i c u l t e .  





La pr inc ipa le  reunion & FANS f u t  sa seconde reunion FMS-2 qui f u t  tenue du 10 r u  26 a v r l l  
1985 au siege de 1 O A C I .  i Montreal. L'ordre du j ou r  e t a i t  l e  suivant : 

- Etude d ' 6 l h e n t s  concrets sur les besoins non s a t i s f a i t s ,  actuels e t  fu tu rs .  

- examen des besoins & spectre & fr6quence en vue de preparer l a  defense & l 'aeronautique i 
l a  reunion m n d i a l e  de 1'U.I.T sur l es  comunications m b i l e s  de 1987 (CPMRMOB 97 en fran- 
gals. MARC en angla is)  

- elaboration & scenarios rb r6sen tan t  &s s i tua t ions  typiques dans l e  mnde, 

- Etude pr6 l im ina i re  des performances des systsmes necessaires pour r6pondre aux besoins non 
s a t i s f a i t s ,  

- khanges de vues sur les aspects inst i . tu t ionnels & l a  gestion &s sys thes  internationaux 
CNS, 

- a c t i v i t e s  futures.  

Cet ordre du j ou r  d k o u l a i t  & l a  fagon dont FANS ava i t  'redig6 un plan & t r a v a i l  8 FANS-1. La 
p lupar t  & ces $aches Ctaient in fa isabler  P cour t  t e r n .  La reunion FANS-2, i p a r t i r  & ce t  ordre du 
j ou r  pas t r es  sa t i s fa isan t ,  a pu degager quelques i d k s  fo r tes  e t  interessantes. D'autre par t ,  cer ta ines 
de ces i d k s  ont avanc6 depuis FANS-? au cours de t r o t s  reunions off icieuses tenues i Montreal (novnbre  
1985). Yashington (mars 1986) e t  BNn~w ick  ( a v r i l  1986). 

7 - LES lYUlFFIMWCES DU SYSTEME ACTUEL 

Le groupe FANS s ' e t a i t  donc charge lui-mEne & trouver dans l e  mnde de l ' a v i a t i o n  d'aujour- 
d 'hui ,  des " i nsu f f l saces "  (shortcomings) des "besoins non s a t i s f r i t s " .  Nous avons quelques doutes sur 
ces ob jec t i f s .  I 1  es t  i n u t i l e  & se p la indre de certa ins f a i t s  : par exemple q u ' i l  n 'y  a i t  pas assez de 
moyens en A f r i q ~ e ,  car on y t r o u w  l e s  moyens compatibles avec l e  p e t i t  nmbre de vols qui  l a  survole. 
En revanche, on peut essayer & trouver &s domaines oJ un progres au coirt abordable, ameliorer consi- 
derablement une s i tua t ion .  Ceci n ' e s t  pas s i  f a c i l e  : vo i r  l e  MLS. 

La l i s t e  des assez longue. E l l e  conrnence par un po in t  qui 
es t  g s n k  par l es  contra intes dues i l a  pm-  
aujourd'hui.  Cela implique de m u l t i p l i e r  &s 
l 'espace aerien. Si ce po in t  es t  consider6 

c o r n  fondamental, il f a u t  passer aux s a t e l l i t e s .  Mais combien d'avions ou d'hel icopt6res b'oluent i 
basse a l t i t u d e ?  EspCrons que l e  comite pourra creuser un peu p lus ce t te  question. 

Les autres insuffisances n o t k s  par l e  groupe sont : 

- l e  manque & moyens au sol dans bien des regions, faute de j u s t i f i c a t i o n  konomique ( t r a f i c  
a6rien f a i b l e )  ou faute & poss ib i l i t 6s  techniques (oc6ans. zones po la i res ) ,  

- l e  dkoupage des espaces aCriens qui cmpl ique  l es  opErations aeriennes (mais qui es t  souvent 
dii i des questions de defense nat ionale) ,  

- l e  maint ien & techniques dCpassks e t  coirteuses ( les  c m u n i c a t i o n s  tF par exemple), 

- l e  manque & myens d'khange & donn6es codks  avionslsol (notons que I'OACI t r a v a i l l e  a c t i -  
vement aujourd'hui i dCf in i r  un moyen, l e  mode S du radar secondatre, qui pour ra i t  jouer ce 
r81e li oJ l a  couverture radar es t  assu rk ) ,  

- l e  manque & souplesse dans l e  choix &s cheminements (ob l iga t ion  de voler  suivant une 
succession & trongons de voles aCriennes en l igne  b r i s k ) .  

- l e  manque & myens de guidage e t  & survei l lance sur l a  surface des aeroports (rappelons l e  
d ram de TEneriffe : aucune so lu t ion  simple aujourd'hui qui puisse s 'appl iquer  i un a e r o d r m  
& ce genre. Ce po in t  a l e  defaut & ne pas se rCsoudre avec &s s a t e l l i t e s ) ,  

- l a  necessit6 & diminuer l es  espace~nents vert icaux entre avions dans l 'espace superleur (au- 
dessus du niveau 290). C'est dans ce domaine que t ou t  progrPs peut entratner  d'importantes 
konomies de carburant. Cet ob jec t i f  connu mais d i f f i c i l e ,  es t  d 6 j i  t r a i t 6  par d'autres grou- 
per & 1'OACI e t  d'EUROCONTROL. 

8 - LA .SURVEILLMCE DEPEYDWTE AuTOMATlQUE. (ADS, A u t o u t i c  Dependant Surve i l lmnce~ 

Le comite s p k i a l  FANS, sous l ' impu ls ion  & Sieg Por i tzky,  Etats-Unis. a consider6 q u ' i l  y 
ava i t  beaucoup i gagner par l ' i n t r oduc t i on  de l a  surve i l l rnce  dbendmte  a u t o u t i q u e  (ADS). L'AOS s e r a i t  
un s y s t h e  dans lequel tour les avions d'un espace a6rien comuniqueraient automatiquement l eu r  pos i t ion  
au centre & contra le qui a l a  charge & ce t  espace a6rien. Le #message avionlsol  cod6 cons i s te ra i t  p r i n -  
cipalement dans l es  coordonnks g6ographiques de l ' av ion  t e l l e r  qu 'e l les sont mesurks par l e  s y s t h e  
& navigation & l 'av ion.  La p r k i s i o n  & l a  navigation des avions a consid6rablenent Evolue avec l es  
p o s s i b i l i t € s  of fer tes aux avions r iches par l es  centrales i i n e r t i e ,  mais aussi dans cer ta ins  pays par 
l e  Loran C Lmais l a  France, par exemple n 'es t  pas couverte en Loran C), par I'Onega, e t  m h e  par l e s  VOR 
e t  ME classiques dont les informations peuvent s t r e  t r a i t e s  par &s calculateurs de navigation n b a r -  
ques. Dans l e s  zones sans couverture radar, ou p l u t a t  li oir 1'Etablissement d'une couverture radar 



s e r a i t  d'un coOt excessif  devant l e s  moyens des operateurs d'avions, I'ADS s e r a i t  une ameliorat ion 
indiscutable.  C'est  d'abord l e  cas de 1 'At lant ique Nord, oii l e  t r a f i c  n 'es t  pas innnense (40 avions gros 
porteurs dans chaque sens, chaqw j ou r )  mais oii il es t  t r es  concentre dans l 'espace e t  dans l e  temps. 
Toute amel iorat ion de l a  souplesse du contra le amhera i t  des konomies de p4 t ro le  en pernet tant  de rap- 
procher l es  avions l e s  uns des autres sur l es  i t i nC ra i r es  optimaux. La mise en oeuvre de 1'ADS pou r ra i t  
s t r e  f a c i l e  a adapter a chaque cas. On pour ra i t  demander des points de report  plus ou m i n s  frequents 
suivant l a  densi t6 du t r a f i c .  

Cette not ion a un peu avance au cours de l a  r k e n t e  reunion FANS de Washington. 11 es t  admis 
maintenant que l e  message ADS comprendra toujours l e s  t r o i s  coordonn&s de 1 'avion ( longitude, l a t i t ude ,  
a l t i tude-press ion)  e t  un facteur  de qua l i te ;  gut donnerait une i d i e  de l ' e r r e u r  possible de l ' es t ima-  
t i o n  de pos i t ion  ou de l a  p robab i l i t e  d 'erreur  grave. Le sol pour ra i t  r k l a m e r  s ' i l  en a besoin d'autres 
parametres en envoyant un ordre code. Citons parmi ces parametres les e l k n t s  du vecteur v i tesse de 
l ' av ion ,  ou l e s  coordonnees des deux prochains points tournants (waypoints). 

La survei l lance independante automatique ex is te  d 6 j i  aujourd'hui dans l e  plan ve r t i ca l  avec l e  
repor t  de I ' a t t i t u d e  du mode C du radar secondaire. 

11 es t  possible que I'AOS, s i  e l l e  s'avsre eff icace, remplace l e  radar secondaire dans des 
endroi ts  iso les.  11 n ' e s t  guere imaginable que I ' A M  remplace tous l e s  radars secondaires. Le su iv i  des 
avions en zones terminales exige un renouvellement frequent l toutes l es  5 secondes) de I ' in format ion de 
pos i t ion  e t  une p r k l s l o n  importante qui  n 'es t  pas en rappOrt avec ce qui  pennet t ra i t  one co l l ec te  de 
donnks. J'admets cependant que ce po in t  m A i t e r a i t  d 'g t re  considere de plus pres . 
9 - LA DEFENSE INS FREQUENCES AEROWAUTIQUES 

L'aeronautique dispose de deux bandes de frequence pour l e s  l i a i sons  akonautiques par sate l -  
l i te ,  il s ' a g i t  des bandes 1545 MHz 1 1559 MHz e t  1646 MHz 1 1660 MHz. Ces bandes sont rest6es en fri- 
che depuis qu 'e l les  ex is ten t  ( 1  un c l i e n t  pres ; MLNA. uRSS). Cet e ta t  d'abandon es t  scandaleux au 
moment oii l a  comnunaut6 des t 6 l ~ c m u n i c a t i o n s  ne s a i t  oO trouver l a  bande nkessa i re  aux innanbrables 
v6hicules te r res t res  qui  seront, p a r a l t - i l  un jour ,  iquipes de l i a i sons  t616phoniques ou des myens de 
messagerie . 

Les grandes d6cisions sur ce t t e  bande seront pr ises 1 Geneve en 1987. FANS a rep r i s  i son 
cornpte l e  p lus c l a i r  d'un document m P r i c a i n  qui prouve que l e s  deux f o i s  quatorze megahertz de l a  bande 
L aeronautique su f f i r on t  6 p i n e  i deux types de cornunication, l es  cornunications de l a  c i r c u l a t i o n  
ab ienne  (ATC) qui mettent en jeu l a  s k u r i t e  de l ' a v i a t i o n ,  e t  l es  besoins des op i ra t ions  d rs  
cmpagnies ak iennes  (MC, A i r l i n e  Operationnal Control ) qui sont importantes pour l ' k o n o m i e  du trans- 
p o r t  aerien. Ce ca lcu l  exc lu t  un usage qui semble appele a % developper, l e  telephone pub l i c  mis l a  
d ispos i t ion  des passagers (PPC, Passenger Publ ic Correspondance). Ce ca lcu l  se base sur de nombreuses 
hypotheses d i f f i c i l e s  1 j u s t i f i e r =  par exemple l ' e f f i c a c i t e  des vocodeurs de l ' a v e n i r  ( faudra- t - i l  64 
k i l o b i t s  par seconde pour passer une voix num6rls6e. ou 16 k i l o b i t s  c o r n  avec l e  codage Delta, ou 8 
k i l o b i t s  come cela semble possible en 1986 ou m i n s ? ) ,  l a  d i r e c t i v i t e  des lobes des sa te l l i t es .  l e  t r a -  
f i c  aerien, etc.. . Mais qui peut p revo i r  mieux 7 

Depuis FANS-2, 11 y a p lus d'un an, l es  questions evoluent un peu, pas dans l e  sens que souhai- 
t e ra i en t  l es  aviateurs. D'une part,  tous l e s  prestata i res de service de comnunications aPronautiques par 
s a t e l l i t e s ,  comptent bien que l e  tel6phone des passagers passera par l es  dmes equipements, e t  donc l a  
msme frequence que I'ATC e t  I'ACC. D'autre par t ,  cer ta ins experts aimeraient bien que l ' on  autor ise les 
vEhicules te r res t res  i partager leS myens s a t e l l i t a i r e s  de l ' a v i a t i o n .  Enf in,  l ' a v i a t i o n  c i v i l e  decou- 
vre avec 6tonnement en 1986 un c l i e n t  de l a  bande L a6onautique que tous l es  autres s p k i a l i s t e s  
connaissaient depuis longtemps, il s ' a g i t  du system soviet ique WLNA que l e  secre ta r ia t  de I ' IFRB e t  
que l es  Etats ont l a i s s e  s'etendre dans toute ce t t e  bande e t  qui avec ses 8 s a t e l l i t e s  a c t i f s  e t  ses 13 
s a t e l l i t e s  pr6vus l i m i t e  l es  p o s s i b l l i t k  futures de I ' a v i a t i o n  c i v i l e .  

Nous esperons personnellement que dans chaque pays, l es  responsables de I ' a v i a t i o n  c i v i l e  sau- 
rons convaincre leur  PTT q u ' i l s  ne peuvent renoncer i l a  seule voie ouverte au progres des comnuni- 
cat ions de l ' a v i a t i o n ,  ce t t e  ban& L aeronautique. 

10 - LA NAV1O;IION ET LE CONCEPT OE MPC 

Pour se debarasser, dans l a  mesure du possible, des questions de radionavigation, e t  pour 
p e m t t r e  l ' i n t r o d u c t i o n  de nouveaux moyens, n o t a m n t  de NAYSTPA-GPS, 11 C t a i t  nature1 d'essayer 
d'etendre i tous l es  espaces c o n t r a l k  l a  not ion actuellement u t i l i s &  sur l es  voies de l1At lan t ique  
Nord, de MNPS ( Minimum Navigation Performance Spec i f i ca t i cn) .  Rappelons qu'une l i s t e  des moyens dont 
un avion d o i t  obl igatoirement s t r e  Cauipe es t  en general publ i6e par l es  €tats.  En France. 11 faut. 
entre autres moyeni, avo i r  un VOR 2 bo& pour voler  en IFR e t  l 'emport d'un OME es t  ob l i ga to i r e  par 
exemple dans l es  espaces c o n t r 6 l k  de l a  region parisienne. Ce type de rCqlementation es t  un peu depasse 
lorsque l e s  avions sont equip& de centrales 1 i n e r t i e  de qua l i te .  Sur 1 AtlantiqUe, 1 l a  su i te  de ca l -  
cu ls  p r k i s  sur l a  p r o b a b i l i t e  de c o l l i s i o n  entre avions volant  sur des voies para l l5 les .  m e  norme a 
Ct6 de f in ie .  Les operateurs d0aEronefs doivent prouver aux au tor i tes  de l ' a v i a t i o n  c i v i l e  de l eu r  pays. 
q u ' i l s  t iennent  ce t t e  norme (erreur  de navigation e t  erreur  de p i lo tage)  s ' i l s  veulent avo i r  acc5s 1 
I'OTS (Organised Track System). Les pays charges du contra le de 1'OTS ve r i f i en t  avec leurs  radars q w ,  
sur l a  por t ion  d'OTS 1 port& de radar, l es  dispersions des t r a j ec to i r es  sont bien conformes i l a  r i g l e -  
mentation MNPS. 

11 s e r a i t  in teressant  d'etendre ce concept aux autres espaces a k i e n s .  mais $1 devient d i f f i -  
c i l e  de f a i r e  des ca lcu ls  de p robab i l i t e  lorsque l e s  voies a i r iennes se recoupent de fason cmplexe. La 
so lu t ion  l a  p lus simple consiste 1 d e f i n i r  quatre ou c i nq  niveaux de qua l i t 6  de navigation. Pour avo i r  
acces a un ce r t a i n  espace aerien, l e s  au to r i tes  locales ex i  e ra ien t  une qua l i t 6  donnk, ce s e r a i t  l e  
RMPC (Required Navigation Per fomnce Capabi l i ty  ou q u a l i t i  de navigation ~ q u i S e 1 .  Les operateurs 



d'avions devraient prouver i leurs  au tor i t6s  q u ' i l s  t iennent ce niveau avec 1'6quipment de bord q u ' i l s  
ont cho is i .  Ce type de logique permett ra i t  i ceux qui ont f a i t  l e s  f r a t s  d'un systkne p r k i s  e t  sar de 
debarquer, enf in,  leurs  radioconpas ou leur  r k e p t e u r  VOR. C 'est  aussi l a  porte ouverte a NAVSTAR e t  
autre systems i s a t e l l i t e s ,  B condi t ion q u ' i l s  suivent l es  speci f icat ions.  Ces s p k i f i c a t i o n s  compren- 
dront l a  pr6cision. bien sGr, mats aussi l e  r y t b  minimum de renouvellement de l ' i n f o m a t i o n ,  l a  detec- 
t i on  des pannes. l e  temps maximum pour dgtecter une panne, l ' o b l i g a t i o n  de se r 6 f k e r  1 un g h f d e  norma- 
i i s e ,  etc. .. 

I 1  es t  d i f f i c i l e  de savoir comnent on peut f i x e r  de f a ~ o n  universel le  l ' i n t e g r l t €  d'un s y s t h  
de navigation, c ' e s t  & d i r e  l a  ce r t i t ude  que des informations erronees ne seront pas u t i l i s & s  conme 
bonnes. Le concept a M 5  lentement muri pour 1 ' ILS e t  l ' a t t e r r i s sage  t o u t  temps. Mais l e  p r o b l h  se 
pose diffEremnent pour un sys tem i s a t e l l i t e s  mul t ip les.  Quelques experts de l a  F M  e t  quelques 
consultants aux Etats-Unis connaissent un peu mieux l a  question e t  j e  rends h m a g e  5 l a  FAA qui es t  
actuellement i s o l k  dans sa defense de l ' i n t e g r i t 6  face aux sectateurs de GPS. Les dibats sur ce su je t  
se passent sur tout  dans l e  groupe de t r ava i l  SC 159 de RTCA (Radiotechnical Camnission f o r  Aeronautics). 
Helas, I'OACI es t  aujourd'hui absente de ces dibats e t  11 smble  m8m que cer ta ins meinbres du FANS 
souhaitent t e n i r  FANS en dehors de ces questions de navigation. I1 r r n b l e  r n o n v l  c* u i n t e n l r  
I'OACI hors de ce d i b r t .  La de f i n i t i on  du concept de RNPC es t  excel lente. E l l e  r e j o i n t  d ' a i l l e u r s  des 
travaux d e j i  en t repr is  dans d'autres organisms c o m  l e  con i t6  NAVSEP d'EUROCONTROL. Dons divers pays. 
dont l a  France, on v o l t  c i r c u l e r  des p ro je ts  de textes exigeant des valeurs diverses de dispersion des 
erreurs navigation e t  de p i lo tage (erreur technique de vo l ) .  Cependant, I 1  ne semble pas admissible 
que des pays d i f fCrents r6agissent d i f f e r e m e n t  B des proposir ions d'equiper un avion de GPS (ou de t ou t  
autre system).  Dans ce cas, ou bien les Etats recoptent ce qu'ont f a i t s  par exemple l es  Etats-Unis 
( c ' es t  d6j8 l e  cas dans de nmbreux domaines), ou l e  cas es t  d iscut6 dans un forum in te rna t iona l ,  e t  
I'OACI e s t  18 pour $a. Ces discussions de I'OACI co i t en t  un peu en f r a t s  de mission. mais e l l e s  ont 
prouv6 qu'e l les const i tuent  un f i l t r a g e  t res  e f f i cace  des erreurs, des n&ligences, ou des caprices dont 
nous s o m s  tous capables quand nous r6digeons un tex te  dans l ' iso lement .  

Pour res te r  dans l e  domaine des r6 f lex ions  d'un membre du FANS qui ne sont pas ce l l es  de t o u t  
l e  FANS, j e  voudrais exprimer i l a  f o i s  mon admiration pour un system aussi ext raordinatre que GPS e t  
ma mefiance pour ce dme system avec l a  cons te l la t ion  I18 s a t e l l i t e s  op6rationnels plus t r o t s  rechanges 
sur o rb i t e )  i n ru f f i san te  qui es t  prevue aujourd'hui.  Diverses solut ions ex is ten t  pour aael iorer  l e  sys- 
tem, e l l e s  posent des problknes d'organisation, de financement mats pas Q problkne technique. Citons 
l a  poss ib l i t e  d ' i n t kg re r  dans un mCme r k e p t e u r  des s a t e l l i t e s  GPS amEricains e t  des s a t e l l i t e s  Ctran- 
gers e t  sur tout  l a  p o s s i b i l i t 6  d 'a jouter  une fonctlon 6F'S sur des p l a t e f o n r s  en o r b i t e  g k s t a t i o n n r i n .  
11 s e r a i t  domage que l a  s i t ua t i on  reste b l o q u k .  

11 - PREMIER ESSAl Of. MSCRlPTIOY DU SYSTME CWS FUTUR 

Le comite a redig6 en une cinquantaine de l ignes  une premiere e t  prudente descr ipt ion du 
system CNS fu tu r .  En vo ic i  un concentr6 : 

- S y s t k r s  de navigation s a t e l l i t e s  de plus en plus repandus e t  fourn issant  longitude, 
l a t i t u d e  mais aussi temps universe1 e t  a l t i t u d e  g6ocentrique. 

- a t te r r i ssagc  de p r i d s i o n  par MLS (notons l e  si lence prudent sur l a  survie du DME associ6 au 
MLS), 

- a l t i t u d e  barmetr ique,  mats appl icat ions possibles de l ' a l t i t u d e  gBocentrique (detect ion 
d'erreurs de 1 'a1 t i t ude  barunetrique par exemple), 

- developpemnt de l a  survei l lance r u t o u t l q u e  deendante ( reports  de pos i t ion  a u t m t i q u e  de 
l ' a v i o n  vers l e s  centres de contra le) ,  

- ccwun ica t ions  c* donn€es a l r l s o l  pa r  s a t c l l l t a r ,  avec poss ib i l i t 6s  de comunicat ions 
vocal es , 

- p o s s i b i l i t 5  d ' u t i l i s e r  1'5quipemnt de bord destine aux l i a i sons  par s a t e l l i t e  pour ef fectuer  
des l i a i sons  d i rectes avion-sol dans l es  zones terminales. 

Cette descr ipt ion la isse  de nombreuses questions sans r6ponses. c i tons  p4le isle : 

- l e s  comunications en IF vont peut &re. enfin, dispara7tre mats FANS espere- t - i l  aussi se 
debarasser de l a  VHF pour que toutes les comnunications soient concent rks  dans l 'un ique 
ban& L a6ronautique ? Dans ce cas l a  bande L n 'es t -e l le  pas t rop  C t ro i t e  7 

- Imagine-t-on que l e  radar secondatre puisse d ispara l t re  un jour  7 

- E x i s t e r a - t - i l  un system embarque d 'an t i  c o l l i s i o n  come I'A-CAS, bas6 sur l e s  signaux au 
format &I radar secondatre? 

- Fernera-t-on un jour  l es  NDB, l es  VOR 7 

- St on garde l e  mS, a-t-on vraiment besoin de garder l e  DWE de p r k i s i o n  qui  en es t  un 616- 
ment, sur tout  s i  l e  DM en route d o i t  d ispara l t re  avec l e s  VOR 7 

On peut aussi se poser des questions sur l e  f i l e  que joueront l es  khanges vocaux dans l ' a v e n i r  
e t  bien d 'autres questions importantes. Le groupe FANS a donc du pain sur l a  planche. 



12 - VEUS FhUS-3. 

La prochaine r h n i o n  FANS aura l i e u .  on l e  s a i t  depuis peu. du 4 au 20 novembre prochain (1986). 

Entre FANS-2 qui date d ' a v r i l  1985 e t  FANS-3 l e  groupe s ' es t  donne diverses tzches dont vo i c i  
l a  l i s t e  : 

- poursuite & l a  r6 f l ex i on  sur l a  survei l lance dependante automatique. 

- ref lex ions sur l e s  besoins de comunicat ion a i r -so l ,  voix e t  donnbs, e t  sur ce qui peut e t r e  
comun 3 des sys thes  u t i l i s 6 s  simultan6mnt dans une phase t r a n s i t o i r e  (par exemple. ACARS- 
HF, mode S du radar secondaire, e t  transmission de donnbs par s a t e l l i t e ) ,  

- d6veloppement du concept de RNPC (probablenent par l e  groupe RGCSP & I'OACI ). 

- avenir  & I ' a n t i - c o l l i s i o n  m b a r q u k ,  p o s s i b i l i t 6  d'etendre sa por t&  a 40 m i l l e s  nautiques, 

- l i s t e  des insuf f isances des myens actuels dans chaque region de I'OACI, 

- prob lem & l a  c i r c u l a t i o n  i l a  surface des aeroports, 

- su i v i  de I '&vo lu t i on  de l a  question des separations ver t i ca les  au-dessus du niveau 290. 

- l oca l i sa t i on  des avions accidentes. 

- amPliorat ion de l a  descr ipt ion du s y s t h  futur, 

- su i v i  du s o r t  des bandes de frequence 1545 H 1559 MHz 1646.5 i 1660.5 MHz, 

- recue i l  & documentation sur l e s  systemes de s a t e l l i t e  appl icables au CNS. 

- n ise  au po in t  de "sc6narios", c ' es t - i - d i r e  de quelques cas typiques d'espace a W e n  e t  & l a  
f a ~ o n d o n t  chacun evoluera de l a  s i t ua t i on  ac tue l le  au sys tem futur .  

- etude & l a  faSon dont devraient &re gerCs l es  sys thes  fu tu rs  CNS, n o t a m n t  par s a t e l l i t e s  
(agence in te rna t iona le  ex is tante ou H crser, r a l e  du priv6.et.c. ..) 

- evolut ion &s t r a i t e m n t s  &s donnbs dans l es  centres & contr6 le e t  adaptation de ceux-ci 
5 l a  survei l lance dependante automatique, 

- recuei l  & renseignernents konomiques d ivers e t  etudes konomiques Bventuellenent nkessa i res .  

Ces taches sont un melange bureaucratique d'axes de recherches importantes, de de ta i l s ,  de 
tsches possibles e t  de tsches impossibles. 11 e t a i t  d i f f i c i l e  de f a i r e  mieux dans l e  temps d'une reunion. 
Panni ces points, cer ta ins  avancent un peu : l a  mire au po in t  de I'ADS es t  ce lu i  qui va l e  mieux. 

et etude de scenarios qui d k r i r a i e n t  l a  s i t ua t i on  & I ' a v i a t i o n  c i v i l e  aujourd'hui e t  dans 
v ingt-c inq ans va lentenent. Les espaces aeriens typiques que d k r i r a i e n t  ces scsnarios seraient  
I 'A t l an t i que  Nord, l a  c i r c u l a t i o n  en mu te  au-dessus de I'Europe, une zone terminale typique, l a  lMA de 
Francfort,  l e s  espaces aeriens & I ' A f r i q u e  de I'ASECNA e t  du BrCsil .  En novmbre on aura peut Ctre une 
descr ipt ion & I ' e t a t  present, ce qui n ' e s t  pas d'un i n te r&  gigantesque. Certains organismes souhaitent 
avo i r  l e  temps de simuler sur des ordinateurs l a  c i r cu la t i on  aerienne du t r o i s i 5 m  mi l lena i re .  I 1  s e r a i t  
t r i s  in teressant  & disposer de t e l s  travaux mais on peut douter q u ' i l s  soient acheves en temps voulu. 

Restent deux sujets qui ont avance un peu e t  dont nous voudrions pa r l e r  pour conclure ce sont 
ceux l i e s  I 'o rgan isa t ion  d'un service & comunicat ions aeronautiques par sa te l l i t es .  Au FANS, ce su- 
j e t  es t  partage en deux, l ' u n  t r a i t e  & l a  normalisat ion technique des signaux, I ' a u t r e  de l a  facon dont 
11 f aud ra i t  gerer l es  organisms de comunicat ions ahronautiques par s a t e l l i t e .  En f a i t ,  du technique 
au po l i t ique ,  l a  f r on t i e re  es t  peu v i s i b l e  . 
13 - LES CWWIICATIOYS PAR SATELLITE 

Le sys tem vers lequel nous derivons es t  un system & cornunications en bande L qui compor- 
t e r a i t  l e s  fonctions suivantes : 

a )  comunications pour l e  contr6 le de l a  c i r c u l a t i o n  aerienne (ATC. A i r  T ra f f i c  Control codes 
e t  6ventuellement voix, 

b) comunicat ions techniques internes aux cmpagnies ak iennes (AK, A i r l i n e  operationnel 
Contro l ) ,  codes e t  6ventueltenent. voix, 

C )  comunicat ions publiques des passagers (PPC. Passenger Public Correspondance) c ' es t  i d i r e  
l e  t e l  @phone publ ic .  

La bande disponible es t  de deux f o i s  14 m&ahertz, de 1545 1559 MHz pour l a  voie descendante, 
de l ' a v i o n  au s a t e l l i t e  e t  & 1646 a 1660 MHz pour l a  voie montane. 

Le march6 semble ex is te r  dans l es  t r o i s  domaines. ATC, AOC e t  PPC. 



Le besoin ATC ex is te  sur 1 ' ~ t l a n t i q u e  ~ o r d  oii on pour ra i t  certainement f a i r e  un me i l leur  usage 
de I'espace a6rien s i  I ' o n  pour ra i t  mieux su rve i l l e r  l es  avions. Le &me besoin se d5veloppera un j ou r  
sur l e  Pacif ique Nord. Notons que l e s  Etats responsables de I 'A t l an t i que  Nord, au comit9 FANS se gardent 
bien de promettre quoi que ce s o i t  aux fu tu rs  u t i l t sa teu rs  de comunications s a t e l l i t a i r e s .  

Le besoin AOC, c r k  un demande croissante. L'Europe s'equipe graduellement du syst6me d ' khan -  
get de donnks codhes en VHF, XARS que l a  SITA met en oeuvre hors des Etats-Unis. 

Le besoin de t e l bhone r  des passagers ex is te  certainement, mais pas P t ou t  p r i x .  I 1  ex i s t e  
sOrement un publ ic  p r 6 t  P payer quelques do l la rs  l a  minute (disons de 2 P 5 do l l a r s l ,  11 e s t  m t n s  s i r  
q u ' i l  en ex is te  un pour payer de 15 a 30 do l la rs  l a  minute, ce qui,  d ' a p r b  cer ta ins,  s e r a i t  l e  c o i t  
d'une conmunication par s a t e l l i t e .  Les compagnies aEriennes recevront une pa r t  du ch i f f re  d 'a f fa i re  
PPC, ce qut ne const i tuera sOrement pas une a f f a t r e  merveilleuse, mais l e  f a i t  de f ou rn i r  ce nouveau 
service sera un argument c o m r c i a l  en faveur des compagnies Equiphs.  

Face P ce march6 qui semble s 'ouvr i r ,  divers prestata i res de service se presentent : AQINC, 
cooperative americaine de compagnies aeriennes, qui assure des services de ccinnunications aeronautiques 
f ixes e t  iaobiles. e s t  en t r a i n  de s'organiser e t  a crCe un comite pour d k f i n l r  un mat6riel embarque. La 
SITA, autre coopErative fournissant des services analogues, iiors des Etats-Unis, a auss i ta t  propose un 
service analogue en s'unissant P INMARSAT e t  P 1 '~gence Spatiale Europknne. Les services des postes e t  
tEl6comunications de d ivers pays se mettent en muvement. B r i t i s h  Telecomunications. met b i en ta t  en 
serv ice expGrimenta1 l e  tel6phone publ ic  sur cer ta ins  avions de B r i t i s h  Airways en u t i l i s a n t  l e s  sate l -  
l i t e s  d'lNMARSAT. Aux Etats-Unis, divers organismes pr ives de conmunication, Mobilesat, Skyl ink, 
m n i n e t  entre autres, se manifestent. 

Tout peut avancer s i  v i t e  que FANS e t  1'OACI en soient redu i ts  P entCriner l es  choix techniques 
de ces divers organismes. Un c o n f l i t  technique peut ex is te r  entre l e s  choix des p res ta ta i res  de service 
qui se basent sur l es  signaux fa ib les  des s a t e l l i t e s  MO IN MARS AT (qui ont  l e  m&ite d 'ex is te r  e t  l ' t n con -  
venient d ' e t r e  un peu d8passesl e t  d'autre p a r t  ceux qui  u t i l i s e n t  des s a t e l l i t e s  qui n ' ex i s t en t  pas 
encore. Notons que dans l a  vague oii l ' o n  re trouve, toutes l es  par t ies  int6ress&s, compagnies a6riennes 
e t  administrat ives, souhaiteraient que l e  service mis en place s o i t  modulaire e t  pernette de se rv i r  P 
l a  fo is  des avions Equip&s de I'antenne annid i rect ionnel le  l a  plus simple ( e t  qui se contentera i t  de 
passer quelques donnees codks) ,  e t  l e s  avions 6quip&s & reseaux d'antennes i dCphaseurs pointant  en 
permanence un lobe de 7 i 12 dB de gain sur l e  s a t e l l i t e  e t  capables de transmission de paroles en  
duplex. Pour que l e  service de comunication par s a t e l l i t e  s o i t  d'un usage souple, 11 es t  important. 
e t  t a u t  l e  mnde I'admet, q u ' i l  conviendra d ' u t i l i s e r  pleinelnent l e  concept OS1 (Open Systems 
Interconnexion) dBf tn i  par 1'150. 

Le developpement continu de l a  technique jouant aussi bien pour l es  s y s t h s  anciens que l es  
nouveaux 11 es t  possib le que l es  choses evoluent mal. come l e  MLS qut coiitera 2 3 fo is  l e  p r i x  d'un 
1LS equivalent. 11 es t  possible qu'au contra i re,  ces techniques deviennent indispensables, c o m  I ' e s t  
devenu l e  radar secondaire. 

14 - CONCLUSION 

L 'av ia t ion  c i v i l e  in te rna t iona le  par son organisation t rad i t ionne l le .  I'OACI e t  son cornit6 FANS 
pa r t i c i pe  P l a  mise en place d'une nouvelle generation de moyens de ccinnuntcation , de navigation e t  de 
survei l lance.  La gestat ion de ce t t e  nouvel le g h s r a t i o n  de myens e t  de concepts i ned i t s  se f a i t  P l a  
vi tesse l a  p lus grande que p e n e t  une organisation internat ionale,  ce qui  n 'es t  pas trb rapide. 

Beaucoup de choses pourraient s t r e  obtenues dans l e  domaine de l a  navigation avec l es  systemes 
t e l s  que GPS e t  l e s  complhents i WS ou dans l e  domatne des comunications codees entre calculateurs 
de bard e t  ca lculateurs au sol par s a t e l l i t e .  Les divers p a r t i s  en presence defendent chacun leurs  i n t 6 -  
rOts come 11 es t  nature l .  La some des CgoTsmes p a r t i c u l i e r s  Ctant rarement *gale i l ' i n t e r s t  general, 
11 n ' es t  pas ce r t a i n  que l es  systemes qui verront l e  jour  seront globalement l es  plus i n t e l l i g e n t s  n i  
l e s  plus 6conorniques. Le con i t6  FANS 03 tous l es  d6bats sont p e n i s  entre l es  Etats e t  l e s  organisations 
pou r ra i t  e t r e  l e  l i e u  oii des conceptions u n i f i k s  seraient def in ies.  E t  j 'espere bien q w  ce sera l e  
cas. 

Cependant, cer ta ins  jouent pour que l es  choix se fassent a i l l e u r s .  
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SLMMARY: This paper traces the development of a worldwide effort to establish 
air7stion requirements for CNS systems for the future, with special emphasis on 
satellite technologies. Beginning with the air traffic services modernization 
efforts underway in several countries, the aper reports on the evolution of 
the ICAO Future Air Navigation Systems (FANS? Committee, the V.S. Radio Tech- 
nical Commission for Aeronautics (RTCA) effort to support the development of a 
U.S. view and the realities which must be faced in considering the definition 
of new systems and new approaches. The paper describes the activities of FANS 
to date, the approach being taken to achieve a worldwide minimum satellite 
communications system standard, and efforts to achieve agreement on automatic 
dependent surveillance. 

At its first meetin , the International Civil Aviation Organization (ICAO) Future Air 
Navigation Systems $FANS) Committee agreed that one of its objectives is "to identify 
needs and subsequently to consider the satisfaction of those needs by: i) systemati- 
cally identi ying world aviation needs for the next 25 years; ii) considering 
potentially fi p licable technologies which may cost effectively satisfy the identified 
needs; and iiiy laying the groundwork for any required international standardization 
by appropriate bodies of ICAO and other organizations." 

The order is not an accident, but a recognition of how easy and tempting it is to get 
fascinated with a new technology mousetrap and then find an application for it. It 
should be the other way around; a need or a requirement should be expressed first, 
then new solutions must be thoroughly tested against other, perhaps less costly, 
alternatives. Even more important is agreement on what a requirement really is. 
Said straight out. a reauirement for a new system or a new capability is a need we 
have identified, for whdse solutions we are willing to pay--nb more and no less. 
This point is all-important because our industry has changed in the last few years. 
Until not so long ago, any new technologies that promised benefit were eagerly 
embraced by the industry and by Government. As the industry has matured, it has 
become more money-conscious and more skeptical. In today's market, a new technology 
must have clear and obvious benefit--and soon--if it is to be viewed seriously, 
especially if the investment required is either unknown or prospectively high. 

What is the atmosphere in which the U.S. is looking at new technologies and FANS? 
The National AirsDace Svstem (NAS) Plan and similar modernizations in other countries 
will provide majoi imprbvements. - ~ t  the end of our U.S. modernization, it is 
reasonable to assume that: 

o The air traffic control process, through the Advanced Automation System, will be 
far more flexible, and more automatic, than it is today, and will be far along 
to permitting automatic creation and transmission of conflict-free clearances. 

o Information available on weather and winds will be improved dramatically. 

o Information flow will be enhanced through use of digital data link 
communications. 

o Dynamic knowledge of system capacity and airport capacity will have become good 
enough to permit a great deal more strategic planning than exists in the system 
today, and the system will be more capable of rapid, dynamic adaptation as the 
situation changes. 

o Cockpit systems will simplify and optimize the interaction of pilots with auto- 
matic systems and digital communications devices. 

Well, then, what is left to do? As seen from the U.S. perspective, many people in 
the Radio Technical Commission for Aeronautics (RTCA) Special Committee 155 (SC-155). 
"User Requirements for Future Communications, Navigation, and Surveillance Systems, 
Including Space Technology Applications," believe that among the challenges remaining 
at the end of the NAS Plan will be: 

1. lack of sufficient airport and heliport facilities in major city areas, 

2. lack of surveillance information in much of the airspace over oceans and 
unpopulated areas, 

3. lack of instrument approach capability to many paved and lighted airports, and, 
perhaps most important, 

4. lack of low-altitude communication, navigation, and surveillance (CNS) coverage 
in most areas of the world. 



A growing view is that the most effective way to reduce or eliminate such cNS 
deficiencies is through the use of satellites as one important ingredient in 
improving information flow. It may well be that easy and convenient information 
flow, satellite and otherwise, is the key not only to the evolution of CNS, but also 
to the provision of improved ATC and weather service. 

In thinking about new technologies to aviation, world realities must be faced 
squarely. The major modernization programs are concentrated in a relatively small 
area of the world. Yet new capabilities, which might be nice to have in areas where 
sophisticated air traffic control services already exist, may be essential in parts 
of the world where few services now exist. And the need for standardization demands 
that at least subsets of the same basic systems serve all. 

The second meeting of the ICAO FANS Committee was exceptionally candid in discussing 
this problem. They said: 

"The fact that services are less than adequate in many parts of the world 
results not only from lack of financing, but in many instances also from a lack 
of trained technical personnel and engineering, maintenance, and operations 
disciplines in those parts of the world." 

"There appears to be little likelihood that the present air navigation situation 
will improve within the near future unless new approaches are adopted." 

FANS-2 said, "it seems inevitable that the full im lementation of ;he present 
ICAO Recional Air Navigation Plans is unlikelv to ge accom~lished. and that ~" ~~ 

FANS "must now extend Eonsideration to the application of Hlternaiive technolo- 
gies, functional concepts, and associated institutional arrangements." 

The gauntlet is down. The needs of the future can be met by the introduction of 
better data and information flow, more automation in high-density operations, and 
improvement in the basic CNS services, but can we agree to make it happen? 

RTCA Special Committee 155, in its examination of needs, concluded in its interim 
report that there is a need in the future for C,NGS services to be available any- 
where in the world from the surface to 70,000 feet plus. The only viable way that 
has emerged to date to deal with that requirement, if it is real, is by the use of 
satellite services. 

But why haven't there been energetic applications of satellite services for aircraft 
before now? The reason is that it has up to now been too expensive, and the need 
has not been sufficiently pressing. 

It is not that anyone seriously doubts the technical capability of satellite services 
to do z t  they promise. That has been proved again and again. 

After the demise of AEROSAT, FAA became a partner in an international committee to 
undertake an international requirements study. The findings of that body (the 
Aviation Review Committee, under the chairmanship of Roy Cox from the United Kingdom 
Civil Aviation Authority), were interesting. Among their conclusions: 

o The greatest savings in efficiency improvements in the areas studied would result 
from reduction of vertical separation above Flight Level 290. 

o Lesser savings would flow from an improved navigation performance standard 
combined with improved data link communications (either HF or satellite service), 
with automatic dependent surveillance capability. 

o Implementation of improved navigation performance standards and an airborne 
separation assurance device would be valuable. 

Their findings were surprising to many because they did not tout satellites as the 
end-all and be-all, but they were realistic--especially one which said that in order 
for oceanic air traffic control satellite services to be viable financially, aviation 
would need to share satellites, possibly even space-based transponders, with other 
users who might pay a large share of the satellite capital costs. 

While the Aviation Review Committee could not produce a ringing endorsement of 
satellite services, they were uneasy with their finding. It appeared to them 
"unthinkable that civil aviation should enter the next century without satellhte 
systems at least providing cost-effective aeronautical mobile communications. 

FAA believed then and believes now that satellites will have a future role to play 
in communications and probably in surveillance and navigation. 

An FAA study shows aviation may require all of the spectrum currently allocated to 
Aeronautical Mobile Satellite (R) services, and perhaps more. This work was subse- 
quently supported by RTCA SC-155, and tested by FANS and CCM/OPS. It was agreed 
that the satellite spectrum long protected for civil aviation would be required by 
civil aviation. 



In order to justify its conclusion, ICAO FANS-2 postulated prospective satellite 
applications as part of the future system. It did so tentatively and nervously, 
but, as you have heard, a first-blush tentative system concept was hammered out at 
FANS-2. Its basic elements are as follows: 

o Satellite navigation will prove to be a highly reliable, high-integrity, and 
high-accuracy system. Three-dimensional information will be available, along 
with a standard system time service. 

o The accuracy and integrity of the system is likely to be such that it can serve 
all navigation functions with nearly instantaneous failure warnings in oceanic, 
en route, and terminal operations. MLS will be used for precision approach and 
landing operations; it is, however, possible that the satellite system may 
eventually be able to provide information adequate to support Category I-type 
approaches. Services will be provided and separation standards will be 
implemented based on navigation performance requirements suited to the 
applications. Other suitable navigation systems may be available and used. 

o Barometric altimetry will remain an important element in the system, but the 
geocentric altitude available from the satellite navigation system could serve 
as a crosscheck on vertical position. 

o A satellite navigation system will be of sufficient integrity to serve as a 
source for automatic dependent surveillance, in which navigation position 
information is transmitted to the ground either directly or via satellite relay, 
to serve as a surveillance system for all airspace, with appropriate built-in 
redundancy and failure protection. 

o The committee considered, however, that automatic dependent surveillance may not 
be fully satisfactory for all circumstances. Therefore, in addition a 
cooperative independent surveillance service, based on satellites, is likely to 
be needed. There are several ways to achieve this capability. In some 
cooperative independent surveillance concepts the navigation satellite 
geocentric altitude will serve as an integrity crosscheck on the aircraft 
barometric altimetry system. 

o A satellite communications relay will be used extensively to provide automatic 
dependent surveillance position information, along with additional information, 
as required and available, such as aircraft identification, state and 
intentions, meteorological information, etc., and information concerning ATC 
services. The communications services (voice and data) between aircraft and the 
ground system will utilize satellite relay in over-ocean and remote land areas, 
at altitudes below line-of-sight in both low-density and high-density airspace, 
and for other purposes. 

o In some airspace, such as terminal areas, the bulk of communications may be such 
that a direct ground-to-aircraft and aircraft-to-ground communications system 
may be preferable to a satellite-based communications system. In order to 
permit use of common avionics, spectrum in the 1 545-1 559 MHz and 
1 646.5-1 660 MHz bands is needed for such a terrestrial-based communications 
system. 

o Aircraft operators will continue to require spectrum for operational control 
communications. 

It is the job of FANS now to flesh out this concept, to change it, to test it, and 
to see what can be done to practically evolve towards it. It is a job not in the 
first instance for ICAO, but for the States and organizations involved in it, and 
for the aviation communities in our countries. In the U.S., that means the major 
groupings of aviation interests, as well as organizations like RTCA and others. 

I want to say a few words about the Global Positioning System (GPS). Satellite 
navigation is a significant part of the tentative concept developed by FANS-2. Work 
on satellite navigation has been underway a long time in several places. In a way, 
GPS is a special case because, unlike other satellite services which are still vying 
for sponsorship, GPS is happening. It represents a major investment by the U.S., 
available to the world, to achieve a dramatically improved global navigation 
capability. 

In the FAA assessment, to which I referred, we asserted that because of the major 
benefits it offers, satellite navigation will eventually replace most ground-based 
navigation systems for en route operations and for nonprecision approaches. We 
assumed that the full accuracy capability of GPS will become available to civil 
users, and that the remaining issues of coverage, reliability, and integrity will be 
resolved--by one of several available means. 

A part of FAA's program is to support the utilization of GPS in the National Airspace 
System. We hope to investigate CNS system technology alternatives and emerging 
technologies with civil aviation potential and, importantly, to study the integra- 
tion of satellite technologies with ground-based services. 



ICAO and RTCA both are looking at the need for services and the technology possi- 
bilities out to 25 years or more from now. But why bother? Isn't it simply a blue 
sky exercise, when laissez faire will get us there as well? We have not been good 
at predicting the future, particularly inventions not yet invented. We are not good 
at predicting our business for 10 years ahead, much less 25 or 30. 

S o  why not let a few people with their heads in the clouds (no pun intended) think 
about the future, and get on with our near-term business, especially in an industry 
which isn't sure where next year's dollar is coming from? Let me suggest some 
reasons why the work is important, beginning with what I consider to be important 
truths: 

1. Technologies are marching forward rapidly, not only in the computer and data 
processing world, but also in satellite aria terrestrial communications tech- 
nology. There is truth to the fear expressed at FANS that if we do not move 
rapidly to determine our needs, the new technology will pass us by and we will 
take the leavings from what the industry wants to offer. 

2. Satellite system implementation is moving so rapidly in a number of countries 
that if aviation cannot state its requirements and develop technical standards, 
we will be condemned to a variety of complex, unworkable, nonstandard systems. 

3. Integrated CNS systems, talked about for 25 years or more, will be difficult to 
achieve, for a variety of reasons: (1) the roblems perceived in the three 
areas (C,N,GS) have never meshed in time, (27 we have seldom had the courage to 
change more than one technology at a time, and (3) the benefits of integrated 
systems have never been clear to the aviation community. 

4 The transition to new technologies will not happen, either singly or in an inte- 
grated way unless the benefit is clear. One such benefit which must be offered 
is the possibility of simplification of the avionics suite, particularly in 
general and business aviation. The new technology offers a chance of getting 
there. 

5. New technologies have traditionally taken from 12 to 18 years, and sometimes 
longer, to move from conception to implementation, in spite of sometimes 
Herculean efforts to speed up the process. 

6. Regardless of their neatness or their technical sophistication, implementation 
to new technologies simply will not happen unless the transition and implementa- 
tion path is clear. 

7. The level of implementation of systems around the world is and will remain widely 
divergent. The needs of 15-20 percent of the world's geographic area are wildly 
different from those of the other 80-85 percent. The true test of new CNS tech- 
nology is that it must be implementable in a time- and capability-phased fashion, 
and in a way in which Country A can move forward without Country B moving at the 
same time. The conceot we need is one which can be embraced at different levels 
by both the highly debeloped and less-developed States, with a clear indication 
that benefit will accrue. 

There are a hundred reasons why PANS may not make progress, and even more reasons 
why even the best-designed system concept may fail for political, institutional, or 
economic reasons, or because States will not choose to agree. Yet the opportunity 
exists to make progress in the near term and gain a far better system in the long 
term. 

There are some things we need to do now, certain practical actions to put ourselves 
into position to utilize the new capabilities when the need is clear. There are 
some barn doors we need to close before the horses run away. Some of them are the 
near-term activities: reduction of vertical separation standards above Flight 
Level 290; harmonization of traffic information to controllers on aircraft position 
and intent; movement toward beneficial use of airborne collision avoidance systems; 
the introduction of the SSR Mode S data link; and improvements in emergency aircraft 
locat ion, 

But, I want to emphasize improvements in data and voice communicat~ons capability 
and automatic dependent surveillance.. Data link applications are being developed 
at VHF, at HF, and for satellites. The Mode S data qink is coming closer to appli- 
cation in air traffic control and data link use is growing rapidly in the airlines. 
Satellite data and voice communication schemes abound. Work is underway in a number 
of countries and by a whole host of proposers in the United States. 

Unless there is rapid movement by the aviation industry to establish requirements 
and communications standards to the degree they are needed, we face the possibility 
of a variety of satellite communication schemes becoming available for sale to 
aviation users--with no real standardization. It is essential ri ht now to estab- 

- - a - - , .  lish the necessary communication systems standardization, to accommo ate alrllne 
operational needs and automatic dependent surveillance, but, of course, to go 
further--to build a foundation for the functions beyond which will need to be 
accommodated. Both satellite and nonsatellite methods of communications by data and 
voice will need to be considered. 



Since ADS, first over oceans and probably later in domestic areas, represents near- 
term ATC system payoff from new technology, we need to reach agreement on approaches 
and technical standards for it. Whether we choose to implement sooner or later, 
such preliminary agreements can help define systems which are valuable both as 
safety improvements and money makers. 

We need to develop an airborne system architecture to achieve the most effective and 
safest communications protocols and automatic dependent surveillance messages in 
aircraft. We must move toward less dependence on particular transmission media to 
perform the functions we need. 

We need to correlate improvements in communications, navigation, and surveillance 
with improvements in ATC services (i.e., separation standards, tactical operations, 
etc.), to establish clearly the benefit of implementing new CNS technologies. 

The FANS Working Group of the Whole met in Montreal on November 4 - 8 ,  1985, and made 
some important progress. Even though it was only a Working Group and not a formal 
FANS meeting, it was attended by most of the active members of FANS except that, 
unfortunately, the members from the U.S.S.R., Tanzania, and Iraq were unable to be 
present. 

Several views were pervasive throughout that meeting: 

o Civil aviation must take early and persuasive action to stake its claim to 
satellite spectrum and to show clearly that it intends to use it. 

o The first practical application of ATC satellite services is likely to be 
over-ocean automatic dependent surveillance and related direct pilot-controller 
data link communications, and action is needed to bring automatic dependent 
surveillance into being because of increasing traffic and a continuing 
significant number of large deviations from track in oceanic operations. 

o Since automatic dependent surveillance must have a commonly agreed-to signal 
format compatible with terrestrial and aircraft systems in order to have a 
chance worldwide, it is likely to be the service which lays the basis for 
international satellite signal standards, protocols, and formats. 

The Working Group considered all of its work program, but I want to report on only a 
couple of items. In the discussion of automatic dependent surveillance, the Working 
Group took several important steps. A refinition for automatic dependent surveil- 
lance was agreed upon, as well as certain fundamental views: 

1. There is operational benefit and anticipated cost/benefit in the application of 
an effective high-integrity automatic dependent surveillance service. 

2. Effective application of automatic dependent surveillance requires complementary 
direct two-way pilot-controller communications. 

3 .  The technical capability of satellite communications to support automatic 
dependent surveillance and other ATC related aeronautical air/ground 
communications exists and has been demonstrated in several test programs. 

4. Advantage should be taken of the present navigation systems to implement 
automatic dependent surveillance. 

5. The need will exist for various position reporting intervals. 

In addition, the Working Group agreed on a series of tasks which need to be performed 
to achieve operational automatic dependent surveillance service. 

Perhaps the most important effort started was the task of minimum air/ground 
communications system standardization. Starting with the premise that automatic 
deoendent surveillance will lead the way toward the communications standardization. 
bui that functions beyond automatic depbndent surveillance must be catered for in ' 
the standard, the group agreed that this item represents a high priority. 

The task is to assure: 

1. Interoperability sufficient to permit aircraft to use various satellite systems 
which might be available in various regions. 

2. Interoperability with related terrestrial aeronautical systems. 

3.  Achievement of the simplest common standard avionics. 

It was agreed that work needed to be done by working parties prior to PANS-3 "to 
consider the technical aspects of communications standardization and to avail the 
group of expert advice on satellite and other techniques which impact on the need 
for standardization and delineation of system architecture." 



As baseline material for this meeting: the tentative future CNS concept and the 
digital data flow and spectrum needs agreed by FANS-2 were used, as well as the 
automatic dependent surveillance concept developed in the Working Group meeting. 

The Working Group of the Whole discussed a series of CNS system studies and experi- 
mental programs, with contributions from England, the European Space Agency, Japan, 
and the United States. The group recognized the importance of coordinating satellite 
experiments and demonstrations to assure common purpose and to avoid future 
differences of view which could come to plague FANS. 

The Working Group agreed on definitions and a series of traffic scenarios against 
which future system concepts ilght be evaluated. Six scenarios were selected for 
consideration--a complex en route airspace structure, a remote continental airspace, 
an oceanic airspace structure, a high-density and a low-density terminal area, and 
special scenarios, such as the Gulf of Mexico, polar regions, and others. The FANS 
Member from the Federal Republic of Germany chairs this effort. 

The first of two subworking group meetings was held March 17-21, 1986, to move FANS 
work forward, primarily on satellite communications systems standardization (FANS 
Work Program Item b) and Automatic Dependent Surveillance (Item a). 

The group agreed that rapid progress would need to be made on both communications 
system standardization and Automatic Dependent Surveillance. Confirming conclusions 
of the Novenber 1985 meeting, the groups working on these tasks again agreed that 
events were moving so rapidly in the satellite world that early decisions and 
recommendatigns on aviation's needs are needed if aviation is to have an impact on 
satellite developments. 

Further, many states and international organizations feel that Automatic Dependent 
Surveillance is of potentially great value for both safety and efficiency, and that 
decisions with respect to it need to be made at the earliest possible time. 

Two other considerations were noted by the group--the stated intention of at least 
one major international carrier to implement operational control communications via 
satellite data link in the very near term, and general recognition that such early 
implementation, while entirely welcome, would have a major impact on international 
standardization. As noted by the U.K. Member: 

"There are no natural stages at which everyone re-equips so successive genera- 
tions of equipment must co-exist with each other. It is, therefore, essential 
that the initial systems and the standards on which they are based, must have 
the capability to grow to meet the ultimate requirements." 

The view expressed by the U.S. Member was that a system concept can be developed 
which meets all foreseen requirements without disadvantaging any one user element, 
and that the need for ICAO now is to develop a system concept which can evolve from 
relatively simple applications to the more complex applications; a concept in which 
all elements of aviation can eventually participate--from general aviation to air 
carrier and military, in areas from the lowest density remote areas to oceanic use, 
to high density domestic en route and terminal airspace. It is in the interest of 
international aviation to move as rapidly as possible toward achievement of this 
kind of concept. This means that the initiatives by air carriers to move out should 
be applauded and supported, but that every effort should be made to provide such 
services in the context of a broad and universal system concept. This view was 
widely shared by working group. 

During its week of work, the participants were able to make important progress in 
two areas: 

o Minimum Communications System Standardization. 

1. It was agreed that the IS0 Open Systems Interconnection model system be used 
for the design of future digital communication systems to be standardized 
by the international civil aviation community. 

2. It is essential that an early initial satellite communications system 
framework that will accommodate all user classes and all anticipated user 
services be developed. This framework should provide for international ADS 
service, potentially as the first ATS application of satellites, but it was 
recognized that some international airlines plan to use satellite data 
communication for operational control purposes in the near term. 

3. The international system must provide for data and voice communications. 

4. This system is to operate in the L-Band Aeronautical Mobile R satellite 
spectrum segments (1544-1559MHz and 1645.5 and 1660.6 MHz). The bands 
will be used for ground-to-aircraft and aircraft-to-ground, respectively 
(for satellite-based and terrestrial communication systems, as envisaged in 
the tentative FANS-2 Future System Concept). 



5. There must be avionics interoperability amon candidate satellite systems 
and related terrestrial systems on a global %asis. 

6. The potential future capability of providing cooperative independent 
surveillance when and where such functional capability is needed should be 
a part of the system structure (that is, a functional capability like that 
envisioned for RDSS should be available within the system concept as part 
of the integrated system). 

7. The system envisions the use of digital modulation for transmission of 
voice communications. Where both caoabilities exist. voice and data . ~ - - -  ~ - - .  ~ - -  ~, ~ .... --.- 
communications must be available~simultaneously, and full duplex capability 
for voice and data must be a part of the system. 

The Working Group agreed on a series of objectives which must be met by the system 
design and, after examination of a variety of system elements, agreed on a series of 
ten which require international system standardization. 

o Automatic Dependent Surveillance (ADS). 

The Working Group reiterated and strengthened a number of basic agreements 
reached at the November 1985 meeting. Among them: 

1. There is operational benefit and anticpated cost/benefit in the application 
of an effective high integrity ADS, including ancillary direct pilot/ 
controller communications. 

2. The technical capability of satellite communications to support ADS and 
other ATC related aeronautical air-ground communications exists and has 
been demonstrated. 

3. ADS can be successfully and usefully implemented with existing navigation 
systems, although future availability of navigation capability providing 
better performance will be helpful. 

4. ADS service must be designed to a global standard and must serve all classes 
of aviation users in a variety of environments. 

5. The Working Group refined its definition of Automatic Dependent 
Surveillance. , 

6. The group recognized the operational potential to support system efficiency 
improvements through an increased level of tactical control and to support 
reductions of separation minima. The group, again, agreed on significant 
separation reduction as an objective to be supported by Automatic Dependent 
Surveillance. 

7. It agreed on a series of application and functional objectives for Automatic 
Dependent Surveillance. It agreed on a series of system characteristics of 
Automatic Dependent Surveillance and identified further work +o be done. 

8. The group agreed on a table of minimum and extended Automatic Dependent 
Surveillance system message elements, their content, and the range of 
communicatians services required to accomplish them. 

9. The group identified a series of criteria for reliability, redundancy and 
continuity, service, and identified further effort to establish the 
necessary figures. 

The work will continue in a June 1986 meeting in Paris, preparatory to FANS-3 in 
November. 

I said earlier that ICAO FANS, at its first meeting, agreed on the need for world 
aviation to move rapidly to establish its requirements and to lay the basis of 
system standardization for aviation. If the energies of the satellite industry are 
to be harnessed on our behalf, if aircraft avionics suitesare to be kept simple and 
efficient, if basic worldwide system improvements are to be achieved, and if future 
international controversy over systems is to be avoided, the opportunity is now. 
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RESUME 

La syet2rm den eervicee de La circulation a M e n n e  des andes 2000 devm pouvoir faire faoe h l'augnenta- 
tion constants du trafic et pre'senter M nrtnimin de contminte au niveau dee cofte d'ezploitation den 
a4ronufs. 

R devm prqndre totalement en conpte lee me'thodes de condui* du uoZ st, en particutier, la poeeibilite' 
de suiure, de fagon pr6cise. M profil de uot Gtenniw. 

Bpuis 1980, un houpe de tmoait de Z'Agence EURCCONTROL eat charge' de Za miae au pant du concept futur 
et de h f o ~ t a t i o n  du prognunme de recherche correepondant. 

L'ezpoed qui suit panee en revue lee objectife, tee obstactes, lee principee eesentiele et tee c a m t i -  
rietiquee aeeocie's h la nrtse on oeuvre st h Z'ezptdtation du syet2me ATS futur. 

R fait resaortir &a doeasit6 d'une comertation i n t m e  entre tea avionnaure, tee dququipementiers, Zes 
ezploitants du tnmsport &rim et lee reeponsables des services de geetion du tmfic ae'rien. 

1. INTRODUCTION 

Amsurer 1'Bcoulenent du trafic avec souplesae, .€curit€ et dane les conditions €conomiques optimalea eons- 
titue la mission du Contr8la du Trafie Aerien. Les moyens necessaires a l'execution du Contr8le du Trafic 
Aerien au coura des dernieres deccnnies ont €volu€ progreesivement en un syst8me complexe dont les compo- 
sante principaux sont 1- radar de surveillance. lee communications, lee eystemea de navigation et le trai- 
tement informatique. Ce ayst8me a pu a'adepter 1 1'Kvolution de l'avion sans qu'une concertation etroite 
s'etablisse entre les foneepteurs d'svione et ceux de 1'ATC. 

Jusqu'alore, le "SOL* €tablit la situation "AIR", prgvue et instantanee, a partir de donnee8 totalement 
ind€pendantes de celles qui eont utilisees pour 1s eonduite du "01, exception faite de l'sltitude Mode C 
du radar secondatre. 

Le traitement informatique dee donneem plan de vol et radar, einsi qua l'assistanca automaris€e 1 1s 
previliion et la gentian des courants de trafic sont d6sormais largemenf repandus avec das degree de raffi- 
nement divers. On voit, par ailleurs. e'accroltre la nmbre d'avions modernes equip68 de eyatsmes de ges- 
tion de vol (PMS). N€smins, les s y a t h s  "SOL" lea plus svances travaillent toujours 1 partir d'une 
description de performances "avions" qui ne correspondent 1 la realite que de fagon approximative. Ceei a 
des cons6quences directs6 sur un certain nombre d'enpects fondamentaux, tela que la determination des nor- 
mes d'espacdment et lee procedures utilia€es pour en assurer le maintien, en route, c o m e  dans lea zones 
terminales. 

Les traasporteurs aeriens exarcent sur las autorites rasponsables du Contrale. une pression legitime pour 
obtenir un service adapt6 1 l'au~entation cootltantc du trafic et presentant un minim- de contrainte 1 la 
rentsbilisation des inveetisaements conaentis au plan de l'avion. 

I1 est clair qu'il ne pourra leur Btre donne  ati is faction dans l'avenir que par la mine en oeuvre de 
concepts qui prennent totalement en compte les d t h d s a  de conduita du vol et, en particulier, le possibi- 
lire donnee 1 l'aeronef de respecter, de fagon pr6ci.e et daaa lea qustre dimensions, un profil deternine. 

2. LES OBJECTIPS 

S'il est besoin de se convaincre da la distance qui separe le ~ysteme aftuel de celui que desirant les 
usagers, il ~uffit de pasear brisvement en revue les phases de pr6psrstion et d'ex6cution d'un vol telles 
qu'ellea davraient de derouler. 



2.1. Plan de vol 

Au stade de la pr6paration du Plan de Vol, la Commandant de bord devrait avoir le libre choix de la route, 
du profil de vol et de l'heure pr6ci.e de d€part. I1 devrait disposer sutomatiquement des donn6es 
M6t6orologiques et de 1'Information A€ronautlque. I1 devrait obtenir avant le depart la "clearance" pour 
la totalit6 de la route et du profil requis. 

Les op6rations de d s e  en route des moteu'rs, roulage, alignement et d6eollage devraient s'enchalner sane 
discontinuit€. La montee sans restrictions au niveau de croisiere optimal devrait etre la rlgle 
g€n€rale. 

2.3. Phase en route 

Elle devrait pauvoir s1ex6cuter comme pr€vu, sans alt€rations de nivesux et de caps, et en maintenant su 
minimum lee interventions du pilote li6es au contr8le du trafic (changementa de frsquence, coormunications, 
manipulations de clavier, etc.). 

2.4 .  Descente et roulage 

La descente devrait s'effectuer selon le profil optimal jusqu'au toucher den roues et la distance pour re- 
joindre le parking, Stre aussi courte qua possible. 

Co- on peut le constater, l'ecart est grand par rapport B la realit€. 

3. LES OBSTACLES 

3.1. Lorsqu'on essaie d'imaginer le systeme futur, on ae trouve confront6 1 plusieurs aspects, p a d  
lesquels : 

- les aspects qui sont tributaires d'accords intervenus au B intervenir d a m  le domine international 
(norms ARINC. OACI, dates de protection des systemes, organisation de l'eapaca aerian, etc.). La 
lenteur du processus peut etre facteur de ralentisaement dams l'iotroduction de technologies pourtsnt 
disponibles B court ou moyen terme ; 

- les aspects qui ressortent du role de l'homme dana le systeme et de 18ad6quation de certainen techni- 
ques ou m€thodologies (reconnaissance de la parole, pr6eentation 3 D, utilisation de systlmes 
experts, ete.) ; 

- la fait que le eystame ne peut progresser que de par 6volution et l'6norme difficult& qu'il y a l syn- 
chronisar les phases d'holution au sol at II bord ; 

- les contrsintes r6sultant de l'organisation de l'espaee (cohabitation civilelmilitaire) et de la capa- 
cite des a&roports. 

3.2 .  Ceci tendrait i mntrer la n6cessit6 de d6finir des objectifs plut6t ambitiaux que modeates - afin 
de ne pas se laisser porter par lee 6v6nements - et qui servent de guide aux actions relatives aux sujets 
mentionn€s plus haut, c'est-l-dire sur le plan 

- des instances internatioaalea, 

- den axes de recherche, d6veloppement at exp6rlmentations. 

- de la d s e  en oeuvre. 

3.3. L'snalyse des hypotheses lee plus probables quant aux carsct6rietiques des systSmes de navigation, 
de surveillance et de eo-nicatione a l'horiron ZOO0 permet de nieux ferner les probllmes : 

- Navigation pr6cise 

- Localisation pr6cise 

- Conmunicatlo~~s automstiques sir/eol et sol/sol 

- Couplage Ltroit entre l'avion et le sol. 

4. LES KOYENS DE NAVIGATION 

I1 a 6t.5 largement fait echo aux travaux du conit6 sp6cial de 1'OACI - Future Air Navigation Systems 
(PANS). Ce conit6 s introduit la notion du concept RNPC (Required Navigation Performance Capability). I1 
a postule que 1s navigation par r€f€rence satellite s'av8rera hautement fiable, de haute intCgrit6 et de 
haute pr6cislon. 



La lists das eyathes condidats eventuels (NAVSTARIGPS, GLONASS. GIUWAS. NAVSAT. GEOSTAR st d'autres eans 
doute B vanir), ainsi que la nature des questions qui reatent ouvertes laissent prCsager qu'il faudra un 
certain temps avant que la situation se d6cante. 

En tout 6t.t de cause, le syrtame actuel, esaentiellemnt bas€ eur l'utili~ation du VOFdOMB, 6voluara vers 
un syat&me de navigation de surface (double DELE etlou satellite). Ceci aura un impact direct sur l'orga- 
nisation de l'espace a€rien. 

5. SYSTEME DE SURVEILLANCE 

L'am€lioration du syetame de surveillance se manifestera dans lea domaines auivanta : 

- Precision 6e la mesure de position et des viteases horizontales et verticalee. 

- Fiabilite des donnbes d'identification. 

- Possibilite de detscter lee erreurs grossiares de navigation. 

La mise en oeuvre du radar sseondairelHode S pourrait pernettre d'atteindre ees objectits. 

Par ailleurs, le conit& PANS 6tudie un concept de "Surveillance Automatique DBpedente" (ADS), dans lequsl 
l'aeronef transmet 1 l'usage du eontrale den donn6es du syateme avionique soit periadiquement soit sur de- 
oande du sol. Ceci fersit appel a des satellites de communications et Eon application sersit initialement 
limit6e B des zones non couvertes par radar. 

On peut egalement noter que la lieison de donnee8 du node S fait actuellement l'objet de specifications 
pc6liminaires pour €change airlsol, eollair. Des essais de communications aeronsutiques par satellite ont 
deja eu lieu ou soot envisages (par exemple, PROSAT). L'utilisation d'une liaison de dann6es est partie 
integrante du systSme ADS. On ne #'attend toutefois pas 3 ce que un ADS renplace un aystae coofiratif 
ind6pendant (du type Mode S) dans les zones a haute denslt6. 

La notion d'un systeme cooperatif independant de surveillance est egalement 6voqu6c par le Cotnit6 FANS. 
I1 prSseaterait, par rapport B un reseau de radars au sol. des avantages indenlablee (couverture, preci- 
sion, maintenance). 

Dan8 tous les cas, 1s diaponibilit6 de moyens d'acquisition de donn€es d'identification et de position 
pr€cieea est sssur€e. 

6.1. Communications de donn6es Mrlaol : 

Qu'il s'agisae de liaisons de donn€es node S ou satellites, on voit enfio se materialiser la possibilite 
de disposer d'une transmission automatique de donn6es MrlSol et SolIAir. Le besoin de disposer au sol, 
en plus de l'altitude et de l'identification, d'infomations coonuea B bord a St€ exprim6 depuia den d6- 
cennies. Les linites B la prhieion de la pr6dictian de trejectoires ae trouveront repouaaCee de fagon si- 
gnificative. 

I1 devreit egalement €tre possible d'avoir accss, depuis le bord, A des bases de donn6es su sol (Meteo. 
SIA) et de transmettre vers le bord certainas instructions ATC depuis le sol. 

La mine en oeuvre de liaisons de donnee8 eirlsol-sol coostitue un de ces dooaines oil la necessite d'harao- 
niser les programmes d'equipement au sol et B bord revet une importance primordiale. 

6.2. Communications verbales airlsol : 

Dans un environnement oa une grande partie des c o ~ n i c a t i o n s  de routine eont aeheminees sur les liaisons 
automatiques, il restera impsratif de pouvoir utiliser lee communications verbslea pour la r€solution de 
problames particuliers. 

6 . 3  Communications sollsol : 

Les liaisons automatiques centre B centre devraient se developper de fagan considerable. Le syeteme ATC 
repose de plus en plus sur l'interrogation de bases de donnSes distribuees et partsgees entre plusieurs 
encites fonctionnelles, avec lee problames ssaoci68 de mise B jour et de maintien de la coh6rence. Un 
problame particulier reside dane la creation d'un futur reseau Mode S (fonetionnement intersite). 

7. LES SYSTEMES INFORMATIQUES 

L'6volution attandue du volume de trafic va nScessiter un accroiseement correspondant de la capacit6 du 
systeme ATC. C'est surtout en augmentant le r8le de l'assistance automatis6e dams le processus de prise 



de decimion que ceci sera possible. I1 est clair qua, c o m e  dans bon nombre de domines, l'inforutique 
va oecupr une place pr&pondhrantc. Lan dhveloppensnts pr6vinibles de la technologic den ordinateurs et 
das moyens d'entrSelsortie (visualisation, dialogue, ate.) laissent un vaste champ libre A l'iugination. 

I1 faudra nC.-ins garder 1 l'esprit les sujets de pr6occupation ujeurs, tala qua : 

- la dceasite de disposer de syechea fiables et "tol6rants A la faute", 

- les rapports hornelmachine, 

- la compatibilit6 dam systhes entre eur. 

Depuis 1980, l'Agence BUBOCONTROL travaille 1 la rise au point d'un concept du futur systh. den services 
de la circulation serienne (ATS) et 1 la formulation d'un progrsme de recherche correspondant. La pCrio- 
de d'application s'eteed de la fin du siacla aux andas 2020. La pr6sente colunication est Cvida-nt 
largernt ilupiree de la reflexion du groupe de travail qui hlabore le concept et dont les comid6rations 
dhpassent la region BUBOWNTPOL proprement dita. Ce groupe a pis en relief un certain nombre ds principas 
pour le developpaent et la oise en oeuvre du s y s t b  futur, ainsi que lea fonctions ATC cssentielles. 
Dana ee qui suit. l'accent sera rim sur lee aspects qui associent 6troitcment l'avion et le contr6le du 
trafic. 

9. LBS PPJNCIPES 

On trowera, en amexe, la liste de cas principas. Cinq d'entr'eux dritent une attention particuli8re. 

9.1. 8nsponsabilitC du contr6leur .t du pilote an lilieu automati~e : 

Des progrsn danm l'automatisation et dans l'essistance par ordinrtaur eont indispensables pour le ayethe 
futur. I1 faudra trouver le justa equilibre par rapport aux ttches at au r6la de lte16ment hutmain. Ceci 
concerne lee ttches da surveillance du trafic et, plus particuli~rement, les dcanimmea de prise de dkci- 
sions. 

9.2. Ponctions de gastiom du trafic : 

Blles devraient, pour l'essentiel, atre executees par l'organisation au sol. On n'exclut pas, toutefois. 
a long teme. la notion d'un transfert partiel de responsabilit6 Vera le "bord". 

9.3. Besponsabilit6 pour la navigation : 

La respansabilit6 de la navigation iacombe au pilote, exception faite en cas da guidage radar. 

9.4. Exploitation das possibiliti5s de 1'4uiparent de bord : 

I1 devrait Scre pleinemt ten" conpte de la n6xssith d'exploiter les possibiliths des hquipements de 
bord modernas afin d'a~surer des conditions optimalee d'6conomie du Val compatibles avec l'efficacit6 
globale du systhe. 

9.5. Organisation de l'espace ahrian : 

Le eyathe futur dsvrait atre base sur uo concept de eontr6le de zone par opposition 1 un concept de re- 
sea" de routes fixes, ceei dans 1. but de permettre un maximum de souplesne at d'&conde den op6ra- 
tions. 

10. U E S W  DEB ORIENTATIONS 

Lc concept 1 l'horizon 2000 repose donc sur lcs Elhents suivants : 

- On dispose d'un systhe de navigation precis, dans l'espace et d a m  le temps, at, de s y s t b s  de ges- 
tion et de conduite de vol perfarunts (PWCS). 

- LC sol est en mesure d'elaborer das danu€es prhciees sur lea positions instantanhes et prevues des 86- 
ronefs, avec ce que cela iuplique au plan da la capacite de traitemant dea a y t b s  infomatiquea (temps 
rhel, pr6visions 1 court, moyen at long terme). 

- On dispose d'un s y s t b  de co-nications de donnhes airlsol-sollair qui parmet la realination d'un 
couplage strait entre l'avion et le co~ltrble. 

- L'organiaation de l'eapace a6rien eat basee sur un concept de navigation de surface. 



Le precision du systhe de navigation et l'efficacite des syathes de gestion de vol devraient pernettre 
au pilote de proposer 1 1'ATC den trajectoires directes et optimalea qu'il eat, par ailleurs, certain de 
suivre de fs$on stricte. 

En retaur, les possibilit6s de 1'ATC d'evaluer la situation generele egalement avec une grande precision 
devraient pernettre 1'6tablissement du dialogue pr6alable au choix de la trajeetoire. L'objectif global 
est d'augmanter la capacite du 8yethe de contr8le tout en respectant les imperatifa de securite et d1€co- 
nomie. Les Doyens consistent B aecroltre l'assiatance automatisee B la prise de d€cisions du contr8leur. 
Ceci suppose bien entendu que les fonctions automntis6es constituent un ensemble coherent, qu'on puissa 
concevoir les algorithmes appropries pour leur ex€cution et que des solutions acceptablea soient trouvees 
au plan den relatione homme/maehine. I1 faudra egalement resoudre las problhes de transition 1 des ni- 
v e a u  croiseants d'automatisation avec leurs implications aur les aspects "fisbilit6"- 

11. FONCTIONS PRINCIPALES 

Lea adlioratians principales au syache ATS aont attandues dans lea domninea suivants : 

- hamonisation den fonctions strstkgiques et tactiquas, 

- gestion des vole a l'arrivee. 

11.1. tlatl.onisstion des fonctions strategiques et tactiques 

L'efficacite du contr8le depend. d'une part, de l'aptitude B prsvoir lea aituatioas de trafic, 1 a$ir sur 
ees situations par des mesuree de planification et, d'autre part, de la possibilite de decider de meaures 
tactiques qui cadrent, autant que possible, evec la situation prevue. 

Pour la perlode d'application du concept, lea techniques d'intelligenee artificielle devraient pernettre 
de reproduire des situations de trafic organisees. susceptiblea d'etre rationalisees en fooction de condi- 
tions specifiques rencontrees (euto-apprentissage, methadas heuriatiques. etc.). 

11.2. Productivit6 du contrale 

On distinguera deux aspects importants, participant 1 l'amelioration de la productivite du contr8le : 

- l'identifieation de situations de conflits potentiele reels, 

- la mise en place de dispositits d'alerte aux conflite. 

Trois types de niveaux soot envisage. : Conflits 1 moyen terme (15120 minutes), 1 court t e r m  (type filet 
de sauvegarde - 2 minutes) et i d d i a t  (30 secondes - type ACAS et ses deriv€s). 
La fonction d'alerte aux conflits pour les deux premiers niveaux eat executee au sol. 

11.3. AnBlioretion de la gestion des vole 1 l'arrivee 

I1 s'agit de combiner l'exploitation maximale de la capacit6 d'atterrissage et l'utilisation de profils 
optimaux de trajectoires. C'est un damaine oO den travaux de recherche et d'exp6rinentation se deroulent 
depuie pluaieurs ann6ea (COWAS, Zone de Convergence, etc.). Les performances des FMGS. des syathes de 
prediction bases au sol et lee perspectives d'utiliaation des liaisons automatiques de donnCes laissent 
entrevoir des solutione. 

I1 convient de garder B l'esprit les LlBmencs suivants : 

- L'ATC sera toujours confront€ B un enviromement mixte au plan des capacites de l'6quipement de bord. 

- I1 faudra donc concevair, kvsluer et valider, dcs algorithmes et des procedures adaptables B un large 
&entail de configurations geographiques et de trafic. 

11.4. La prediction de trajectoires 

L'obtention d'ameliorations significatives dana les dooaines qui viennent d'etre pass€@ en revue passe par 
1. r6cesait6 de disposer d'un systhe de prediction de trajectoires de haute qualit€. Ceci implique 1. 
possibilite pour l'aeronef de suivra, de facon stricte. une trajectoire pr6dKteninee. 

De plus, il ne sera pleinement tire benefice du concapt de navigation de surface que daas la W u r e  oa le 
syst8me au sol sera assure de disposer de techniques 6prouvees. La nature, le taux de renouvellement, la 
precieion et, aussi, la source des donnees qui eont requises au sol pour la prediction de trajectoire dif- 
f8rent selon le nivesu d'alerte de conflit considere et aelon la partie du vol, 1 laquelle on s'interes- 
ae (en route, zone terminale, ete.). 

On peut identifier un certain nombre d'axes d'etudea additionnels 1 ceux qui ont St€ evoque plus haut, 
tele que : 

- les posaiblit6a d'acquieition au sol et 1 bord das donnees m€tlorologiques 1 lour, 



- l'sdlioration de la connaiasancr du vecteur d'6tat de l'avion, 

- las performance. de tenue de trajectoire dans lee quatre dimensions des sppareils qui voleroot pendant 
la p6riode coneidCr6e. 

- la couplage den systlmes de suivi et de prediciton de trajectoires a bord et au sol. 

12. SYSTWE DE DEUONSTRATION DE.TECHNOLOGIE ATC D'AVANT-GmE 

12.1. Tout systhe fond6 sur la stricte observance des trajectoires prevues demande dea donn6es de haute 
qualit6 concernant le vol, ainsi qu'une bonne collnaisssnce des intentions du pilote et, partant,! une 
etroite coofiration sirlsol. Par ailleurs, les 'divers 616ments de 1'ATC sont de plua en plus interdepen- 
danta. 

I1 en resulte qua 1'6valustioo ap6ciflque un composant particulier (FMGS. Node S, etc.) dolt Stre n6ccs- 
sairement compl6tke par une 6valuation au nlveau du syet&me. h voit donc apparaltre le besain de moyene 
da simulation repr6sentatifs du systlme ATS dans son ensemble. Ces m y e m  de simulation devraient faire 
eppel aux technologies les plus avanc6es qui ne aont pas n6ceesairement celles que la realit6 impposera 
dens las premi&res anuses de la mine en oeuvre du concept. Dans ce sens, de tels systhea constitueraieat 
auesi bien des moyens de simulation que dee moyena de d€monstration. 

12.2. Ceux-ci prefigureraient le systhe futur dont l'organisatlon au a01 pourrait e'envisager c o m e  
suit : 

- transmiees par le data link airlsol. Des pr~p~sitions de trajectoirea d6rivees du FMS et des donn6es 
de position d6riv6es du systhe de navigation, 

- d6riv6es du systha de eurveillance indCpeadant : des donnee8 de position pour l'ensemble du trafic, 

- les plans de vol. 

- den propositions ou amendements de trajectoires, 

- des instructions do guldage ct d'Bvitement. 

- le calcul des trsjectoires 4-0 et la "n6gociation" de la trajectoire avec le pilota ; 

- la fonction strat6gique ; 

- la fonction ATC tactique ; 

- 1s surveillance de la eonformit6 entre la situation pr6vue et la situation r6elle ; 

- les positions de travail avec leurs mayens de pr6sentation et d'entr6ee/sorties. 

12.3. Lea systheo de d6monstration de technolopie ATC d'avant-garde comporteraient donc : 

- la representstion realiste de l'avion que l'oa supposerait dot6 des 6quipenents las plus perfection- 
U ~ S ,  

- un aystSme global de localiaation camplit6 par uns liaison de donneas airlsol, 

- la repr6santation den fonctions lea plus avanc6es du eyet$.e au sol. 

- dee poeitlons de supervision et d'intervantion faisant appcl aux techniques lee plus madernes da conmu- 
nication homeluchine. 
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13. CONCLUSION 

I1 reste un travail considSrable a faire pour raffiner le concept ATS des annhes 2000. On voit n6anmins 
s'en preciaer les grades lignea : 
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- navigation precise 

- couplsge etroit entre l'avion et le contr8le 

- localisation precise 

- c ~ ~ n i c a t i o n s  sutamatiques. 
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Lee travsux de recherche et d'expSrimentation s'intenaifient dans tous ces domines. 11s devcont fitre 
marqu6s. sous peine d'echec, par une concertation intense entre les avianneurs, les equiperntiars, les 
exploitante du transport aerien et les responsables des services du contrale du trafic aerie.. 
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LES PRINCIPES 

Lee principes essentiels devant guider le d6veloppement et l'exploitation du systhe sont les auivants : 

Conformit6 P la r6glementation OACI 

Continuit6 et s6curit6 des op6rations. 

Redondance appropriee pour la Navigation, 1s Surveillance et lee Communications. 

Equilibre des responaabilit6a humaines (pilote et contr8leur) en milieu automatiaft. 

Le systbe dessert l'ensemble de l'sspace at la totalit6 du trafic. 

Utilisation do la notion de spkcificstions de performances minimalee. 

Decisions basees sur l'snalyae ca0t-efficacit6 et l'appr6ciation op6racionnelleltechnique~ 

Ponetions de geation du trafic essentiellement sssur6es par lee services BU sol. 

Aptitude P faire face aux demanden. 

Equilibre entre la gestion des flots de trafic et les fonctiona ATC. 

Eviter la s6grOgation de l'espace. 

Le pilote est reaponsable de la navigation (sauf guidage radar). 

Pas de ragles de priorit6 syst6matique. 

tlamnisation fonctionnelle des services. 

Compatibilit6 dans lee 6fhangee de donn6es. 

Exploitation maximale des possibilit6s de 116quipement de bord. 

Organleation de l'eepace a6rien basee sur un concept de contr8le de zone. 
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The Air Tmffio Servicee Syetem for ZOO0 and beyad ehall have to cope vith the oonetantly imreuing 
traffic dent& and cause the m i n i m  constmint vie-&-vie the ooete of opemting the airoraft. 

It shall take oholly into acoomt the mthode by ohioh the aircraft are oonduoted, and, in partioukar the 
ability to adhere accumtsly to a predefined profile. 

Sime 1g80 a working plrty of the EUROCOIPTROL Aggmy ie in charge of the developlent of a future eyetem 
concept and the formutation of a oorreeponding reeeamh programne. 

The evesent comication reviowe the objectiuee, the difficuttiee, the nnin prindplee and the ohamo- 
tsristice aesociated to the dpueloplrmt and implermtation of the future ATs conoept. 

It pants at the neceeeity for cloee coneultation betmen aircraft mrmufacturors, avimios nnupactumrs, 
aircraft opemtors and the authorities reeponeible for Air Tmffio Ma~geement. 

1. INTRODUCTION 

The role of Air Traffic Control is to ensure the smooth, safe and ecooamically-optimum flow of air traf- 
fic. During the last 20 or 30 yeare the facilities needed for air traffic eontrol have gradually evolved 
into a complex system whose main components are secondary surveillanca radar, radar communications, navi- 
gation system and data processing. In fact, the air traffic control system has bean able to adapt itself 
to the advances that have taken place in aircraft design without any significant dialope having developed 
between aircraft designers and ATC planners. 

Today, with the exception of the b d e  C altitude read-out an the secondary radar, the ATC ground systam 
establishes both the forecast and the instantaneous situation in airmpace from data which is completely 
separate from that used for the conduct of flights. 

The utilisation of flight plan data praceaaing and radar data processing as well as the automated 
assistance in the forecasting and management of traffic flows is. with varioue degree. of refinement. 
fairly wide-spread. Also, an increasing nmber of aircraft are being fitted with flight nansgement 
Systems (PMS). Nevertheless, the most advanced ground systems are still working an the baais of a dsscrip- 
tion of aircraft performance which correspnds only loosely with reality. This directly .ffects some of 
the basic features of air traffic control, such as the determining of standard separation minim8 and the 
procedures employed to maintain such minima both an route and in termiml areas. 

Air carriers exert on the ATC authorities a legitimate pressure to obtain an air traffic control #emice 
which is suited to the traffic demand (constantly increasing) and causes the minimum constraint vis-aria 
the profitability of the investments in aircraft. 

In thie connection, it is clear that the only way to satisfy air carriers will be through the implamen- 
tation of concepts. which take wholly into account the methods by which flights are conducted and, in par- 
ticular, the possibility for the aircraft to follow accurstely a apecific profile in the four dimensions. 

2. AIMS - 
TO be convinced of the gulf between the current system and the one the users wish to see, it is necessary 
only to look st the different phases of preparing for and perfoming a flight as they ought to be. 

( " 1  Wanelated from Bench 



2.1. Flight plan 

When preparing him flight plan, the pilot-in-co.llnd should be able to choose without any restriction the 
route, the flight profile and the precise time of departure. MET data and Aeronautical Infomation should 
ha available to him by automatic means. He ahould also be able to obtain before departure a clearance for 
the whole of-the route and profile to be flom. 

2.2. Take-off and climb 

Engine start-up, taxying, line-up and take-off should follow one another without any break. Unrestricted 
climb to the optimum cruise level should be the general rule. 

2.3. En route phase 

This should take place as planned, with no change to the flight levels and headings, and keeping the ATC- 
related tasks of the pilot, such as changing frequency. RTF copurnications, operation of key-pad(s), to a 
minimum. 

2.4. Descent and taxi 

The descent should follow the optimum profile until the moment of touch-dom and the distance to the ramp 
parking position ahould be as short as possible. 

As can be aean, the difference between the above and the way flights are currently conducted is large. 

3. Tlig DIFFICULTIES 

3.1 In attempting to visuali.se the future ATC syatem, various factors have to be taken into account. 
Among these are the following: 

- A number of aspects of ATC depend upon existing or future international agreements. s.g. ARINC stan- 
dards. ICAO, dates for the protection of systems. airspace organisation. The slowness of the process 
involved in such agreement. can be a factor delaying the introduction of technologies which are in fact 
available in the short or medium tern; 

- Factors connected with the role of the human being within the system and the suitability of certain 
techniques or methoda, e.g. speech recognition, 3dimenaional presentation, the use of expert systems; 

- The fact that the my~tem can progress only by means of an evolutionary process and alao the great dif- 
ficulty involved in synchroniaing the evolutionary phases In the ground ATC Byatem with those of ATC- 
related aircraft system; 

- Ihe colutraints resulting from airspace organisation, especially the cohabitation by both civil and 
military, and airport capacity. 

3.2. The above tends to show the need to define a i m  which are ambitious rather than modest - in order 
not to be influenced too arch by events - and which can be a guide to the action to be taken in connection 
with the subjects mentioned above, i.e. with regard to 

- international authorities 

- the m i n  lines of research, davelopent and experimentation 

3.3. If the moat likely a€muaptions as to the characteristics of the navigation. surveillance and com- 
munication system in use in the year ZOO0 are submitted to alulysie, it is easier to identify the areas 
in vhich the problem.invo1ve.d lie, namely, accurate navigation, accurate position-finding, autonotic air1 
ground and groundlground communications, and close coupling betveen the aircraft and ground control. 

4. NAVIGATIONAL FACILITIES 

The work of the ICAO Puture Air Navigation System (FANS) Special Committee has bean node widely known. 
The Committee introduced the concept of Required Navigation Performance Capability (PPIPC) and postulated 
that the use of satellites for navigation would prove to ba highly reliable, of high integrity and highly 
accurate. 



The nunber of navigation Byst- that could be adopted, viz. NevstarfGPS, Glonass, Granas, Navsat, 
Ceoatar, and no doubt others still to be developed, together with the nature of the question8 which still 
remain to be decided is probably and indication that it will be some time before the situation becomes 
clear. 

In any event, the current system, based essentially on the use of VOR/DME, will evolve towards an area 
navigation system (RNAV) using dual D b s  andfor satellites. This will directly affect airspace organiss- 
tion. 

5 .  THE SURVBILLANCE SYSTEM 

Improvements in the surveillance system will occur in the following areas: 

- Accuracy in determining aircraft position and horizontal and vertical speeds; 

- Reliability of the data providing identification; 

- The possibility of detecting gross navigational errors. 

The introduction of Mode S secondary radar could make it possible to achieve the above aims. 

Moreover, the PANS Special Conmittee is studying an "Automatic Dependent Surveillance" (ADS) concept 
whereby an aircraft periodically, or upon request from ATC, transmits avionicsystems-derived data to the 
ground system for air traffic control purposes. This method would make use of communications satellites 
and its application would initially be restricted to those areas not covered by radar. 

It may also be noted that work on the preliminary specifications for the airfground and groundfair 
exchange of data via the Mode S data link are currently in hand. Various trials of aeronautical com- 
munications via satellite have already taken place or are envisaged, the Prosat system for example. The 
use of a date link is an integral part of the Automatic Dependant Surveil-lance system. It is not 
however, expected that the ADS system will replace an independant eo-operative system of the Mode S type 
in areas of high-density traffic. 

The idea of an independant co-operative surveillance system is also mentioned by the PANS Special Commit- 
tee. This would provide undeniable advantages in the matter of coverage, accuracy and maintenance as con- 
pared with a network of ground radars. 

In all cases, the availability of facilities for the acquisition of accurate identification data and poai- 
tion data is assured. 

6.1. Airfground data communicatione 

Whether by means of Mode S or satellite data links, the possibility of having automatic airlground and 
groundfair data transmission can at last be seen. The need for ATC to have further data from aircraft in 
addition to altitude and identification have been expressed for decades. The limitatione on the accuracy 
of flight path prediction will be reduced to a significant extent. 

It should also be possible for the aircraft to have access to a nunber of data bases. such as those 
relating to MET and AIS, which are stored in ground system, and far certain ATC instructions to be 
transmitted to the aircraft form ground stations. 

The installation of airlground and groundfair data links is one of those areas in which the need to har- 
monise aircraft equipment programmes and ground equipment programmes is of prime importance. 

6.2. Verbal airfground communications 

In an environment in which a large part of the routine communications takes place via automatic links, 
verbal communication will still remain essential in order to resolve special problem. 

6.3. Groundfgraund communications 

Automatic centre-to-centre links will probably increase to s considerable extent. The ATC system relies 
more and more on the interrogation of distributed data bases which are shared between several functional 
bodies, along with the associated problem of updating and of maintaining consistency. A special problem 
occurs in the setting-up of a future Mode S network with inter-site operation. 





- The availability of an airlground and groundlair data camunieation system which enables a close 
coupling between the aircraft and ATC to be achieved; 

- Airspace organisation is based on an area navigation concept. 

The accuracy of the navigation system and the efficiency of the flight omegement s y ~ t e m  should enable 
the pilot to propose to ATC the direct and optimum routes and flight profiles that he im certain he can 
follow very closely. 

In return, the ability of ATC to evaluate the general situation also with great accuracy should sllow a 
dialogue to be established prior to the 'route and flight profile being chosen. The overall aim is to 
increase ATC system capacity, while at the same time camplyimg with the overridiw needs of safety and 
economy. The means for doing this consist in increasing the automated eystems in decimion-aaking by the 
controller. This of course supposes that the automated functions for. a consistent whole, that 
appropriate alogirthmn for performing them can be worked out and that acceptable solutions can be found an 
regards the man1 machine relationship. It will also be necessary to resolve the problema connected with 
transitions to increasing levels of automation together with their implications for reliability. 

11. MAIN FUNCTIONS 

The main improvementa in the ATS system are expected to take place in the following areas: 

- Hamnisation of strategic and tactical functions; 

- ATC productivity; 

- The management of arriving flights. 

11.1. Harmonisation of strategic and tactical functions 

Efficient air traffic control depends, firstly, on the ability to forecast traffic situation# and, when 
necessary, to use planning measures to modify these situations and, secondly, on the ability to decide on 
tactical measures that are the most appropriate to the forecast situations. 

During the period of application of the future ATS system concept, artificial intelligence techniques 
should make it possible to reproduce planned traffic situations which can be rationalised in accordance 
with the specific conditions involved, e.g. selfteaching, heuristic methods, etc. 

11.2. Controller productivity 

It is possible to discern two important aspects connected with an improvement in controller productivity. 
These are: 

- the identification of genuine potential conflict situations; 

- the inetalling of confliet-alert systems. 

Three timescales are envisaged: medim-term conflicts (15 to 20 minutes); shoct-term conflicts (of the 
'safety net' type: 2 minutes); immediate conflicts (30 seconds, 1.e. of the ACAS type and its 
derivatives). 

The alerting function of the first two of the above is carried out by the ground system. 

11.3. Improvement in the management of arriving flights 

This involves combining the utilisation of the maximum landing capacity and the utilisation of optimum 
flight path profiles, and is an area in which experimental and reaesrch work has been in progress for 
several yearn, e.g. COHPAS, Zone of Convergence. Given the capabilities of flight ranagevent and guidance 
systems, ground-based prediction eystms and prospect of automatic data links, various practical courses 
of action can be foreseen. 

The following, however, have to be borne in mind: 

- ATC will always be faced with a mixed environment where the capabilities of airborne equipment are 
concerned; 

- It will therefore be necessary to design, evaluate and validate algorithm and procedures which are 
adaptable to a wide range of geographical and traffic configurations. 

11.4. PLIGHT-PATH PREDICTION 

Significant improvements in the areas dealt with above are dependent an the evailability of a high-quality 
flight-path prediction system. This implies that aircraft are able to follow accurately a predeterrined 
flight path. 



In addition, the full benefit of the area navigation concept can only be obtained insofar as the ATC 
Bystem is provided with tried and proved techniques. The nature, renewal rate, accuracy and.also the 
source of the data required by the ground eyetem for flight-path prediction differ according, to the 
conflictalert timescale and also according to the phase of the flight concerned, e.g. en route, terminal 
area. 

It is possible to identify a certain number of lines of research which are additional to those mentioned 
above, namely: 

- The possibility of the acquisition of updated WBT data by airborne equiplent and ground equipment; 

- Improved knowledge of the vector state of the aircraft; 

- The ability of the aircraft during the period under consideration to keep to the predetermined flight 
path in che four diwn~ions; 

- The coupling of the flight control system and flight path prediction system. in the aircraft and on 
the ground. 

12. ADVANCED ATC TECHNOLOGY DENONSTRATION SYSTEM 

12.1. Aoy system based on the strict adherence to planned flight paths requires high-quality data con- 
cerning the flight together with a good knowledge of the pilot's intentions and consequently close ca- 
operation between the aircraft end the ground systems. Moreover, the various components of the air traffic 
control system are increasingly inter-dependant. 

AS a result, an evaluation which ie concerned specifically with a particular component of the system, s.g. 
PHGS, Mode S, must of necensity include an evaluation at the system level. There is therefore an evident 
need for simulation facilities which are representative of the ATS syBtem as a whole. These simulation 
facilities should use the most advanced technology available (these are not necessarily the same that 
actual conditions will dictate at the start of the implementation of the concept). In this selua, such 
facilities would be simulation system as well as demonetration nyst~s. 

12.2. The above foreshadows the future system the ground organisation of which could be envisaged as 
follows: 

- Transmitted via the sirlground data link: proposals regarding the future flight path derived from the 
Plight I4.¶nagament Sy~tem and position data derived from the navigation systeq; 

- Obtained from the independant surveillance system: position data for the whole of the traffic; 

- Plight plans. 

Sratem auteut to the aircraft Lvia the eirlgraund data linkl: - -------- 
- Proposals concerning. or modifications to, flight paths; 

- Instructions for vectoring and avoidance. 

E~-~r~eh-itec-rure-~f frheeafO-!?nd-.%atemAe~ef Ibed--i~Ple~'e-L-~~~&!Le~.e~-cc-ha!!i~-ti~e~.yb~z~~~-~ 
followll: ------ 
- Calculation of the faur-diwnsional flight paths and the "negotiation" of the route and flight profile 

with the pilot; 

- The strategic function; 

- The ATC tactical function; 

- The monitoring of the actual situation to check compliance with the forecast situation; 

- The working positions with their display and inputloutput facilities. 

12.3.  The advanced ATC technology dmonstratian eyatam would therefore include: 

- the realistic representation of the behaviour of aircraft which would be presumd to have the moat 
advanced equiplent; 

- a global pornition-finding system supplemented by an airjground data link; 
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- the representation of the most advanced functions of the ground system; 

- supervisory and executive control position. which include the most advanced types of man/luchine c o p  
municatione facilities. 

13. CONCLUSION 

A coneiderable amount of work still remains to be done in order to refine the ATS system concept for the 
year 2000 and beyond. It is nevertheless possible to discern the broad lines of future developments: 

- Accurate navigation; 

- Close coupling between each aircraft and ATC; 

- Accurate poaition-finding; 

- Automated co-nieations. 

Studies, tests and trials in all the above fields are increasing. Bovever, to avoid the rink of failure 
they will need to be accompanied by frequenc consultation between the aircraft manufacturers, equipment 
manufacturers, aircraft operators and the authorities responsible for air traffic control. 



ANNEX 1. - 

PRINCIPLES 

The following is s list of the principles by which the development and operation of the future ATS system 
should be guided: 

1. Adherence to ICAO rules. 

2. Continuity of safe operations. 

3. Provision of adequate redundancy in navigation, surveillance and communications. 

4. Responsibilities of controller and pilot in the context of automation. 

5 .  The ATS system to Dervc the whole of the airspace and the totality of the traffic. 

Utili~ation of Minimum Perfo-nce Specifications. 

Cost-effectiveness analysis and operationalltechnical judgement for policy decisions. 

The air traffic management functions of the system should be essentially ground-based. 

Capacity for coping with demands. 

ATFM capability and relationship with ATC. 

Avoidance for airspace segregation. 

Responsibility for navigation. 

Priority rules. 

Functional harmonisstion of services. 

Compatibility in data exchanges. 

EL.ximum exploitation of advanced airborne equimsnt capabilities. 

ATS airspace organisation based on an area control concept. 
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ABSTRACT 

~ u e  to various reasons the interest in the practical use of GPS has con- 
siderably increased during the last two years. The test phase has demon- 
strated its outstanding performance. With the differential method the rel- 
ative accuracies achieve valuas that open its use even for the precision 
approach of a/c landing. The development of new techniques allows a160 the 
3-dimensional attitude measurement and angular rate determination. Diverse 
civilian groups will use GPS in the future; in particular motor car drivers. 
geodesists, civil engineers stc. This review paper describes the present 
state of development and discusses the various practical applications. 

KEYWORDS: Global Positioning System, GPS. NAVSTAR, navigation receivers, 
positioning, tracking, attitude and velocity measurement, angular rate deter- 
mination, differential method, radio navigation. 

1. INTRODUCTION 

The NAVSTAR GLOBAL POSITIONING SYSTEM GPS (NAVSTAR - w i g s t i o n  System with 
Iime qnd Banging) is under development by the U.S. Government. It is managed 
by the U.S. Air Force Space Division, but will be used by many other orgeni- 
zations as well. GPS will revolutionize navigation. This technique will open 
many new fields of practical application in the military area as well as in 
the civilian domain. This becomes quite obvious considering its capability to 
provide for an unlimited number of users worldwide continuous navigation in- 
formation, independent of weather conditions, three dimensionally, in one 
unified coordinate system and with a precision much better than any other 
system can offer. 

For civil users the system will be available in Standard Positioning Service 
(SPS). Host probably this service will be of en accuracy of 4 0  m CEP (CIRCU- 
LAR ERROR PROBABILITY) which is equivalent to 100 m ,  95% level of confidence 
(26 RMS). The final decision of the DOD regarding an intentional degradation 
of the performance of the SPS, which uses the C/A-ranging coda (Coarse end 
Acquisition Code) is not yet known, or has not even been made. The Precise 
Positioning Service (PPS) with the P-code (Precision Code) for military users 
will offer 15 m SEP (SPHERI CAL ERROR PROBABILITY), 0.1 m/s rms velocity 
accuracy and 0.1 p s  timing accuracy. No other navigational aid has comparable 
performances, as can be seen from table 1. 

If it is sufficient to determine a position relative to a neighbouring one, 
the performances improve considerably. Even with SPS it is possible in the 
"Differential Hode" to achieve accuracies which ere sufficient for aircraft 
instrument landing. Approximately 2 m rms error horizontally end about 0.5 m 
vertically can be expected. Furthermore, it is possible to use GPS-signals 
for precise three dimensional attitude and angular velocity measurements as 
well. Thus, the system can deliver the three dimensional components of the 
position, velocity, attitude, angular rate and time. This means, it is the 
mast universal navigational system with superior performance compared with 
other existing systems. It is obvious why the DOD policy considers GPS its 
future radio navigation system and intends to terminate the operation of its 
other radio navigation systems as soon as GPS is fully operational /I/. 

As regards the time schedule the deployment of the operational satellites 
should have started already, according to the original dates given in table 
2. A delay due to the launcher problems can be foreseen. However the final 
operational capability might well ba achieved by the end of this decade 
because the launch of the 18 operational satellites end the thrss active 
spares could be done relatively faet considering that sets of 3 satellites 
are orbiting in the same plans and could be launched as triplets. With seven 
launches the complete space segment would be available. Presently, we can 
consider the system to be still in the test and evaluation phase, as far as 
the segment configuration is concerned: Seven satellites can be used for 
navigation. They are orbiting in 2 planea of 63 degrees inclination. This 
present orbit configuration is shown in fig. 1. For Brussels the visibility 
during the months of June/July is demonstrated in fig. 2. I n  fig. 3 the 
ground tracks of the 7 satsllitea are drawn and the contour line of the 
visibility for a receiver in Belgium is indicated. 



2. SYSTEM DESCRIPTION 

The three main elements of the GPS are 

- the satellite segment (termed NAVSTAR). 
- the ground control segment, and 
- the user segment. 

The NAVSTAR satellites are equipped with atomic clocks and L-band trans- 
mittere for two carrier fraqueneies. Ll - 1.57542 GHZ (-154 x 10.23 MHz) and 
L2 - 1.22760 GHz (-120 x 10.23 MHz). The Llsignal is QPSK-modulated with 

- the pseudorandom noise sequence (PN-sequence) for the C/A-code with a 
chiprate of 1.023 MHz and 1 msec period, 

- the P-code with a chiprate of 10.23 MHz and a period of 267 days, but e 
restart every week, and 

- the data stream for the information about the ephemeris, the time correc- 
tion and the satellite's state. 

The L2-signal carries the information o f  the P-code end the data stream. The 
C/A code is used for the acquisition phase and for the civilian applications. 
The L2-carrier signal and its P-code are mainly necessary for the determina- 
tion of the total electron content of the ionosphere, in order to calculate 
the propagation delay of the upper atmosphere. 

All PN-sequences are unique and almost orthogonal to each other. I n  this 
manner the signals of the set of satellites can be discriminated from each 
other, although they are transmittad with the .ems center-frequencies (Coda 
multiplexing). The PN-coding can be used for measuring the time delay between 
transmission of the signal from the satellite and its reception at the user's 
receiver by means of correlation techniques. Th. precision ie a function of 
the SNR and of the integration time. It i~ normally in the order of l/lOth to 
1/1000th of a chip length, which is roughly 1 gnec for the C/A-coda and 0.1 
Bsec  for the P-code. The corrsaponding measurements expressed in wavelengths 
o f  the P-code ( - 29.31 m). and o f  the C/A-code ( - 293.1 m) are in ths aeter 
and submeter ranges and well below (for the static case. of geodetic applie- 
ations). The operational control segment consists of a master control 
station, three ground etations and two monitor stations. It monitors the 
satellites by means of telemetry and telecommand, determines the precise 
ephemeris and clock errors and updates the corresponding data dissemination 
message of the NAVSTARs. The user segment comprises the large community of 
military and civil users. Various receivers have been developed and more 
different types will be in the future, to meet the needs of the "customers". 
Officially 4 types of receivers have bsen developed for the military app- 
lication during phase 11, namely 

- MANPACK version for 0 - 6 m/s2 acceleration, with one channel, 
- LOW DYNAMICS version for 6 - 2 5  m/sz and one channel, 
- MEDIUM DYNAMICS version far 25-50 m/sz with two channels, and 
- HIGHLY DYNAMIC vereion for more than 50 m/s2 and 4 channels. 

The number of channels indicates how many satellites the receiver can operate 
simultaneously. If the number o f  channels is leas than 4, then the signal 
reception for a 3-dimensional tracking requires time-sequential operation, 
which causes at least 4 x 30 sac for one position determination. This 
diaadvantaga is compensated by the low cost of the one-channel receiver over 
a four channel version. As a compromise various time - multiplexing receivers 
have bsen developed or are under development. They are both fast and cost 
effective. Table 3 lists some examples of existing types of receivers. They 
are suitable for position and - in most camss - also for velocity deter- 
mination. None of th&m is used yet for the attitude meesur.ment. They are 
partly designed for the static or near static operation, in particular those 
for use in the geodetic community. Such receivere apply small bandwidths and 
can achieve accuracies in the dm level and wall below by long term inte- 
gration. Various other typss of receivers will app.ar o n  the market in the 
near future. 

2.1 POSITION DETERMINATION 

The final orbit configuration of 18 NAVSTAR. in shown in fig. 4. There are 6 
distinct 12 hour orbit. (20.160 km altitudm) with inclinations of 55 degrees 
to the equator and 6 0  degree. separation to each othar. Each orbit contain. a 
set of 3 satellitma, equally .paced 120 degream from each othar. At the aqua- 
t o r  the satellite of one plane is 40 degraes apart from the naighbouring 
satellite of the adjacent plane; fig. 5. Because of its "12 hourorbit', the 
satellite passes ovar the Bane points of the earth every 23 hr 55 min 56.6 
s a c .  The difference to the 24 hours is due to the difference b.tween the 
solar and the eiderial day, which in one day per year, as ie well known. 
Thus, a satellite appears every day at a given point of the earth 4 nin. 3.4 
sse earlier than tha previous one. 





and the corraeponding vectors are 

x - (Ax Ay Az c~T)' 

The relationship between the pseudo- range measurement errors. corrasponding 
errors in the user position, and tha u8.r clock bias are given by covariance 
matrices: 

r - A-x + P , n - meaaursment noise 
with covariance E (n.nT) - or 1 

then 

The diagonsl elements of ( A ) ars weighting factors of position and 
time error. They describe the influsnee of the gsometry to the actual geoms- 
tric error: 

- GEOMETRIC DILUTION OF PRECISION 

GDOP - .! o = x l  + o ' 
J *  + o..2 + a t t f  

GDOP * 1 or - 1 SIGMA TOTAL ERROR 
- POSITION DILUTION OF PRECISION 

PDOP - o X x 1  + o,,' + o S s 1  

PDOP 1 o x  - 1 SIGMA ERROR IN THE 3 SPACE COORDINATES 
- HORIZONTAL DILUTION OF PRECISION 

HDOP - ox,'  + oy,' 

HDOP * 1 or - 1 SIGMA ERROR IN THE 2 HORIZONTAL COORDINATES 
- VERTICAL DILUTION OF PRECISION 

VDOP - 
VDOP * 1 or - 1 SIGMA ERROR IN THE VERTICAL COORDINATE 

- TIME DILUTION OF PRECISION 

TDOP - 
TDOP * 1 o r  - 1 SIGMA ERROR IN THE RANGE EQUIVALENT CLOCK BIAS 

We can intsrprete these factors of dilution with the satellite gsonstry. In 
/3/ it is shown, that the volume V of a tstrahsdron (fig. 7) is reciprocal of 
the value of PDOP. 

2.2 DILUTION OF PRECISION AND POSSIBLE SYSTEM IMPROVEMENTS 

The instantaneous configuration of the GPS-satellites relative to the 
position of the user is of coneiderabla influence to the actual accuracy of 
the point fix. This in well known from the navigation tasks of terrestrial 
radio navigation systems, where the angls of intersection of th. two lines of 
position plays a similar role: fig. 8. In the case of a three-dimensional 
position determination with the additional tine param0te.r. one can dia- 
criminate various meaaurementa of "dilution of precision", as shown in 
chapter 2.1.Thsss values are represented by the corresponding traces of the 
covariance matrices. 



Fig. 9 shows the GDOP and PDOP for the final GPS-matellite configuration for 
various latitudes. It become. apparant that there ar. critical dilutions in 
particular at about a latitude of 5 0 ' .  I n  thin area even during periods of 
good navigation the error is about 4 to 12 times larger than in other regions 
of good navigation. 72 ereaa of bad performanca exist o n  earth at various 
timss, four of them are very serious and repeat at the same location twice a 
day, lasting about 30 minutes. 

Various method. can be applied to overcome this problem, which stems from the 
fact that instead of the originally planned 24 satellite GPS -configuration 
only an 18 setsllite ayatam will be realized. 

- One can use a very prsciae clock at the receiver: Low cost compact rubidium 
standards are now on the market which can avoid a considerable amount of 
the dagradation caused by clock in#tability. 

- It is also possible to integrate GPS with other navigational aids. 
- For example one can apply the GPS-navigation to the horizontal coordinates 

and make use of other navigational tools for the vertical component. - One could complement the GPS configuration with a few geosynchronous satel- 
litas, which could also be of bansfit for tslacommunication. 

2.3 IMPROVEMENT BY DIFFERENTIAL TECHNIQUES 

The GPS-error budget for absolute p o ~ i t i o n i n g  i~ givan in table 4 for both 
cases; SPS with the C/A code and PPS with the P-code for actual positioning 
and ionospheric correction with the two carrier frequencies L1 and L2. 

The budget shows, that in particular, three error sources are dominant: Ths 
errors of the ephemerides, of the clock and - in the SPS cass - the iono- 
sphere. In addition, it is important to acknowledge that dilution errors will 
occur as a function of the position of the user and time. This latter point 
will be discussed in the next chapter where we conBidsr the other error 
aources and the possibility to reduce their contributions to the overall 
position accuracy. This can be effected in two different ways: 

- One can reduce the individual error.. The orbital tracking and the GPS-time 
will be improved in thair accuraclee within the first years of operation. 
Various precise tracking schemes and time transfer methods are under 
devslopmsnt and test, which can lead to srror reduction by a factor 5 or 
even better. 

- The other way, which is being practiced is the diffdrential method. 

This improvement addresses to relative measurement.. It camparas the satel- 
lite positioning results of two locations, one of which ie fixed and well 
known in its coordinates, the other one is unknown. The known location ~ e r v s s  
as the reference, the other one is the user's position, static or dynamic. 

The basic principle is shown in fig. 1 0  for the simplest c a a a .  One of the 
receivers is located in the user's vehicle, the other at a surveyed place; 
for example close to the runway. This reference receiver measures ths 
pseudo-ranges to the GPS-satsllitse. 

These measurement rasulta are compared with the nominal calculated distances. 
The deviations define the corrections to be mads due to satellite ranging 
msasuremsnta. Although they are only the exact values for the reference 
point, one can assume that they are slso a very good approximation correcting 
the actual measurement of the other receiver, provided that it is not very 
far from the reference point. 

Two requirements must be fulfilled and three mathoda are possible. As regards 
the requiremsnts, it is nacensary that at the reference as well as at the 
user point a similar GPS-receiver ia installed. I n  addition, there must be a 
possibility to transmit the corrective information, for example by means of a 
microwave data link from the reference point to the user point. 

We can discriminate between the three following mathod.: 

- At the reference point, only the 3 coordinata corrections for x,y,z are 
determined and are sent to the user. He should apply than to his own 
positioning results. If the user is close to the reference point, one can 
assume that the salsctsd CPSsatellites are the sans for both positions and 
that the biases are also approximately the same. 

- In the aecond case. a11 pseudo-range data for a given set of 4 ~atsll i t e s  
is measured at the rsfersnee point. Tha information, including the identi- 
fication of the satellite., is transmitted to ths user. The user should 
apply the same set of NAVSTARa and can be aure that he can compensate, 'to a 
very large extent, the bias errors. The improvement will be batter than in 
the first cass. 



In the third cas. the r.ceivor at the r.ferenee point will not Just select 
the most advantageous set of four .atollites, but will apply a11 visible 
ones and will sand tho proper corrective values to the user, who can then 
also make benefit of the total information. 

If an aircraft should land on a runway, whora close to the touchdown point 
such a receiver is locatsd, one nhould cone to accuracies at tha touch down 
point, which are almost exactly the correct values. At the mont, a few materr 
of random error. night remain; the bias might dimappear completely. 

This method can be used for areas of a for ton. of kilonotors in diameter. 
The larger the distanca, the mma1l.r tha correlation of the propagation 
effects for two positions. In ganeral, one can amnume that even for areas of 
one or two hundred kilom.ters radius, th. improv.msnt of the overall accuracy 
is remarkable.. For SPS one could achiove pr.cisions, which are of a few 
meters. 

For very precise msasurements, for exampl. in the domain of geodetic applica- 
tions, one could apply 4 receivers at four wellknown position8 within a 
square of some hundrod kilometer. width for .xampla. On. could then determine 
the .atellits=' ephemerides and choir tima uncertainties extramsly prsciae 
and use this corrective data within the square to determine other, unknown 
coordinates with a fifth receiver extremely accurate.. 

2.4 VELOCITY DETERKINATION 

The velocity of tha uoer with respect to RAVSTAR is determined by the range 
difference per tins int~rval. Instead, one can a180 measure the range rats by 
means of the Doppler frequency shift. 

There is some differonce in the results of the pseudo-range vs. Doppler 
measurements. if tho ionospharic dalay is significant, because of the 
frequancy disperaiva character of the plasma. The phase velocity v for the 
Doppler effect is larger than the vacuum light velocity c, whereas the group 
velocity of the ranging differences in.dstermined by the group velocity v,, 
which is lover than c. The product vlvs i. equal to c . 
With the two fraquencies Ll, LZ, it is possible to determine the total elec- 
tron content TEC and to correct for the deviations of these velocities. It is 
also ponsible to correct the phase velocity directly, if the two carrier 
frsquencis: and thair Doppler effects are received and properly processad. 

3. PRESENT STATE OF CPS-RECEIVER TECHNIQUES 

3.1 TYPES OF USERS 

The original intention of DOD wan directed towards the development of rs- 
ceivsr8 for military application. Meanwhile. many other civil applications 
and receiver type. are also becoming of great intersst: 

- Receivers for motor-cars night share the largqmt portion of the wholr 
narkst. One can imagine that the millions of cars being produced yearly can 
lead to a mass fabrication of intagratad CPS-receivars, which cost only 500 
to 1000 Dollar.. This presumes of course a receiv.r concept with a ~ i m p l r  
frequency conversion technique, early digitization, channel multiplexing 
and pP- VLSI-technique. 

- Reduction of comts, volume, power and mass also offers now applications in 
civil engineering, civil air, land and sea transportation. 

- The geodetic application of the CPS-technique will revolutionize this 
discipline and its work. The accuracies in the range being in dm, cm and 
subcm region for baaelinn measurement. with diffarantial mothod.. allow to 
operate efficiantly, without need for line of sight condition. between the 
basaline points. This make. the surveying technique fast, computer com- 
patible and relatively econonical. 

In mont case. the C/A-code recoivera will be sufficient. In goodynamic 
applications, where over large dimtances precise neamuroments are needed, 
one mu.t have Ll- and LZ frequsncy receiver. to take into account the 
ionosphmric delay. In addition various difference method. must than be 
applied to eliminate the influences of biasem: fig. 11. Most of th. geode- 
tic mea.urements are based on carrier beat phase measurements. Some of the 
recmivors operato with tho knowledge of only the C/A code or are fully 
independont of the code information. Theae "cod.less" r.ceivers apply the 
phase measuremanes of the varioua clocks and carriers: table 5. In this 
nannor it is assured. that CPS can be usod for geodetic applications, even 
if the DOD decide. to rastrict the use of CPS by more intensive use of 
nncryption and message degradation. 



3.2 CLASSIFICATION OF CPS-RECEIVERS 

The classification of the receivers can be done in various ways, namely with 
regards to the 

- types of detected signals 
- types of techniques, and 
- technology applied. 

3.2.1 CHARACTERIZATION BY THE DETECTED SIGNALS 

In order to understand this classification, let's first consider the trans- 
mitted signal. In fig. 12 one can see that each satellite contains 6 navi- 
gational signal sources, namely the 

- carrier with frequency L1, 
- carrier with frequency L2, 
- C/A ranging code modulated on carrier L1, - P ranging code modulated on carrier L1, 
- P ranging code modulated on carrier L2. 
- data (navigation information) 
In addition, the message about the NAVSTAR type, the ephemerides, the time 
bias, etc. is modulated onto the L1 as well as onto the L2 carrier. 

In principle, one needs N sets of correlators, if one wants to receive the 
signals of up to N NAVSTARs simultaneously. As mentioned above. N - 4 is the 
minimum number for the threedimensional ease. For economic reasons, one can 
also operate with less then N sets of correlators, one set being the minimum. 
However in thie cases the signals must be either received in time sequencing, 
1.0. one after the other, each one for a period of a complete measurement 
procedure, or one can apply the time multiplexing technique, where only for 
very short time slots samples are taken from each satellite signal and the 
signal processing is performed in parallel and is finished for each signal 
just before a next sample is taken. 

The baais processing on board can be described by the equations and the block 
diagram of fig. 12. The ranging codes are typical PN-codes, characterizing 
the individual satellite. If they are known a priori to the user, then it is 
possible to generate a replica in ths receiver and to correlate it with the 
noisy received signal. By aligning the local code replica to the incoming 
signal, one can achieve a correlation peak. It indicates both the existence 
of this PN-code in the received signal and the accurate synchronization of 
the received signal with the internal generated replica. The internal PN-code 
allows the measurement of the precise propagation delay, I... the pseudorange 
equivalent time dslay. Thus, the receivers task is the detection of the 
NAVSTAR signals by inversion of the procedures of fig. 13 and to determine 
the time delay by proper alignment. Depending on the type of receiver, this 
is done for C/A-code, or C/A- plus P-code etc. 

For simplification, the procedure is shown only for one carrier frequency and 
for the C/A - code in fig. 14. This block diagram is, therefore, valid for 
the SPS - receiver. For the PPS rscsiver the procedures nust be extended to 
the P - codes. 

Thus, we have assumed that the PN-sequences are known to the user. As 
mentioned above. it is noe possible for the civilian user to apply the 
encrypted PPS information. Therefore, the scientists looked into the possible 
use of the system by developing "codeless receivers". This is justified for 
the geodesists because for some of their applications it is not sufficient to 
apply the orbital information, which is disseminated via the satellites. They 
need more precise data. In order to acquire it, they can measure the actual 
Satellite position as a function of tine by the evaluation o f  the aatallite 
signals received at 4 very precisely known positions by means of phase 
sensitive receivers. With thie information end with a good estimation (a 
priori knowledge) regarding the position of the points to be measured, it is 
possible to use just the phase information of the varioue signals, in order 
to extract unambiguously the exact.coordinate values for points in question 
by means of a fifth receiver. 

There are three types of codeless receivers: 

- The simplest form in the "squaring receiver". Hers, the received signal is 
squared and the carrier ~ i g n a l  and its Doppler shift information can be 
datsctsd: fig.15. The system can operata 8inil.r to the TRANSIT - 
rsceivsrs. 

- The "delay-and-multiply receiver' can detect the fundamantal (clock-) 
f r e q u e n c i e ~  of the PN-codes. By measuring che phase ~ h i f t s ,  one can achieve 
the same accuracies as in the correlation process, however it requires more 
tine to compensate the increaead noise influence. With combination of che 

-aquaring procedure and the dslay and multiply technique, it ie possible to 



measure with two receivers the length of s baseline to fractions of a 
carrier - wavelength, 1.0. 2/100 to 1/1000 of 19 cm. One can achieve values 
of em and sub - cm accuracies in this manner. 

- The "VLBI - type of receiver" ignores any e priori knowledge of the signal 
structure of the GPS and applies the methods in use by the radio astrono- 
mers to track radio stars. This technique is, of course, unnecessarily ax- 
pensive, but operates successfully. 

3.2.2 CARRIER PHASE RANGING 

It should be emphasized. that for geodetic/static application the phase in- 
formation of the carrier is used for the precise ranging. I f  one assumes, as  
mentioned above, that the ranging resolution is proportional to the wave- 
length and amounts to approximately,l/20 to 1/1000, then it becomes obvious 
that values of em can be achieved. The problem of ambiguity due to carrier 
wavelength ( A  - 19 em) must however be solved. Recently, carrier phase posi- 
tioning for taxing and flying was demonstrated by G.L. Mader / 6 / .  The accura- 
cies achieved were in the order of 5 cm. 

3.2.3 RECEIVER TECHNIQUES 

Thsre are two different types of techniques in use: 

- The analog systems, and 
- the digital systems. 

The original correlation receivers were based o n  analog techniques. The basic 
concspt is shown in fig. 16. After preamplification and filtering, the signal 
is transposed into a first and second IF. Then the signal is correlated by 
the C/A-code (PNdespreading ) .  The carrier is reconstituted by meana of a 
COSTAS LOOP and finally the message is demodulated. I n  parallel to the de- 
spreading of the C/A-code, the same procedure can be done - with 1 0  times 
higher chiprate - for the P-coda. 

Due to the weak signal level, it is necessary to amplify the input signal by 
about 140 dB. The despreading allows to narrow the signal bandwidth to a few 
kHz afterwards, in order to improve the S/N factor. For static applications 
the final ranging loop bandwidth can be in the order of one Hz or lass. 

Due to the advances in the IC-techniques, it is becoming more and more common 
to apply digital techniques for most of the functions of the GPS-receiver. 
The basic concept is shown in fig. 17. Various concepts are possible. They 
all try to down - convert the microwave input signal a s  soon as possible, in 
order to be able to convert then immediately co  the digital representation. 
Various A/D conversion concepts are possible. One, two and more bits per 
sample are in use. As regards the down - conversion, either the zero frequen- 
cy or a low IF-frequency is feasible. 

Most of the receivers apply time-multiplexing, in order to receive the 
signals from many satellites with relatively modest expense and without any 
delay. The sampling rate must be 20 msee /N, if N satellites ahould be re- 
ceived . This allows to pick up from any ehannal every message bit, as the 
hitrate of the message is 50 Hz. The N - channels can then be processed in 
parallel without loss of information. Only the S/N - ratio decreases by the 
factor of N. Thus, multiplexing combines most of the advantages o f  parallel 
receivers, but is almost of the cost of a one - channel receiver. 

3.3 ADVANCES IN TECHNOLOGY 

The advances in the receiver technology are very remarkable. We want to show 
this only by means of a few examples: 

- TRIMBLE-Model 400 1/4 offers an ATR ARINC short module (7 x 12 x 2.25 inch 
) for 25 m position accuracy, 0.1 m/s velocity determination, which should 
be able to sample sequentially 4 satellites. Without a control head, thia 
equipment shall cost 4.000 Dollars/unit in excess of 1000 units and shall 
demonstrhte that technology is already presently available, which could 
lead fa low cost units of the order of 1.000 Dollars apiece in mass produc- 
tlon. - COLLINS ROCKWELL haa received a contract for the development o f  a pocket 
sired receiver, called SUNS ( Small Unit Navigation System ) ,  which can de- 
monstrate the possibility to produce very tiny instruments for a wide range 
of users. 



- Almost all important motor car companies are about to support developments 
for navigational systems to be used like radio sets in the future. It is co 
be expected, that mass production involved will considerably drive the 
whole navigational instrumental world. 

4. GPS APPLICATION TO ORIENTATION MEASUREMENTS 

In most cases. GPS-receivers are used for positioning and velocity determina- 
tion. Another very interesting application is its use for angle determina- 
tion. 

The basic principle is quite simple and is based on the interferometer tech- 
niques as shown in fig. 18. Here we assume that the baseline b is very small 
in comparison with the distance R to the satellite. The two lines of sight 
from the antennas are in good approximation parallel to each other. Therefo- 
re, we can assume the range difference to be 

AR - b . sin 4 

2n - AR b . 2r 
A$ - --------- - -------- . sin 4 

)I )I 

As long as the baseline is epproximetely normal to the line- af - sight to 
the satellite, it is possible to achieve good angular definition. nore pre- 
cisely, it means that the angle can be measured as a function of the phase 
difference. W s  have seen above that the wavelength L1 1. 19,029 cm (of L2 it 
is 24,421 cm). If the phase difference of the signals of both antennas can be 
determined to about 1 degree accuracy. then this means roughly 19/360 - 0.05 
cm , 1.e. half a mm. With a baseline of 5 m one can then achieve a resolution 
of 0.0001 rad. for 25 m one fifth of this value. The influence of the satel- 
lite's position accuracy is very modest, as can be seen from fig. 19. 

There are many applications of the angular information. In an aircraft the 
heading information can be gained with relatively small baselines. Ships can 
use the three dimensional orientation for heading and for measurement of the 
pitch, yaw and roll variations, which is important, far example, for sea sur- 
face sounding etc. For geodesy, artillery alignment, for plate tectonic moni- 
toring, for civil engineering tunnel planning and the like, the extremely 
high attitude measurement accuracy (fractions of an arc sac over baselines of 
several kilometers) will become increasingly important. 

These extremely high values are, of course, only achievable in the static 
case. or can be calculated a posteriori in smooth flight, for example for 
photogrammetrical work (recording of direction and attitude of flight infor- 
mation). However even a resolution of some fractions of a degree might be of 
interest for c a s a s ,  where nowadays a compass, a gyro or an INS is used. The 
importance is two-fold: The GPS-technique can be applied globally, over the 
poles as well as in areas of large magnetic deviations. Very important may 
become a new integrated navigational system approach. The possibility of up- 
dating with threedimensional information the position, attitude, velocity, 
angular velocity and in addition the time information allows to simplify the 
classical instrumentation. The simplified instrumentation may, however, also 
help the GPS-technique to bridge problems of shadowing effects, multipath, 
jamming etc. Also extremely high acceleration, which can cause tracking lag, 
can be avoided. It is, therefore, of particular interest for military appli- 

cations to look into new concepts of integrated systems. 

5. CONCLUSIONS 

GPS will become a universally applicable navigational aid, which can improve 
any of the existing systems and can in many cases replace them. New "user 
groups" are envisaged at the military as well as the civil side. 

GPS is considered an extremely imporcant step towards better navigation and 
improvement of transportation, earth science and civil engineering. There ere 
new possibilities for further improvement of the GPS performance and accuracy 
by geostationary supplementary t e l e c o m m u n i c a t i o n / n ~ ~ v i g a t i o n  satellites and by 
support of the GPS-receivers with simplified conventional navigational tools. 
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Figure 1 2 :  S a t e l l i t e  S i g n a l s  w i t h  B l o c k - D i a g r a m  

F i g u r e  1 3  : R e c e i v e r  B lock -D iag ram 
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F i g u r e  1 5  : S q u a r i n g  Loop 

F i g u r e  16 : A n a l o g  R e c e i v e r  

DATA 
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F i g u r e  17 : D i g i t a l  R e c e i v e r  



F i g u r e  19 : I n f l u e n c e  o f  S a t e l l i t e  P o s i t i o n  t o  O r i e n -  
t a t i o n  M e a s u r e m e n t s  

SYSTEM POSITION ACCURACY VELOCITY ACCURACY RANGE OF OPERATION 

OMEGA 2.20 h, CEP 2-dim. - almost worldwide 

IORAN-C 0.18 km, CEP 2-dim. - regional 102 of world 

T A W  0.40 h, CEP 1' - line of sight 

ILS 5 - 10 m, 0.5' - line of sight 

DECCA 0.20 h, CEP - regional less than 102 

INS 1.50 km, after 1st hour 0.8 m/s near global 
after 2 hours 

GPS/P 16 m, CEP 3-dim. 0.1 m/s worldwide 

GPS/CA 40 m CEP 0.5 m/s worldwide 

Table 1: Some comparisons for positioning systems 

G P S  P R O G R A M M  S C H E D U L E  

PHASE I: I PHASE 11: FULL 1 PHASE 111: FULL 
CONCEPT VALIDATION PROGRAM SCALE DEVELOPMENT I AND SYSTEM TEST 

PROTOTYPE SATELLITE 
DEVELOPMENT 

~ ~ ~ - -  - .-- I OPERATIONAL CAPABILITY 
0PERATIONAL.SATELLITB 

DEVELOPMENT 

LAUNCH OF PROTOTYPE . . . .  7 OPERAT. ? ?  ? 
SATELLITES .... SATELLITES ?? ? 

TABLE 2 : TIME SCHEDULE OF GPS 



~ -- ~ 
~ ~- - -. -- 

RECEIVRR DESIGNATlON MEAS. CODES CR. FREQU. REMARK 
~~ 

~ ~ . . ~  ~ - ~- 

JPL SERTES/SERlES X geod./geoph. PR , R CR + P 6 1.1.L2 hybrid 
STANFORD TELBC. INC. time/civil PH , R C + P 1 1,l,L2 analog 
COLLINS milit. R c .+ P 4 L1 ,LZ an/dig 
TEXAS INSTR. TI4100 civil/geod. PR , R C + P 4 L1.12 dig/MX 
TRIMBLE 4000A civil R , A R  C 1 I,l dig/MX 

500011 time/frequ. R C 1 L1 
MAGNAVOX X-SET milit. R C + P  4 11.12 

T-SET civil R C 1 L1 
SERCEL TR5S civil P R , R  C 5 1.1 analog 
ALLEN OSBORNE TTR--5 time/pos. R C 1 Ll 
POLYTECHNIC XR1 time/geod. R C 1 LI 
WILD/MAGNAVOX WM-101 geod. R , P H  C 4 b1,LZ anldig 
JAPANES RADIO Co civil R C 1 1.1 dig/MX 

JLR-4000 
SONY GPS-RECEIVER t ime/nav. R C L 1 
LITTON AERO PROD. civil R , P R  C 1 L1 

LOSS 
COLLINS SUNS * milit. R C 1 Ll pocket 

sized 
COLLINS NAV. TMI R C 1 L1 an/dig 
INTERSTATE EL. civil R C L1 

ASTROLABE I1 
CANADIAN MARCONI civil A .  D C L 1 

CMA 782 
S E L prototype R C 1 LI dig/MX 
PRAKLA SEISMOS prototype R C 1 L1 dig/MX 

* under development far Marine Corps 
MX = Multiplex 
bl = 1.515426 GHz, L2 : 1.2276 GHz 

Table 3 

. .. -.- -- 

ERROR SOURCE 

EPREMERIES 
SATELLITE CLOCK 

BIAS 
RANDOM 

IONOSPHERE 
THOPOSPllRRE 
MULTIPATR 
RF:CEIVER 
REFERENCE POINT 

ADSOL. POS. 
~~ - -.- I 3.5 M 

RELAT. POS. 

Table 4: ERROR BUDGET FOR CONVENTIONAL C/A CODE RECEIVER 
AND DIFFERENTIAL MODE 

- - - 

MACROMETER INC. MACROMETKH 2600005 
v-1000 

SERIES-X 1 ~ 2  CM 

ISTAC INC. ISTAC-SERIES 2 - 5  CM 

Table 5: CODELESS RECEIVERS applying phase measurement of various clocks 
and carriera 



INERTIE-GPS : UN MARIAGE DE RAISON ... A L'ESSAI 

, ~ ~ 

83 Paris ~e 

INTRODUCTION 

Depuis vingt ans environ (un eu plus pour les applications militaires, un peu moins 
pour les applications oivilesP, la navigation inertielle a trcuv6 place bord des 
a6ronefs de tous tvDes: combat. transoort. reconnaissance. oatrouille maritime etc. I1 

~ ~ r~~~~ -----. ..-. -- 
Y a dono vingt ans-et plus aue'les scbiCt&s s~CcialisCes dans la navigation inertielle 
se trouvent confrontees au probleme suivant: comment tirer le meilleur parti des aides 
radio-8lectriques B la navigation, pour "augmenter' si n6cessaire les performances de 
la navigation inertielle oure. En d'autres termes. comment "hvbrider" au mieux les 
centralCs inertielles aveo 'les aides radio-Blectriaues existanted 7 

Cette question connait un regain d'aotualit8 chaque fois qu'un nouveau type d'aide 
radio-blectrique e?t mis en service, c'est B dire tous les 7 a 10 ans, au cours des 20 
A 25 annCes passees: nous nous rCf8rons aux cas de la navigation par satellites 
Transit, pyis par 6missions tr&S basses fr6quences OMEGA, enfin par satellites NAVSTAR 
( 1 ) .  Si, a ces moyens "nouveaux", on ajoute les moyens plus classiques tels que 
VOR/DME, TACAN, LORAN C, voire ILS pour la phase approche, oela fait toute une panoplie 
d'aides radic-8lectriques dont il est maintenant possible de dire comment elles se 
marient avec la navigation inertielle. Et grsce B cette expCrience passCe, il est 
peut-8tre possible de mieux apprecier ce que pourra apporter le GPS. 

Le PPS, en 1986, est justement i mi-parcours de sa "monthe en puissance". Les donn8es 
ex~erimentales. movennant des extraDolations raisonnables. sont maintenant suffisantes - - - ~~~~ ~ 

pour qu'on puisse. predire soil fera bon menage aveo la navigation inertielle. ~e 
pronostic en ce qui nous concerne, est bon. Meilleur en tout cas qu'il ne fut.pour le 
VOR.  OMEGA, ou m8me 1'ILS. Ce aui n'exclut oas un certain nombre de oroblemes aue 

~ ~~~ ~~ ~ . r~ 

nous avons recens8s dans cet article. En diautkS termes, l'inertie et-le GPS semblGnt 
former 1s couple le mieux assorti que l'on ait vu depuis longtemps. Mais des 
differences d'humeur subsistent. 

( 1 )  On peut ajouter A cette liste un moyen radioClectrique tres particulier de 
positionnement g8ographique: le radio-altimktre utilis8 conjointement avec une carte 
d'altitudes numeris6es de terrains et avec la navigation inertielle, dans la technique 
dite de "oorrClation d'altitude" ("terrain contour matching"). Pour les applications 
militaires air/sol ce moyen est trhs conourrentiel vis A vis du GPS, comme il apparait 
dans la suite de liarticle. 

1- RAPPELS SUR LES CARACTERISTIQUES DES CENTRALES INERTIELLES 

Voir tableau 1 ,  r6capitulatif. 

1.0- Centrales inertielles en tant que rCf8rences cin8matigues 

I1 existe un domaine oh la cohabitation des centrales inertielles et du GPS ne pose 
aucun problkme, et peut m8me au contraire en resoudre certains. C'est celui de 
1'Claboration des paramktres cin8matiques du porteur: attitude, route suivie, cap, 
angle de derive, vitesses angulaires et acc6lCraticns lin6aires. 



I1 ne se pose pas de problbme concernant 1'Claboration des vitesses anplaires 
accClCrations lineaires, cap, route suivie et angle de derive dans la mesure ou le GPS 
ne peut y apporter aucune contribution, laissant le champ libre B la centrale 
pertielle, que cette derniire soit trbs performante ou qu'il s'agisse d'une centrale 
pseudo-inertielle' ( 2 )  

I1 ne se pose pas de problhme concernant l'elaboration des angles d'attitude, par une 
centrale inertielle performante, qui les fournit avec une pr6cision de quelques minutes 
d'arc sans aucune aide externe. I1 y a meme synergie si, utilisant une centrale 
"pseudo-inertielle" (2), on essaie d'amCliorer ses informations d'attitude ,jugkes 
marginales. Le GPS peut alors ramener dans les "quelques minutes d'arc" une precision 
d'attitude qui, pour une centrale "pseudo-inertielle" livree a elle-mgme, atteindrait 
typiquement 0,3 B 0,5 degrh pour des jyroscopes de classe de dCrive 0,l B 0,3 "/h. 
Grace au GPS l'utilisateur d'angles attitude aura done le sentiment de disposer 
d'une nveritablen centrale inertielle... pourvu que ltaide du GPS ne vienne pas B faire 
dCfaut pendant plus de 15 B 30 minutes. 

Nous avons olac6 en ttte ces considerations sur les centrales inertielles en tant cue 
rCfCrences SinCmatiques pour ne plus avoir B traiter ensuite que de la cohabitation'de 
l'inertie et du GPS dans le domaine de la navigation (au sens de la connaissance de la 
oositibn. et de la vitssse oar raooort au sol). Pour en finir avec ces considdrations 

pareille bouderie, bien au cdntraire. 

.................... 
( 2 )  Une centrale sera dans cet article consid6rde comme "inertielle" de plein droit si 
sa dkrive est de l'ordre de, ou meilleure que 1 Nm/h typiquement, en fonotionnement 
entiirement autonome (recherche initiale de cap comprise, au moyen d'une mdcanisation 
en gyrocornpas). Le domaine "pseudo-inertiel" commence quelque part entre 3 et 10 Nm/h 
obtenus dans les m8mes conditions, c'est B dire dans une g a m e  de pr6oision telle que 
le recours B une aide radiodlectrique B la navigation est pratiquement indispensable 
pour borner les erreurs sur un long terme de une B quel ues heures. Pour les 
considCrations performances/contraintes opCrationnelles/cofits relatives ces oentrales 
et B leurs "hybridations", on peut se reporter aux "AGARD Conference Proceedin s 
No 360"' "Cost Effective and Affordable Guidance and Control Systemsv Session 9 ,  
"Analyse combinatoire performances/coiits d9un systbme autonome de na;igation pour 
a6ronefs". .................... 
1.1- Centrales inertielles classiques (B axes de cardsns) 

Pour ce aui touche i la fonction navination. les caract6ristiaues des centrales 
inertielle's classiques sont bien connties, et la description .de leurs erreurs 
instrumentales (erreurs des capteurs) et des consCquences de ces derniires en fonction 
du temos (dvnamioue de orooanation des erreurs) se fait de facon trbs fiable au moven . .. ~~~ 

de mod%ies "rob&tesn. r~utr<ment dit. bien q u e l e s  centraiei iriertielles d6riveht, 
elles n'en sont pas moins fidbles, d'humeur dgale, et leurs travers peuvent Btre 
corrigds sans drames par un partenaire complCmentaire, caractCrisC par une grande 
stabilitd et une bonne orCcision "au lonn cours". et auouel elles oourront oardonner -~~ .~ 
cuelcues incar~tades de cburte-dude (c'esx dire' dans 18 partiehiutedu s6ectre de 
PrCquences). 

D'une maniire plus quantitative, on peut dire ce qui suit de la centrale inertielle 
classique: 

- les erreurs de ses capteurs ("erreurs instrumentales") peuvent se r6sumer B six 
valeurs, dont erois representent les derives r6sidu?l?ea de gyroscopes et trois autres 
les nbiais" residuels (erreurs de zero) des accelerometres. Ces six valeurs sont 
modClisCes chacune comme une constante, invariable au cours du fonctionnement du 
systhme, mais rC-initialishe par "tirage au sort" ?s chaque nouvelle mise en route. Ce 
sont donc des constantes al6atoires variant "de jour z i  jour". Cette variation de jour i 
jour est suppos6e gaussienne, et de variance connue ce qui permet d'initialiser la 
matrice de covariance du filtre de Kalman par lequei on va "hybridern la navigation 
inertielle avec l'aide radio-electrique. (3) (4) 

( 3 )  On a ici sunoosC cue la centrale inert'ielle assure la navination horizontale et 
Zrticale c e  gui; pouP cette derniire,, ntest possible qu'en "hy;ridantv avec uii6 
altitude barometrigue . . . ou GPS (la mecanisation en "inertie pure est divergente 
moyen terme, c'est a dire sur une d u d e  reprCsentant une fraction d'heure). 

(4) On peut naturellement reprCsenter les erreurs instrumentales par des modiles plus . 'sophistiqu~s" tels pu'un bruit blanc AntCgr6 (cheminement al8atoire) ou filtre par un 
oasse-bas. ou introdu re un vecteur d'etat olus comolexe Dour enRlober d'autres termes 
b'erieurs'(facteurs, d'echelle etc), mais ceia ne change fien de -forIdamental en ce qui 
concerne l'hybridation inertie/GPS. 



- l a  t r a d u c t i o n  d e  c e s  e r r e u r s  i n s t r u m e n t a l e s  en e r r e u r s  d e  v i t e s s e  e t  p o s i t i o n  d e  l a  
c e n t r a l e  i n e r t i e l l e ,  c r o i s s a n t  au  c o u r s  du temps,  e s t  d 6 c r i t e  p a r  un ensemble 
d t 6 q u a t i o n s  d i f f e r e n t i e l l e s  don t  l e  v e c t e u r  d ' 6 t a t  e s t  d ' o r d r e  9 .  Tous l e s  c o e f f i c i e n t s  
d e  c e s  C a u a t i o n s  d i f f e r e n t i e l l e s  ( t e r m e s  d e  l a  m a t r i c e  dvnamiaue a u i  l e s  r e o r 6 s e n t e )  ~ . - ~ ~ ~  - ~ ~ ~ -  - - -~ -~~ - - - -  

s o n t  q u a s i - s t a t i a u e s .  ne  v a r i a n t  d e  f a c o n  ~ u ; s i r ' d e s ' d u r 6 e s s e  b h i f f r a n t  
en h e u r e s .  C e c i  e a t  une p a r t i c u l a 6 i t 6  d>s c e n t r a l e s  c l a s s i q u e s  B c a r d a n s ,  p a r  
o p p o s i t i o n  aux c e n t r a l e s  " s t r a p  down" d o n t  il e s t  q u e s t i f n  p l u s  l o i n ,  e t  pour 
l e s a u e l l e s  l a  m a t r i c e  dvnamiaue e s t  beaucouo o l u s  "mouvement6e . c a r  un c e r t a i n  nombre 
d e  s'es t e rmes  d 6 p e n d e n t V d e s  a - t t i t u d e s  d e  l ' & r o n e f ,  s u s c e p t i b l e s d e  v a r i a t i o n s  r a p i d e s .  

- t o u t  c e c i  a b o u t i t ,  Dour l e s  c e n t r a l e s  i n e r t i e l l e s  c l a s s i a u e s ,  i d e s  s o r t i e s  de  
v i t e s s e / s o l  extrBmement. " l i s s e s "  oh il n ' e x i s t e  p ra t iquement  p a s  ' de  " b r u i t "  pour l e s  
f r6quences  "6 lev6esv  c o r r e s p o n d a d t  i d e s  e 6 r i o d e s  i n f e r i e u r e s  b 30 m i n u t e s  ( l a  p r e m i e r e  
" r a i e n  o e r c e o t i b l e  s e  s i t u e  Vera l a  o e r i o d e  d e  S c h u l e r .  c ' e s t  d i r e  84 minu tes  
environ)'.  I l ' e n  v a  d e  mBme d e s  s o r t i e s '  de  p o s i t i o n ,  r 6 s u l t a n t  d e  l ' i n t 6 g r a t i o n  d e s  
s o r t i e s  d e  v i t e s s e .  

Pour f i x e r  d e s  o r d r e s  de  g r a n d e u r ,  on peu t  donner  l e s  v a l e u r s  t y p i q u e s  s u i v a n t e s  
c o r r e s p o n d a n t  i t r o i s  c l a s s e s  d e  p r 6 c i s i o n  d e  c e n t r a l e s  i n e r t i e l l e s  c a r d a n s :  

............................................ 
................................... 
1 c e n t r a l e  " p s e u d o - i n e r t i e l l e n  

/ c e n t r a l e  i n e r t i e l l e  " s t a n d a r d n  1 1 Nm/h / 1 , 3  m / s  10,01 " / h l  0,0001 g  1 
I I c e n t r a l e  " h a u t e  p r 6 c i s i o n n  1 0 , 2 5  Nm/hl 0 , 4  m / s  10 ,003 ' /h l  0 ,00003 g  I 

1.2-  C e n t r a l e s  i n e r t i e l l e s  " s t r a p  down" i g y r o s - l a s e r  

Dans t o u t e  c e n t r a l e  " s t r a p  down", c ' e s t  i d i r e  m e t t a n t  en  o e u v r e  d e s  gyroscopes  e t  
acc616romkt res  l i 6 s  l a  s t r u c t u r e  de  l f a 6 r o n e f ,  e t  non Das SusDendus l a  ca rdan  e t  
s t a b i l i s 6 a  en  d i r e c t i o n ,  il y  a  d e s  calculs,nu@i6riques r a p i d e s  d o n t  l e s  a l g o r i t h m e s ,  
d i t s  "p la t e - fo rme  a n a l y t i q u e " ,  C l a b o r e n t  a  p a r t i r  d e s  mesures  i n s t a n t a n 6 e s  d e s  
comoosants i n e r t i e l s  " l i 6 s " .  d e s  " ~ s e u d o - m e s u r e s "  d t a c c 6 1 6 r a t i o n s  t e l l e s  a u ' e l l e s  
pou i - r a i en t  B t r e  f o u r n i e s  par' une p l i t e - f o r m e  i c a r d a n s  q u i  s e  s u b s t i t u e r a i t  'au b i o c  
i n e r t i e l  " s t r a p  down". En a v a l ,  l e s  c a l c u l s  s o n t  en t o u s  p o i n t s  i d e n t i q u e s  B ceux 
q u ' e f f e c t u e  une c e n t r a l e  c l a s s i q u e .  

A i n s i ,  c o n t r a i r e m e n t  A l a  c e n t r a l e  c l a s s i q u e  d o n t  les mesures  d 1 a c c 6 1 6 r a t i o n s  s o n t  
f a i t e s  s e l o n  d e s  d i r e c t i o n s  s t a b l e s ,  e t  i n t 6 g r 6 e s  avec  d e s  c y c l e s  d e  l ' o r d r e  du dixikme 
d e  seconde (10  H z ) ,  l a  c e n t r a l e  " s t r a p  down" t r a i t e  B une f r d q u e n c e  d e  p l u s i e u r s  
c e n t a i n e s  B p l u s i e u r s  m i l l i e r s  d e  H e r t z  d e s  mesures  acc616rom6t r iques  f a i t e s  d a n s  d e s  
d i r e c t i o n s  Bvoluant  comme l T a t t i t u d e  d e  l ' a v i o n .  e t  o r o l e t 6 e s  en temos rCe l  s e l o n  d e s  

r~ - "  ~- ~- ..- 
d i r e c t i o n s  s t a b l e s  g r s c e  aux m e G r e s  ~ i r o m 6 t r i a u k s ;  ~ l a o o a r i t i o n d e c i ~ t t e  o a r t i e  " h a u t e  
f r & q u e n c e / d y n a m i q u e  61ev6en dans  l e s -  mesurea- e t  c a l E u l s  c o n s 6 c u t i f s  i n t r o d u i t  p a r  
r a p p o r t  B l a  c e n t r a l e  c l a s s i q u e  l e s  d i f f 6 r e n c e s  s u i v a n t e s :  

- b ien  qu'on p u i s s e  e n c o r e  mod6 l i se r  l e s  e r r e u r s  i n s t r u m e n t a l e s  pa r  6 v a l e u r s  
r e p r 6 s e n t a n t  t r o i s  d C r i v e s  ( g y r o s c o p e s )  e t  t r o i s  b i a i s ~ ( a c c 6 1 6 r o m 8 t r e s ) ,  comme d a n s  une 
c e n t r a l e  B c a r d a n s ,  c e s  v a l e u r s  s o n t  m a i n t e n a n t  l i 6 e s  a  d e s  a x e s  d e  mesures  q u i  n e  s o n t  
p l u s  s t a b l e s  d i r e c t i o n n e l l e m e n t  comme dans  une p la t e - fo rme ,  mais 6 v o l u e n t  comme l e s  
a t t i t u d e s  e t  c a p s  de  1 1 a 6 r o n e f .  L ' i n t 6  r a t i o n  d e  c e s  e r r e u r s  pour a b o u t i r  i d e s  e r r e u r s  
d e  v i t e s s e / s o l  s e  f a i t . d o n c  a p r k s  m u l t ? p l i c a t i o g  P a r  d e s  c o s i n u s  d i r e c t e u r s  q u i  peuvent  
a v o i r  une  h i s t o i r e  t r e s  mouvementee. I1 en r e s u l t e  d e s  e r r e u r s  de  v i t e s s e  beaucoup 
moins " l i s s e s "  que dans  une c e n t r a l e  i p la te - fo rme ,  e t  de  v a l e u r a  a b s o l u e s  p l u s  
ClevBes ,  B q u a l i t 6  k g a l e  de  composants i n e r t i e l s .  

- l e  f a i t  que  l e  g y r o - l a s e r  s o i t  l e  c a p t e u r  l e  p l u s  r6pandu d a n s  l e  domaine d e s  
c e n t r a l e s  " s t r a v  down" ( e t  l e  s e u l  en t o u t  c a s  a u i  e n t r e  en l i c e  Dour d e s  o r 6 c i s i o n s  
a l l a n t  j u s q u ' i  -1 Nm/h e t  mcme un peu mieux) a j o t i t e  une a u t r e  d i f f 6 r e n c e  p;o r e  i c e  
composant:  nous voulons  p a r l e r  de  son "cheminement a 1 6 a t o i r e n  ("random walk9'? e t  d e s  
cons6quences  q u ' i l  peu t  a v o i r  en  c e  q u i  conce rne  l ' h y b r i d a t l o n  inertie/radionavigation. 



Sans trop entrer dans le dCtail du fonctionnement du gyro-laser, nctamment l'existence 
d'un phCnombne de seuil et la necessit6 actuelle de le combattre par une activation 
angulaire mhcanique, "dithering"), on peut dire l'essentiel en constatant, que le 
gyro-laser est un gen d rateur de bruit blanc angulaire, qui s'intigre en une derive en 
forme de "cheminement al6atoire" exprim6 par exemple en degrds par racine d'heure. 
L'originalitC du 8yrolaser H cet d ard n'est pas le phCnombne lui-meme (tout, peu ou 
prou, est soumis a mouvement brownfen, donc cheminement aldatoire.. . ) ,  mais son ordre 
de grandeur, qui est puffisant pour masquer, si on n'y prend gafde, le parambtre par 
lequel on pretend modeliser son erreur: la derive (ou erreur de zero) de jour a jour. 

Par exemple, un cheminement al6atoire de 0,004 degrd par racine d'heure (cas d'un 
"honnZteo' yrc-laser), conduira H une incertitude angulaire de 0,004 degrC aprbs une 
heure, ou $,002 degrC apres un quart d'heure. I1 maqquera donc l'effet dfune derive 
fixe $e%0,00? degr6 par quart d'heure soit 0 008 degre par heure. Or, une telle derive 
est deja superieure a ce qulon vcudra~t pouvolr mesurer, pour le compenser, race a une 
hybridation inertie/radionavi ation. Le cheminement aleatoire est donc un f~savantage 
de la centrale "strap downn, tans la mesure oh il oblige A des temps d'observation plus 
longs si on veut identifier correctement les derives de gyroscopes dans un filtre de 
Kalmen inertie/radionavigation. Ceci sera particulibrement sensible pour certaines 
missions courtes de type militaire, telles que la defense ahrienne ou l'attaque airlsol 
tactique. 

Pour resumer les ordres de grandeur, on donne ci-aprbs un tableau comparable H oelui 
qui a 6tC fourni ci-dessus pour les centrales olassiques: 

I oentrale inertielle "stand rd" 1 ~ m / h  1 2.5 i0.007 
(chemin. aleat.: 0,004 O &  ) 1 I 

I Erreur 
position -----------------------------------I - - - -  I centrale 'I seudc-inertiell 6 Nm/h 

j centrale "haute prhcisionn j O,25 Nm/h 0,8 m/s 0,002 ~ / h j  0,00002 g 
(chemin. alhat.: 0,001 "16 ) i i i ............................................................................... 

Erreur I DBrive I Biais 
vitesse gyros accC16ros ---------I --------- ---------- 
15 mis 0.04 o/hi- I 0,0004 g 

On remarquera, en comparant avec le tableau correspondant relatif aux centrales 
classiques, que: 

I 
(chemin. af~at.: 0,020 " 1 

I I I I i I 

la classe de precision en position est restCe la mgme pour les trois centrales 

la prCcision en vitesse est moindre (rapport 2 environ) bien qu'on soit devenu plus 
exigeant pour les erreurs instrumentales (facteur 1,5 environ). Ceci resulte de la 
mCcaniaation "strap down" et du cheminement al6atcire des gyros-laser. ( 5 )  

Ce aue le tableau ne dit oas. c'est aue les erreurs de vitesse/sol sont non seulement 
olu; &lev&es toutes chose's Qgales par ailleurs. mais aussi plus bruitdes "haute 
frCquencen. Alors que la preiibre raie, pour une centrale A ~cardans, Ctait vers la 
pCriode de 84 minutes, on peut avec la centrale strap down trouver du bruit dans une 
bande soectrale corresoondant H des ~Criodes de oueloues minutes. et mfme moins. On 
peut ecsayer de rdsum'er ceci en cctisid6rant les ddi-ivdes des erreurs de vitesse, 
assimilables H des erreurs d'accC16ration. On arrive alors aux ordres de grandeur 
donnds par le tableau comparatif suivant: 

/ Erreurs apparentes 1 0 0  1 300 / 2000 / /  400 1 1000 1 7000 
d'acckl6rations (rg) I 

..................... 
(5) Les cheminements alCatoires affich6s d a y  ce tableau ont Ctd choisis pour Btre 
homo bnes avec les autres performances (derives et biais) dans le cas de temps 
dtalfgnempnt relativement,cgurtp (5 A 8 minutes). Mais on peut note? en assant qu'une 
centrale a trbs bons accelercmetres et a g~rcs-laser tris stables en dtrive pourrait 
tomber dans la classe ' seudo-inertielle le simple effet d'un cheminement 
aldatoire capable de tout ppolluern: 0,08 '/#;ar exemple (ce qui n'est d6jH pas si 
mal...) . ..................... 



Dans une hybridation par filtre de Kalman, du fait des erreurs apparentes 
d'accClCrations accrues dans les centrales strap down, la convergence du filtre sera 
moins rapide, et on mettra plus de temps B identifier les erreurs instrumentales de la 
centrale inertielle. 

Notons aussi que dans ce tableau, on a fait figurer une classe "strap down haute 
pr8cisionn, plus par sym6trie avec le cas des centrales B cardans, que par r6fCrence B 
des kquipements rbellement disponibles. En effet, si la classe 0,25 Nm/h est 
classiquement obtenue, avec des plates-formes i gyroscopes B suspension dynamique ou 
Clectrique (on atteint mOme 0,l Nm/h dans ce derpier cas), la prCcision de 0,25 Nm/h 
avec des gyros-laser reste pour l'instant un dCfi a relever. 

2- RAPPELS SUR DES HYBRIDATIONS IWERTIE/RADIONAVIGATION PRECEDEMMENT EXPERIMENTEES 

L'expCrience Btant la mere de la suretC, on rappelle ci-aprbs quelques pr6cCdents 
connus de la SAGEM en matiere d'hybridation inertie/radionavi ation, dont 11int6r8t 
n'est pas nkgligeable pour qui s'occupe d'hybridatiod inertie/Gpf (voir tableau 2). 

C'est l'histoire d'un mariage ma1 assorti. La principale responsabilit6 en incombe au 
VOR. Avec unq pr6cision de l'ordre de 13 et plus, il entraine des erreurs de position 
supCrieures a 0,4 Nm une distance de 20 i 25 Nm. C'est d6jB marginal, mais on 
pourrait penser que c'est suffisant pour corriger une centrale inertielle qui a dCrivB 
ty iquement de 1 Nm en une heure. Pourtant ce n'est pas le cas. C'est que l'erreur du 
V O ~  n'est pas uniforme en fonction des radials sur lesquels on repoit ses kmissions. 
Ainsi, pour un avion qui parcourt 40 B 50 Nm en 5 10 minutes, la variation des 
erreurs VOR prend l'allure d'une d6rive de vitesse de 0,4 Nm/(O,l 21 O,2 heure) = 2 B 4 
milles nautiques par heure. C'est & dire des erreurs apparentes de vitesse,nettement 
supkrieures i celles de la oentrale inertielle, bien que dans une bande de frequence un 
peu lus haute (pkriodes de 10 a 20 minutes). Toutes les conditions sont r6unies pour 
que fe VOR "pollue " la centrale inertielle plus qu'il ne l'aide. C'est bien ce que l'on 
constate dans la pratique (exphrience des FMS, Flight Management Systems de l'aviation 
commerciale). 

Ainsi, VOR et inertie ne sont pas compl6mentaires. Le VOR peut n6anmoins servir de 
"garde-fou" pour l'inertie. Mais ce n'est Das une rCelle hybridation, au sens oi le VOR 
aiderait B "calibrer en vol" les erreurs' inertielles porir en tire+ des corrections, 
permettant B la centrale inertielle ainsi corrigCe de poursuivre avec une meilleure 
or6cision. m8me en l'absence de VOR. Au contraire. si on s'obstine. on aooliauera A la 
Eentrale inertielle des corrections erron6es qui d'6tkrioreront ses perforKances 

C'est une combinaison gagnante. L'erreur typiaue du DME eat inferieure B 0.2 Nm (ou 
0,25 S de la distance); -Surtout, elle est.-peu d6pendante de la direction .et de la 
distance B laquelle on se trouve par rapport la station. Lorsque l'aeronef se 
d6place, cette erreur de osition se traduit donc par une erreur apparente de vitesse 
assez faible (moins de 9, 5 Nm/h). I1 y a donc complCmentaritC par rapport B une 
centrale inertielle de performance moyenne ( 1  Nm/h). Ce serait plus marginal s'il 
s'anissait d'"aidern une centrale de la classe 0.25 Nm/h : on risauerait alors de se 
troEver dans une situation comparable B celle d6crit.e pour le VOR.~ 

Quelques mots sur la notion de "multi-DMEn. dont on trouvera les consCauences au niveau 
du GPS (notion de mono ou multicanal). Idgalement, on prend deux mesdres instantanees 
de distance deux stations DME, et on en tire un " oint radio61ectriquen qu'on prend 
comme "observationn dans le filtre de Kalman ?nertie/radionavigation. Mais la 
disponibilitk de deux informations,simultan6es et diff6rentes de distances DME n'est 
pas indispensable, du fait de la presence de la centrale inertielle. 

En effet, apris une premiere mesure de distance DME qui fournit un "lieu de position" 
la centrale inertielle fournit le vecteur ntranslationn de ce lieu, correspondant B 1; 
distance parcourue depuis par l'abronef, usqu'i ce qu'une nouvelle mesure DME devienne 
disponible (mhe Cmetteur, ou un autrej pour fournir un second lieu de position. 
L'intersection entre "l'ancien lieu de position tra?slatC/inertien et le nouveau lieu 
de position fournit un pgint "radio-inertie" utilise comme observation dans le filtre 
de Kalman "inertie-radio . Cette fapon de pr6senter les choses a surtout Fn objectif 
"didactique" oar en rCalit6, tout ceci se trouve de fapon latente et voilee dans les 
mCcanismes dl"observation/recalage" du filtre de Kalman. Mais l'intCr0t de cette 
pr6sentation est de montrer un exemple tres concret de synergie, dans lequel la 
centrale inertielle soulage le moyen radio6lectrique qui lui fournit des observations 
de certaines contraintes "temps r6el" relativement cocteuses (plus de nCcessitk de 
mesures simultan6es, ou i grande cadence). La m8me situation se retrouve quand on 
transpose au cas inertie/GPS mono ou multicanal. 



Le Transit, systkme de 6 satellites mis en service par 1'US Nqvy en 1964, puis devenu 
accessible aux usaners civils en 1967. est une sorte de orecurseur du GPS Dar ses 
implications "technicc-politiques" (accessibilit6 etc). On y retrouve aussi la 
problematique "prCcision/couverture/dynamique du porteur", mais avec des crdres de 
nrandeur tels aue cela constitue une sorte de "cas d'icole". et oreaaue une ~ ~ ~ ~ ~. . 
rcaricature"du d a s  GPS: 

- les rkcepteurs, comme pour le GPS, doivent 6tre initialises par des coordonnees 
geographiques apprcximatives 

- la couverture est mondiale, ccmme pour le GPS, mais 18 encore, le lieu et l'heure de 
la mesure ne sent pas indiff8rents. Pour Transit, les "trous" temporels de 30 a 120 
minutes entre mesures sont la regle (ils sont l'exception avec le GPS) 

- le mesure Transit, faite par effet Doppler sur 1'Bmission d'un satellite difilant, 
est lente: plusieurs minutes, et m8me un quart d'heure, contre une seconde comme ordre 
de randeur pour le GPS (mais une seccnde, c'est beaucoup pour un vihicule se deplagant 
B 580 kts) 

- la precision de la mesure Transit (200 mitres ncminalement, pour un ricepteur i 
l'arr6t) est sensible i la vitesse de diplacement du recepteur: ZOO, metres par nqeyd 
typiquement. Crest bien aussi le cas pour le,GPS, ce qui amene prevoir des varietes 
"bassen "moyenne" et "haute dynamique" de recepteurs. Heureusement, avec le GPS, les 
ordres &e grandeur sont bien moindres. 

Le cas du systeme hybride destini aux porte-avicns franpais est aussi instructif en ce 
oui concerne les references de vitesse utilisables Dour l'hvbridation. On aura not6 aue 
dans ce cas, le capteur de vitesse retenu est un loch Clectioma nCtique fournissant.la 
vitesse du navire par rapport l'eau. Les courants marins n'alfaient-iis pas perturber 
le fonctionnement d'un filtre de Kalman dans leauel on traite des vitesses Dar raDDort 
au so1 ? L'ex~irience a montrh au'il nten 6ta:t rien, et que ltinfoi.matici~ de 
vitesse/mer est- au contraire tres profitable, du fait de la stabilitd des courants 
marins sur d'assez grandes Ctendues ocianiques. On ne peut pas. en dire autant de 
certaines autres references de vitesse telles aue le radar Do~oler. Trks valable i 
prcximitC du sol, dans l'a plicaticn aux hClicobt&res par exempie, le radar Do pler 
peut s1av8rer tres decevan? en altitude (aocrcchages sur couches nuageuses etcf. En 
d'autres te~mes.aaur une bonne centrale inertielle. mieux vaut l'aide d'une bonne .... ~ .-.-. -... --..... -.-.- ~ - - - -  ~~ 

source de vitesse. meme intermittente. ou erronie de f a G  stable. aue ceile d'une . . 
source continue mais bruitie "basses fr&quencesn. 

Parallelement i l'hybridation inertie/Transit mentionnee ci-dessus, et avec le msme 
programme en vue (ref6rence porte-avion~~),, la SAGEM a essay6 de mettre au point une 
hybridation inertie/OHEGA qui aurait pu etre un pas de plus, soit vers la performance, 
scit vers la redondance. I1 a fallu y renoncer compte tenu des caractiristiques 
frequentielles des erreurs de lqOMEGA, car on s'est trouvk, comme pour le VOR, avec 
"trop d'erreurs dans les basses fr8quencesn. 

Cela n'eplkve rien aux mirites de l'OHEGA, qui peut jouer le r61e de garde-fou, 
rapport a la navigation inertielle. Hais il n'y a pas entre les deux une reef?: 
synergic. Le couple est ma1 assorti. 





Naturellement, l'observation d'erreur de position inertielle une fois obtenue, on s'en 
sert dans le filtre de Kalman qui essaie de remonter aux erreurs de capteurs inertiels 
qui sont l'origine. Typiquement, les ordres de grandeur sont les suivants: 

- centrale inertielle de la classe 1 Nm/h ou mieux (l'observation serait impraticable 
avec une centrale npseudo-inertiellen) 

- prBcision d'une observation d'erreur de position : 50 ti 100 metres 

- eapacement souhaitable des observations: variable selon la mission mais ty iquement, P tous les quarts d'heure, avec dernikre observation peu avant 11arriv6e sur e but 

Li encore, oomme pour le multi-DUE et le Transit, et en pensant aux contre-exemples que 
constituent le VOR et  OMEGA, on peut rBp6ter que pour une bonne centrale inertielle, 
mieux vaut l'aide d'un bon point radio6leotrique intermittent que celle d'un moyen de 
radionavigation oontinu, mais bruit6 aux basses fr6quenoes. 

3- INERTIE/GPS : HYBRIDATIONS ET CLASSES DE PERFORMANCES 

3.1- Le systhme GPS 

Le GPS (Global Positioning System) est p nouveau systeme universe1 de positionnement 
par satellites. Etudie depuis 1913 a l'initiative te 1'US Air Force, 11 est 
actuellement dans sa phase de "montBe en puissance au plan 06rationnel. La 
constellation ootnplete de satellites devrait Btre disponible ve,rs la rfn de 1989, mais 
les satellites dejB disponi,bles permettent la localisation de recepteurs varies avec la 
prBcision nominale, sous reserve de bien choisir le lieu et l'heure de fonotionnement. 
C'est ce aui a 6tB fait dans les essais de couolaae inertie/CPS dont il est rendu ~ ~ . - 
compte ci-ZpGes. 

Le GPS permet un positionnement en 4 dimensions: latitude longitude, altitude st temps 
(heure), pourvu que les &missions de quatre satellites solent capt&es par le ricepteur 
ce qui suppose la visibilit6 directe de, oes quatre satellites. La constellption de 18 
satellites (plus trois satellite8,de ,reserve, permettant de remplacer d Bventuels 
satellites dkfaillants) permet precisement cette visibilit6 directe en tout point du 
globe et P tout,instant, sauf quelques "troue" spatio-temporels, notamment sur des 
zones mediterraneennes (une ou deux fois 30 minutes par jour, sur des zones de quelques 
centaines de kilom8tres). 

La oosition du r6ceoteur se dhduit de la mesure de distance aux quatre satellites 
visibles (temps de propagation des ondes) combinBe B la connaissanoi de la position 
instantanee des quatre satellites (situds i 20 118 km d'altitude et d6orivant leur 
orbite en un demiJour sid&ral, soit 1 1  h 57 minutes, donc B une vitesse de l'ordre de 
3000 m/s). La precision ultime de la position obtenue depend rincipalement de la 
disposition g6omCtrique relative des satellites et du r8cepteur. !a precision pratique 
denend surtout de la nature de 1'8mission aue oeut recevoir l'utilisateur. ouisau'il a 7.s. . . . , -  ~~ ..-- -~ -- ~~~~ ~ - - ~. . , . 
ete prevu deux catBgories de  service:^ 

- le service "ordinaire" (SPS = standard ositioning system, ou C/A = "clear 
acquisition' ou 'coarse acquisitionv), accessibye B tous, et assurant une pr6cision de 
100 m i 95 1 en deux dimensions (plan horizontal) et 180 m en 3 dimensions 

- le service 'de prBcisionnn (PPS = precision positioning system, ou "code P"), 
accessible avec "mot de passe seulement, et assurant une pr6cision de 18 m i 95 1 en 
deux dimensions, et 33 m en trois dimensions 

Le GPS est aussi en mesurq de fournir, outre la position et l'heure, la vitesse du 
vehicule, par mesure de 1 effet doppler sur les ondes regues. Peu d'informations 
oratiaues sont encore disoonibles sur le soectre d'erreurs de cette information de 
iitesie mais il est proba6le qu'il se situe principalement dans les hautes frBquences, 
donc quiil est compl&mentaire de oelui des centrales inertielles. 

3.2- IntCrSt d'un couplage inertie/GPS, et vari6t.B des combinaisons Dossibles 

Voir tableau 3 (variBt6 des oombinaisons) et tableau 4 (applications envisageables) 



3 . 2 . 1 -  L'intdr8t d'un couplage inertie/GPS resulte de la bonne complCmentarit6 des deux 
capteurs. En effet: 

- la centrale inertielle est autonome, discrete, imbrouillable, de fonctio~nement 
ininterrompu; les informations fournies, outre l'attitude et le oap/route extremement 
prbcis, sont une vitesse/sol tres stable et, "en primen, la position geographique; les 
erreurs sur ces informations SOnt i variation trks lente; le modkle de ces variatfons 
lentes est bien connu et robuste. 

- le GPS fournit une position geographique 3D trks prkoise; le "bruit" sur cette 
information est i haute frhquence; on'pense qu'il en est de mtme pour l'information de 
vitesse; m8me si son fonctionnement peut ttre su'et "Cclipses", elles sont de courte 
durCe aux yeux d'une centrale inertielle; le C ~ S  est Cgalement disoret (le vChicule 
porteur n'a pas i Qmettre) et en ce sens "autonome" bien que dependant d'un segment 
spatial et terrestre conshquents; il est rQsistLnt au brouillage, quoique non 
entierement "imbrouillable". 

L'hybridation inertie/GPS, par lep techniques de filtrage statistique (Kalman), 
conjugue les avantages des deux systemes et oomvense leurs inoonvenients. On obtient un 
systime tres precis; en position comme en vitesBe autonome au sans fort(capab1e de se 
passer au besoin du segment spatial et terrestre), fonctionnant sans interruption, et 
imbrouillable. Grgce i la centrale inertielle, le rCcepteur,GPS devient moins sensible 
au brouillage, une fois l'"aocrochagen obtenu. La presence des deux capteurs 
oomplCrnentaires permet non seulement de fournir des informations de meilleure qualit&, 
mais Bgalement les indices de qualit6 rCalistes associ6s (l'utilisateur sait mieux ce 
que vaut l'information qu'on lui fournit). 

Pour obtenir le cumul des avantaaes de la navination inertielle et la neutralisation de 
~ ~ -- ~..-. ~ -~ 

leurs inconv6nients (et non -llinverse...); il faut cependant proceder a une 
"hybridation" avisQe. Notre experience de coupla es inertiels avec une grande diversiti 
d'aides radio-Clectrioues. dont en dernier lieu ?e GPS. montre ou'une tnlle hvhridatlnn 

~ - -  . ~ - - ~ ~ - -  - ~~ . .--. ... . . --- --  
doit avoir les caract6ristiques suivantes: 

- il s'agit d'un Qchange bi-directionnel inertie-GPS 

- chaque capteur preserve sa capacit6 de fonctionner en mode indhpendant ("inertie 
pure" "GPS purw), si bien qu'on peut i,tout instant revenir, en "mode seooursn du mode 
"hybride" vers l'un ou l'autre mode independant 

- m8me en mode "hybride", on Cvite la confusion deS rsles, et chaque oapteur n'utilise 
son partenaire que pour ses bons cBtCs; ainsi, par exemple: 

la navigation a l'estime, avec son caractere incrQmental et ininterrornpu, est 
assurQe dans la centrale inertielle dont c'est la fonction naturelle 

@ le positionnement precis est la fonction naturelle du GPS, mgme s'il ne peut itre 
fourni que de facon discontinue 

la centrale inertielle ne prend, des informations que lui envoie le GPS, que 
celles qui.lui sont indispensables pour assurer la navigation B long terme; elle 
apelique a oes informations des critires de validitC/acceptation qui la 
preservent au maximum d'une possible "pollutionn 

le GPS ne prend, des informations que lui envoie la centrale inertielle, que 
celles qui lui sont indispensables pour mieux assurer un fonctionnement autonone 
en poursuite des satellites; il ne "ressert" pas i la centrale inertielle des 
informations que cette dernikre a largement contribue a calculer (risque 
d'"autosuggestion") . 

Les principes definis ci-dessus, et qu'on peut resumer en parlant de "couplage 1Poheu 
entre inertie et GPS (par opposition un "couplage serre" dans lequel on "met les 
oeufs dans le meme panier"), sont sous-entendus dans la suite de cet article, chaque 
fois que l'on parle dq"hybridation inertie/GPSn. 

3.2 .2 -  On a difini, dans la section 1,  trois grandes classes de oentrales inertielles, 
se subdivisant en variantes "classiques" (i oardans) et "strap down' (i gyros-laser). 
Concernant le GPS, deux classes de prCcision seront disponibles, la "oourante" (code 
C/A, typiquement 100 metres a 95 1) et la "hauten (code P, typiquement 20  metres B 
9 5  %). Concernant les rkcepteurs, trois variantes sont possibles: monocanal, bi-canal, 
cinq oanaux. La difference rCside dans la capacite ou non d'obtenir un point radio 
autonome (cas du cinq canaux, mais non des mono et bi-canal dks que la vitesse du 
porteur est significative), et dans la capacit6 A survivre B des pannes (cas du 
bi-canal et du cinq canaux, mais non du monocanal). En combinant tous ces cas de 
figure, on arriverait i un nombre de variantes respectable, dont nous n'aborderons que 
les plus representatives, les autres pouvant se traiter par interpolation ou 
extrapolation. 



3.3- Inertie hautes performances/GPS 'code P cinq canaux 

C'est la configuraticp &,la fois la plus performante, la plus coQteuse, et ... la plus 
simple B analyaer et a realiser. 

Le GPS, typiquement toutes les secondes, fournit B la centrale inertielle les 
coordonnCes g6ographiques et l'altitude avec une pr6cision absolue d.e 20 m B 2 si ma. 
Notons que pour un porteur su ersonique qui se deplace par exemple a 500 m/s, 11 faut 
une datation B au moins 10/5lf0 = 0,02 seconde prks si on veut tirer tout le ,parti de 
oette pr6cision. La vitesse/gol. (dans le plan norizontal et vertical) est egalement 
disponible, avec une r6currence de 1 seconde, par mesure de l'effet Doppler sur les 
Bmissions GPS recues. C'est une situation de tout confort... ~ o u r  la centrale ~~. ~~ 

inertielle, qui utilise comme suit les informations regues du GPS: 

- dans le olan horizontal. l'observation de position (et Cventuellement de vitesse) est 
utiliiCi mais avec une rzcurrence nettement plus longue que ce que fournit le GPS: 
plusieurs seccndes, typiquement (mais un prC-filtrage simple des informations GPS, avec 
critkres d'acceptation/rejet, permet un "lissage d'entr6eU). Elle entry comme 
observation, avec une variance de 'bruit d'observatlon' de l'ordre de (20 m) , dans 
un filtre de Kalman trks classique, oh Oependant les termes de covariances d'erreurs 
doivent Btre calcul6s avec des rCsoluticns compatibles avec la qualit6 "d6camCtrique" 
recherchke (qt pour les erreurs de vitesses, 11 s'agit de centimktres par seconde ... ) 
- dans le plan vertical, l'observation d'altitude entre dans une bo-ucle d'hybridation 
comparable h celle d'un couplage "inertie/baro-altim&tree mais la encore avec une 
rCsolution nettement accrue. Notons que l'altitude hybride inertie/GPs ne se substitue 

a l'altitude inertie/baro, et que les deux devront coexister, tant que 
?:?nertie/baro servira au maintien des ~Cparations verticales en aCronautique civile. 
Par coptre, les altitudes inertie/GPS, $t inertie/baro pourront Btre 6ventuellement 
comparees.. . pour les besoins de la meteorologic, et l'une ou l'autre indiffbremment 
pourraient stre utilisees si on voulait faire des o?servations par... corrClation 
d'altitudes ("terrain contour matching"), chose superfetatoire ici, sauf s'il s'agit 
dt6ventuels releves topographiques I 

Nous n'avons gas 01-dessus pr6cis6 quelle variante de centrale inertielle hautes 
erformances ( classique" ou "strap down") devait etre couplee au GPS 5 canaux code P. 
fa centrale "classiquen est sans conteste la solution la plus rationnelle aujourd'hui. 
Nous avons dit plus haut que le potentiel du filtre de Kalman, dans cette 
configuration, Ctait d'evaluer des erreurs de vitesse inertielle se chiffrant en 
centimktres par seconde, et nous avons vu dans la partie introduc,tive consacree aux 
centrales inertielles que des "bruits de vitesse" aussi faibles n'etaient aujourd'hui 
atteints qu'avec les meilleures centrales B plates-formes (gyroscopes B sus ension 
dynamique, ou i suspension Clectrique). Hais rien n'interdit de proc6der au coup?a#e du 
GPS 5 canaux code P avec une centrale "strap down", qui tirera des nobservations GPS 
un moins bon parti que la centrale classique, sans plus. En d'autres termes, la 
centrale 'strap down" ne sera pas tout & fait "h la hauteurn du GPS mais en tirera 
d'autant plus profit. 

3.4- Inertie hautes performances/GPS code P mono ou bi-canal 

Par rapport au cas prbcCdent, la performance est ratiquement inchanghe, mais le cott 
du rbceoteur GPS devrait se trouver r6duit. Le rtcepteur "s'appuie" davantage sur la 

~ - - - r ~ ~  

centrale inertielle dans lea phases de grande dynamique (virages, montbes/descentes, 
masqua e de satellites) pour proceder son 'point radionavigation". Le GPS et la 
centrase inertielle travaillant ici en Ctroite svmbiose. et le r6cepteur GPS ne .-.-- ~ - ~- 

reprCsentant par rapport B la centrale inerti>lle qu'un accroissement mod6re 
d'Clectroniqu8 e; de logiciel, la tentation est grande d'intCgrer physiquement inertie 
et GPS dans le meme boitier (voir plus loin). 

3.5- Inertie moyennes performances/GPS code C/A 

I1 a parallClisme resque parfait avec les configurations quj; ont 6tC consid6rBes 
ci-Jessus en 3.1. et f .2.  Les performances "descendent d'un cran pour l'un et l'aUtPe 
senseur (inertie et GPS), mais 116quilibre ,et la syncrg>e subsistent, au niveau de 
pr6cision "hectomCtriqueU et non lus "d6cametriquen. Cote inertiel, la variante strap 
down B gyrolaser existe be1 et lien, et n'est plus introduite simplement de fason 
acad6mique: elle peut tirer lein parti des informations GPS, et ?a qualit6 de 
vitesse/sol s'en trouvera amCfiorCe au point de devenir comparable a celle d'une 
centrale classique B cardans. 

Comme dit tlus haut 6 alement, la tendance est manifeste d' integrer physiquement le 
r6cepteur PS mono ou ticanal dans la centrale inertielle, alors que le recepteur cinq 
canaux est pr6cisCment fait pour fonctionner de fagon autonome. 

C'est avec la configuration inertie moyennes performances!GPS code P et C/A bi-canal 
ue nous avons recueilli l'essentiel de nos resultats experimentaux, et nous renvoyons lone B la suite de ltarticle pour plus de ddtails. 



"Pseudo-inertien/GPS code C/A 

C'est la configuration qui permet de maintenir en vie le concept mOme de 
"pseudo-inertie" par utilisation de l'argument periodi uement repris: "pourquoi 
utiliser des centrales inertielles "chbres". ouisaue le GPS ?ou. or6c6demment: le radar . . 
Doppler, llOMEGA) permet de lea r6aliser moinb peiformantes in. 

Ceci renvoie un debat "performances/coQts" dont les grandes li nes ont 6tB traches 
dans un autre symposium AGARD (voir AGARD Conference Proceedings 8 3  360). Pour ce qui 
eat des aspects plus specifiquement OPS, on peut noter ce qui suit: 

- une solution "pseudo-inertie/GPSn ne peut se substituer i une solution comportant une 
"vraie centrale inertielle" que si elle assure la continuit6 de performances qu'a porte 
cette derniere (pas de hiatus, tout au plus une degradation lent&). Cela ne sembye pas 
totalement impossible mais la question reste ouverte pour certaines zones du globe 
(MCditerranee entre autres) oh la couverture GPS est Bvanescente pendant 30 minutes a 1 
heure chaque jour. 

- la qualitk de vitesse sol que doit pouvoir assurer l'hybridation par le GPS semble, 
par ailleurs, bien meilleure que ce que pouvaient apporter ltOMEGA, ou mtme le Doppler 
(cas d'anomalies provoquees par accrochage du faisceau sur couches nuageuses ou sur 
l'eau). Cela plaide aussi en faveur de "pseudo-inertie/GPS1'. 

- mais si on,a fait les deux pas prCc6dents qui consistent a s'en remettre au GPS pour 
la continuite et la qualit6 de vitesse/sol, il faut alors pour apporter un avantage 
net au olan 6conomiaue. Dasser aux extrtmes. et rbduire la h~seudo-centrale inertielle" 
B un blbc gyrom6tri~ue'3Laxes, peut-ttre mOme sans acc61Qrom8tres. 

On se reportera aussi au I 1.0 de cet article, pour j;ger de ce que le GPS peut 
apporter comme am6liorations une "r6fCrence cinematique de bord. Et on constatera 
que si la solution "pseudo-inertie/GPSt' couvre la resque totalit6 des besoins (en 
supposant une reelle continuit6 des "prestationeW GPS?, il reste encore des parametres 
i obtenir (comment 7 )  tels que cap route suivie et angle de derive. C'est pourquoi il 
nous semble que la solution "pseudo-inertie/~~~" reste malgr6 tout fragile, face aux 
besoins systkme, faisant peser sur les epaules du GPS beaucoup de responsabilitCs 
(continuit&, qualite de vitesse) et ne fournissant pas 11intCgralit6 des parametres 
qu'on est habitue a tirer d'une centrale inertielle au sens plein du terme. 

4- COUPLAGE INERTIE/GPS : RESULTATS EXPERIMENTAUX 

4.1- Historique A la SAGEM 

Le premier programme aeronautique franpais dans lequel le GPS ait 6th prCvu est 
l'avion de Datrouille maritime ATL 2 (Atlantiaue 2eme nen6ration). en cours de 
diveloppemen6, et dont les premiers avioni de s&r<e seernt mls en servibe en 1989. Ces 
avions sont BquipCs basiquement de deux centrales inertielles i cardans ULISS 53, dont 
le format mCcaniaue corresoond sensiblement au standard "F3" (oentrales inertielles ~ ~ - ~ - ~ - ~ ~  ~~~ ~ ~~~ - --..--- 
~ o u r  avions d'armes). et =dent i e s  Derformances sont meiileures aue le *I ~ m / h "  
classique, sans toutefois atteindre les 0,2 ou 0,3 Nm/h que la SAGEM peut proposer avec 
sa ligne de centrales de haute precision ULISS 60. 

L'utilite d'un recours au GPS reside prCcis6rnent ici dans le fait qu'on essaie de se 
contenter de centrales inertielles "standard". en se menageant la oossibilit& de les 
"aidern par le GPS, surtout dans le cas des missions de pl5s longue'duree; En dtautree 
termes, les centrales inertielles sont le moyen basique de navigation, mais le GPS leur 
orocure un ootentiel d'accroissement de oerformances au'on se reserve d'utiliser ou non ~-~~ ~ ~~~ -~~ 

belon le cab (et selon la disponibiiite h u ~  code P, q u i  niist pas garantie i 100 % ... j ;  

Cette approche a 6t6 d6finie en 1983, date 1 laquelle un march6 d'ktudes de sensibilit6 
erformances d'un filtrage inertie/GPS pour ATL 2 fut confie la SAGEM par le 

EkT:e(fervice Technique des TQlCcommunications et de 1'Electronique de la Direction des 
C o n s t r u c t i o n s , A 6 r o n a u t i q u e s  militaires). I1 s'agissait dans un premier temps d'une 
etude de modelisation des erreurs GPS et inertielles, et de leur traitement par 
filtrage de Kalman. Dans un second temps, le choix d'un recepteur Magnavox, et 
l'enregistrement en vol de ses mesures, devait permettre de valider les hypotheses 
initialement retenues concernant les erreurs du GPS, et eventuellement de les ajuster. 
Ensuite, on passait aux essais en vol et ajustements du filtre de Kalman qui, execut6 
par le calculateur de la centrale inertielle, devait permettre a cette derniere d'avoir 
de meilleures performances en "inertie pure" cons6cutive i une periode de filtrage 
inertie/GPS de duree a determiner (voir plus loin 1 4.3). Enfin, les rCglages Btant 
optimisBs, une Bvaluation "statistique" en vol devait intervenir sous la supervision 
des Services Officiels clients. Tout ce programme s'est deroule selon 1'Ccheancier de 
la figure 5, et B la date de publication de cet article, lea essais finals d'evaluation 
en sont leurs debuts. On notera qu'un dcheancier plus serre aurait 6tC difficile, 
dans la mesure oh une constellation utilisable de sa,te,llites (4 satellites au moins 
visibles pendant des durees suPfisantes) n'aurait pas ete disponible de toute fagon. 



4.2- Pro~ri6tBs des signaux GPS observes en reception 

Le r6cepteur GPS utilis6 Btait un bi-canal, en mode P ou C/A (les deux Btant 
accessibles avec la performance nominale du code P, en cette piriode de romotion du 
GPS). Des observations effectuees en solo. ouis en mode couol& inertie/G$s. on a ou 
tirer les consCquences suivantes (voir figure 6): 

- le signal de vitesse/sol fourni par le reoepteur GPS Btait trop "irr6guliern pour 
pouvoir Etre exploit6 au naturel. D'ailleurs, l'objet princi a1 de notre filtra e 
nertie/GPS est bien dtobtenir une vitesse/sol de haute auafite. tirant oarti i u  ~ ~ -~ ~ .~~ -~~ r~~ - -  

caractere iris oeu~bruith~ de la vitesse inertielie. et d e  la haute -GCcision de ii 
osition GPS. Pourtant, lorsqu'on est en vol relativeient stabilis6, la'pr80ision de la 

+so1 fournie par le GPS n'es! pas sans attraits: 0,3 B 0 5 m/s typiquement. Mais 
les erreurs oeuvent atteindre 2 a 5 m/s en cours d'evolutfons. et ceci de facon 
prolong6e, sahs compter la possibilitC d*n6clipses'. t'utilisatioi de la vitesse CPS 
reste donc encore pour nous un sujet a explorer. 

- l'information "position" fournie par le GPS se caractCrise par trois modes principaux 
d'erreurs: 

des erreurs en forme de "bruit blancn, tout au moins en comparaison de celles 
d'une centrale inertielle. C'est i dire avec un niveau suffisamment faible (valeur 
typique de l'ordre de 10 mhtres) et un temps de corrClation suffisamment bref 
(moins de 60 secondes) pour que la complementaritb soit tres rande avec la 
centrale inertielle (erreurs de valeur typique de plusieurs centafnes de metres, 
temps de corrClation de plusieurs dizaines de minutes) 

des erreurs en forme dtCchelons, principalement dues H une "commutationu sur les 
satellites sClectionn6s pour faire le point. Ordre de grandeur: 10 B 50 mitres. Ce 
henomine, non lineaire par nature, est extr6mement genant pour le filtre, qu'il 
Rinduit en erreurn. I1 necessite la mise en place d'un test de rejet de 
l'observation en entree du filtre, si de tels "sauts" se produisent. Le filtra e 
est ainsi interrompu automatiquement lorsque le saut depasse un certain seuil, fe 
tem s d'estimer la variation du biais de position CPS. Cette estimation est 
r~ayisable en exploitant la bonne complCmentarit6 de l'inertie et du GPS. 

des erreurs en forme de "rampes" de position, principalement dues H 1'8volution de 
la configuration gOom6trique des satellites et du GDOP correspondant. Ce sont les 
erreurs les plus &antes, car traduites en termes d'erreur de vitesse, elles 
peuvent devenir comparables aux erreurs correspondantes d'une centrale inertielle, 
et "6voyer" le filtre de Kalman. Heureusement, leurs ordres de grandeur semblent 
tolerables (moins de 0,l m/s habituellement) tant qu'on fonctionne avec des GDOP 
infCrieurs H 10. Mais le danger exiate pourtant, et il faut Bgalement mettre en 
oeuvre des tests de rejet en entree de la centrale inertielle, suffisamment 
sCv&res pour rkduire au maximum les risques de "pollution". 

D'ailleurs, le rCcepteur CPS lui-m8me fournit, en m8me temps que l'information 
quantitative de position, des signaux qualitatifs de fonctionnement u'il faut savoir 
utiliser i bon escient. Dans notre cas precis (voir figure 71, il slag(issait de: 

- la Figure de Mbrite (FOM) qui fournit non seulement un indice de qualit6 de la 
position GPS sous la forme d'un chiffre de 1 i 9 (chacun correspondant H une 
fourchette d'erreur de position), mais 6 alement des bits d'etat de la reception GPS, 
et des bits de panne et de dbgradatqon prhvisible de la pqsition (due la 
constellation, H un satellite dbfectueux, H une trop forte correlation inertie/GPS 
etc) 

- 1'Erreur de Position EstimCe (EPE) qui est une combinaison des covariances de 
position du filtre GPS et de 1'UERE (User Equivalent Range Error) 

- les covariances d'erreurs de position brutes 

- les rapports signaux/bruit des canaux de reception 
La "philosophie" appliquee est qy'il vaut .mieux filtrer lorsque le GPS a des 
performances nominales (la qualite de la vitesse/sol obtenue dans ce oas est 
excellente: quelques cm/s), et interrompre le filtrage dis que la precision du GPS se 
degrade, ne serait-ce que de 20 m. Pour cela, compenser les sauts de biais GPS lorsque 
c'est possible, et-reprendre le filtrage des que possible apres cette compensation, 
dans tous les cas ou le GPS retrouve ses performances nominales. 

Etant donne la cadence ra ide avec laquelle les informations GPS Sont fournie~, leS 
indicateurs de qualitb G ~ S  ont Ct6 utilisbs de fappn H effectuer une sorte de 
pr8-filtrage inertielGPS H haute frhquence (par ra port-a l~utilisation moins frequente 
qu'en fait le filtre de Kalman) pour detecter le pyus tot possible une degradation mame 
minime, et Bviter ainsi une pollution du filtre. 



Outre la v6rification de l'int6gritC/validitC du capteur GPS, on distingue deux grandes 
catCgcries dans les tests effectu6s: 

- ceux qui concernent le GPS: d6tection de sauts, rampes etc 
- ceux qui sont intrinsiques au filtrage de Kalman: test de vraisemblance de 
l'observation en entr6e du filtre, qui dolt Dtre sensiblement un bruit blanc moyenne 
nulle (test a 3 sigma) 

Cuest la premiere s6rie de tests qui a .kt6 la plus d6licate a r6aliser, la 
constellation de satellites n16tant as encore cp6raticnnelle et stabilis6e, et les 
donnees sur le compcrtement du ~ P S  (phCnomines transitoires en des endroits 
suffisamment varies) n'htant donc pas trbs abcndantes. Pourtant, 1'6tude a montr6 
u'une fois bien r6 16s, les tests permettent un fonctionnement correct et cohirent du 
Piltre inertie/GPS face a ces phCnombnes transitoires. 

4.3- D6veloppement du filtre de Kalman inertie/GPS 

Depuis la fin des annees 1960, la SAGEM a d6veloppd une Camille de filtres de Kalman, 
et en particulier des filtres "inertie/observations de positionn. Le filtre inertie/GPS 
dent 11 est question ici est une variante de oes derniers, caract6ris6e par les 
particularit6s suivantes: 

- plus haute r6solution des positions, vitesses, et autres paramitres du filtre, Btant 
donn6 la pricision demandbe (dCcam6trique) 

- problemas de datation/synchronisation entre inertie et GPS, a scigner 
particuliirement pour la meme raison 

- algcrithmes de factorisation de la matrice de covariance, assurant une meilleure 
stabilite et pr6cision du filtre 

La mise au point de ce filtre a commenc6 par une hase en centre de calcul a partir 
d'une simulation de navigation hybride inertie/G~t. Ce simulateur est un programme 
statistique de type Monte-Carlo, developp6 par SAGEM et comprenant: 

- un gCn6rateur de trajectoire Claborant les grandeurs de r6f6rence 
- un mcdile de centrale inertielle aussi complet que possible du point de vue des 
erreurs de ccmpcsants et systime 

- un simulateur simplifi6 de la constellation GPS et du r6cepteur (calcul du point 
GPS), ohacun de ces segments 6tant entach6 d'erreurs 

- un modble de navigation hybride cptimale 

Ce simulateur a yermis d'effectuer une 6tude de sensibilit6 du filtre i certaines 
ccmposantes de 1 erreur de position du GPS, ainsi qu'une ktude de performances 
(simulations statistiques pu type Monte-Carlo). Dans ce dernier cas, la partie 
trajectoire des scenarios etait identique (dynamique du porteur), et la difference 

araissait au niveau de 1'~nphainement des pCriodes de dispcnibilit6, du GPS 
?fqhvoothise de la discontinuite etant oosee au deoartl. On a ainsi voulu determiner 
des Gramitres tels que: 

- la dur6e minimale de filtrage pour obtenir la performance de vitesse spCcifi&e 
- l'influence sur les performances de la rCpartition des p6ricdes de filtrage au ccurs 
de la mission 

- le profil de la degradation au cours du temps des performances apris disparition du 
GPS 

A la fin de la mise au point du filtre en laboratoire, 1'6tude de performances a 
conduit aux conclusions suivantes (voir figure 8): 

- avec un r6cepteur GPS code P le filtrage inertie/GPS permet d'atteindre rapidement 
la qualit6 de vitesse/sol spkcifiie en quelques minutes, meme apris una longue 
naviPation en inertie oure: mais la nm6moire" de cette bcnne oualite de vitesse est 
perdue aussi rapidement- qu'elle est acquise, si on revient trop'rapidement en inertie 
pure 



- pour obtenir plus durablement et au bon moment la prCcision de vitesse/sol sp&cifi&e, 
le mieux est de proc6der i un filtrage d'une durCe de l'ordre de 40 minutes juste 
avant la phase tactique effectube en inertie pure 

- un filtrage intervenant en debut de mission p'apporte que peu d'amClioration en 
qualit6 de vitesse 1'amClioration commence a devenir sensible si le filtrage 
intervient apres une traction significative de perlode de Schuler (par exemple 1 heure, 
la pCriode de Schule? valant 84 minutes); le filtrage apporte l'am6lioration la plus 
durable s'il peut s'etendre sur plus de deux pCriodes de Schuler (la centrale qui passe 
alors en inertie Dure est oresaue aussi ~r6cise aue si elle avait termin6 deDuis Deu 
son alignement au $01) 

A~res cette phase de simulation, on est pass6 i 1'6criture (en assembleur) et i la 
validation sur banc, du logiciel embarque de filtrage de Kalman inertie/GPS. Le 
calculateur hate, bien que de puissance relativement modeste (350 kops), n'a vu sa 
charge de calcul auamenter oue de 10 11 environ. Le volume additionnel de mCmoire 
reprzsente moins de 4- kmots di 16 bits. 

4.4- RBsultats d'essais en vol inertie/GPS 

4.4.1- Conditions d'essais 

Commenc6s en octobre 1985, i bord d'une Caravelle du Centre dtEssais en Yo1 de 
BRETIGNY, les essais en vol ont connu trois phases distinctes: 

Premiere phase: Evaluation du recepteur GPS Magnavox bi-canal, mis i dispos,ltion par 
les services officiels fin aont 1985 le recepteur est utilise de facon 
autonome, pour enre istrement au soi et en vol des signaux permettant 
de valider et doafffner le modble dVerreur,GPS pris en oompte dans le 
filtre, et les reglages qui en sont la consequence 

Deuxieme phase: Mise au point en vol des r6glages du filtre et surtout, des tests 
dlacceptation/rejet des informations GPS; v~ri~ication des performances 
predites par les simulations, sur certains scenarios caractCristiques 

Troisi&me phase: Le filtre Ctant rCgle de facon optimale suite aux essais prkc&dents, 
Bvaluation des performances par les Services Officiels francais 

L'installation d'essais en vol, conforme au schema de la figure 9 ,  comportait: 

- un systbme inertiel de navigation ULISS 46 de SAGEM, de la classe 1 Nm/h, mis en 
oeuvre par son Poste de Commande et de Navigation (PCN), et reli6 i une centrale 
a6rodynamique Crouzet 

- un r6cepteur/processeur GPS bi-canal Magnavox (RPU-2) connect6 i une antenne i 
dia ramme de rCoeption fixe, et mis en oeuvre par son Poste de Commande et de 
~avfgation. Ltassistance technique Ctant assurbe par la ~ ~ ~ i e t e  TRT. 

Centrale inertielle et r6ce~teur/~rocesseur GPS s'bchanaent des informations Dar deux 

- -  ~ . - ~ ~  -~ - ~ - ~  ~~~~~ 

seu1;ment; la vitesse/sol, qui est obtenue par hybridation de 'la position TRIDENT et de 
la navi ation inertielle de rCfCrence fournie par une autre centrale SAOEM, 
~'ULISS-~s-R, qui fait partie de l'installation avion. 

4.4.2- Scenarios de vols d'essais 

Au 10 Juin 1986, 14 vols ont 6th recensCs, appartenadt i deux types principaux. 

Type : couplage inertie/GPS durant tout le vol 

I1 s'agit de la moiti6 des vols, generslement les plus courts ( 2  h i 3 h 30). Au retour 
parking, on commute la centrale inertielle sur le mode "inertie pure", et on observe 
1'Bvolution des erreurs de vitesse au point fixe. 

Type : couplage inertie/GPS intermittent en vol 

Dans ces vols qui tentent de reproduire les scenarios d16tude, on fait intervenir !e 
cou lage i un instant donne et pour une dur6e donnCe. Le passage en inertie.pure, a res 

au point fixe, comme precedemment. 
e filerage inertie/CPS, se Pait donc g6n6ralement en vol, et se prolonge apres le re our 



On est donc amen6 i reprCsenter les r6sultats de ces essais en vol obtenus en position 
et en vitesse sous forme de "portraits-robot", prCsent6s sur la figure 10 et ,oot6s de 
valeurs typiques d6terminCes'd'apr&s les derniers essais en vol et consid6rees comme 
repr6sentatives des performances que l'on peut attendre d'un tel couplage. 

4.4.4.- R6sultats et commentaires 

Ces r6sultats appellent les oommentaires suivants : 

- de fa on generale, les essais en vol ont pe.rmis de verifier les performances obtenues 
en simulation ce qui montre la qualit6 des simulations et la confiance que l'on peut 
leur accorder 

- en mode survie, apris 1 h 30, les performances en position (O,2Nm) et en vitesse 
(0,25 m/s) montrent l'efficacite du filtrage par la bonne estimation des erreurs 
inertielles en vol : les Derformances ainsi obtenues sont au moins aussi bonnes 
qu'apres un alignement au soi. En y ajoutant la pCriode de navigation au sol en inertie 
pure, ce qui Bquivaut i 3 h de survie, les performances en position (0.4 Nm) et en 
vitesse 10.35 m/s) sont tout aussi remarauables comoar6es aux valeurs oorresoondantes 
en hertie'-pure '(2,8 Nm en position ;'0,7 m/s ei vitesse) ce qui represente une 
amClioration d'un facteur 2 en vitesse et 7 en position 

- l'effet b6nCfique du filtrage inertie/GPS se prolonge bien apres la disparition du 
GPS mais on peut souligner tout particuliirement la qualit6 des performances dans leS 
premieres micutes de survie : moins de 100 m et 0,l m/s apres 5 mn de survie ; 180 m et 
0,15 m/s apres 10 mn 

- enfin. les essais en vol ont montrC l'excellente aualite de la oosition GPS moven 
etlong'terme mais aussi son instabilite toute relatiie B court ter'me.,Sur ce point,-la 
position hybride inertie/GPS ameliore la position GPS, non pas par reduction du biais 
de l'erreur de oosition GPS mais. i court terme. oar filtrace des sauts et ramoes de ~~~ ~ -~ - 

haute 'frCauence du cFs-611 passe-de 10-i5 m B 2 m.'bruit 
iCsiduel sur la position hybride) 

5- INERTIE/GPS : PROGRAMMES A VENIR ET PERSPECTIVES 

5.1- Programme ATL 2 (Atlantique 2ime gCn6ration) 

Au-deli de la phase exp6rimentale dont les rCsultats ont 6tC donn6s ci-dessus, il est 
prCvu pour la version opCrationnelle qui entrera en service fin 1989 une configuration 
de systime de navigation comportant: 

- deux centrales inertielles ULISS 53, connectCes au systime d'armes par bus numerique 
"Digibusn B 1 Mbit/s 

- un recepteur GPS bicanal, format 3/8 ATR, "dialoguant" avec les deux centrales 
inertielles par bus ARINC i 10 kBits/s (ARINC 575/429) fourni par la sociCt6 TAT 

- filtre de Kalman inertie/GPS ex6cutC dans les deux centrales inertielles 
I1 faut noter que l'ensemble d'une oentrale inertielle et du r6cepteur GPS (m6me 
"partag6" entre les deux centrales) est consider6 comme une "entit6 navigation" 
fournissant un point et une vitesse optimaux au "monde ext6rieurn, et qu'au sein de 
cette, entit6, la sCgr6 ation des fonctions est nette. Le GPS fournit un "point 
radioelectrique" lorsqu'fl le peut, et on ne lui demande en aucun cas d'assurer la 
continuit4 qui est le propre d'une navigation i l'estime. La centrale inertielle, pour 
sa part assure cette navigation i l'estime, et fournit en permanence une "navigation 
inertiefle puren non sujette B pollutions externes. En outre, elle fournit les 
r6sultats de l'hybridation inertie/GPS, et les indices de qualit6 de cette hybridation 
(1). Dans cette philosophie de fonctionnement, il est exclu par exemple que le 
~Ccepteur GPS puisse fournir une pseudo-information de position qui serait le resultat 
de l'observation de deux satellites seulement, compl&tee par les informations de 
oosition inertielle: l'ensemble risauerait alors de devenir diveraent oar 
"autosuggestion". 

- 
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I1 est probable que cette philosophie, bien adapt6e au cas des avions de patrouille, 
s'appliquera aussi aux futurs avions de transport ou de surveillance lointaine, quand 
le moment sera venu. 

( 1 )  L'hybridation est par ailleurs utilis6e comme moyen de calibration i long terme des 
biais de comoosants inertiels. et aide B la maintenance or6ventive. 

5 . 2 -  Inertie/GPS dans les avions d'armes futurs 

I1 n'est possible, i ce stade, de traiter de oe sujet que sous forme de consid6rations 
sur les architectures avioni ues souhaitables en fonction des missions de ces aironefs, 
et de leur aco&s ou non au &S code P. En tout &tat de cause, une centrale inertielle 
au minimum, qu'elle soit de moyenpe ou haute 6quipe tous les avions d'armes 
modernes. Dans oertains cas ou la f i a b i ! ~ f ~ i a ~ ~ ~ ~ a t i o n n e l l e  est vitale (haute 
probabilit6 de r6ussite d'une mission, g6n6ralement air/sol) la centrale inertielle 
est doubl6e. Le m0d.e secours, qui ne garantit pas 11ex60utfon de la mission, mais 
assure le retour a la base, est assume par l'horizon de planche de ??rd, et 
Bventuellement par un couple "gyroscope de vertica!e/gyrosoope direotionnel , qu'on 
~urait tendance dans les solutions modernes a remplacer une centrale 
pseudo-inertiellen parfois appel6e 'oentraletten. Quels peuvent 8f:E les, apports et 

les ohangements induits par l'apparition du GPS dans l'architecture ainsi decrite ? 

5 . 2 . 1 -  Inertie moyenne pr6cision + GPS = inertie haute prhcision 7 

C'est la "philosophie" dhorite ci-dessus pour ,;'ATL 2 .  Le problime essentiel, ioi, est 
que "le mieux ne devienne l'ennemi du bien , au cas ou l'inertie haute pr6oision 
synth6tiquen aipsi obtenue serait moins "robuste" que l'inertie de base. Ceci 

essentiellement a cause des dangers de pollution de la navigation hybride par des 
informations GPS marginales. I1 semble donc indispensable d'organiser le logiciel de 
telle sorte que le mode "inertie pure" soit tou ours pr6serv6, en parallile avec le 
mode inertie hybridee. 11 Vurra alors servir de 'tsecours'l, en cas de "pollution" 
reconnue a posteriori. Ce ype d'organisation logioielle, facile dans le cas d'une 
centrale inertielle i axes de cardan, demande davantgge d'effort dhs qu'il s'agit d'une 
centrale "strap down". Cela conduit en effet a dupliquer (tr&s partiellement, 
cependant) ltex6cution de certains logiciels rapides de la m6oanisation inertielle. 
Mais la sCcurit6 accrue ainsi obtenue compense largement la pCnalit6 encourue en charge 
de calcul. 

5 . 2 . 2 -  "Pseudo-inertie" + GPS = "inertie de secours" ? 

5 . 2 . 3 -  Combinaison des approches pr6cCdentes 

Dans un avian dot6 d'une, centrale lnertielle et d'une "centralette", il est 
naturellement possible de realiser l'hybridation de-r'une et de l'autre, ce qui rend 
disponibles, par ordre de performances d6croissantes: 

la performanoe maximale, par hybridation d'une centrale inertielle hautes 
performances et du GPS code P 

et en secours 

' la haute performance, soit en inertie pure, soit en inertie moyenne hybrid6e 
' la moyenne performance, soit en inertie pure, soit en "centralette' hybridbe 

la performance de type "pilotage", par la "centralette" non hybridhe 



5.3- Cas de lta6ronautiaue civile 

C'est ici qu'est apparu le premier "standard" regissant l'int6gration inertie-GPS, 
guisque la recommandation ARINC 738 offre la possibilit8 d'un Cquipement ADIRS (Air 
ata Inertial Reference Svstem) dans leauel une centrale inertielle movenne o~8cision B ~ ~~~ - 

avros-laser estca~able ~'~ccueillir le's fonctions 
Bien n'est dit cependant sur la solution B adopter "pour action": 

- soit il s'agit d'un r6cepteur GPS com let "d8portkn (probablement ii proximit6 de 
l'antenne), dialoguant avec le boitier ADIES par lignes bus numeriques. 
- soit il s'agit simplement de l'antenne et de son Blectronique immhdiatement associke, 
envoyant leurs signaux vers un jeu de cartes "r6cepteur GPSn implant6 dans le boitier 
ADIRS 

Tout ceci en est au stade de provisions de fonctions et d'espace, car le systbme GPS 
est encore loin d'gtre consider6 comme autre chose au'un "a~ooint" Bventuel Dar les 
compagnies akriennes et par l'organisation de 1'aviaticn"civile internat.ionale. 
Pourtant, c'est ce type d'equipement qui se rgte le mieux aux analyses preliminaires 
que l'on peut faire des aspects performances?coCts d'une association inertie/GPS (voir 
ci-aprbs). Concernant les redondances, trois bcitiers ADIRS sont pr6vua dans chaque 
avion, done trcis r6cepteurs CPS incorpor8s sont pcssibles, mais le nombre d'antennes 
et d'electroniques associ8es sera probablement plus limit&. 

5.4- Aspects performances/coCts 

Ce point a 6t6 abordd d'une manibre Cn6rale et param6trique dans un article aru dans 
les "AGARD Conference Proceedings $0. 360n, scus le titre "Analyse oomginatoire 
oerformances/coilts d'un svstbme autonome de navination Dour a6ronefs". Nous donnons ~ ~~~ ~ ~~~~~~~~~~- -~ ~~- -~ ~~ ~~~ 

ci-dessous QuelQues valeui%-num8riaues aui Dermettent d'ut'iliser l'article c i t d  Pour ie 
cas particuiier. du couplage inertie/GPS. . 

Deux cas de base s'offrent l'analyse: 

5.4.1- Systemes militaires 

On peut considCrer une configuration de d6part comportant: 

- une centrale inertielle correspondant plus ou moins au standard "F3" (3/4 ATR 
environ), quelles qu'en soient les performances 

- une "centralette' de la classe 5 B 10 Nm/h, dans un volume identique au pr8c6dent, cu 
bien sensiblement moiti8 

- un recepteur GPS bi-canal, implant8 dans un boitier 3/8  ATR 

L'article des AGARD Proceedings No 360 permet de situer la centrale inertielle et la 
"centralette' en rapport perfcrmances/volume/co~t. I1 suffit, pour compl6ter le 
tableau, de dire que le ooct d'un r6cepteur GPS tel que sp6cifi6 ci-dessus se situe a 
un niveau compris entre 20 $ et 50 Z du cctt d'une "centralette'. 

5.4.2- Systbmes civils 

La configuration de base est celle d'un ADIRS incluant la totalit6 des cartes 
Bleotroniques d'un r6cepteur GPS bi-canal code C/A (sauf cartes asocikes .i l'antenne). 
On Dense dans ces conditions aue l'adlonction de la fcnction CPS auamente de 15 % 
30 % le co5t de 1'ADIRS de base; sans G?S. 
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BACKGROUND 

 heo operator so fair craft over oceansand landmasses remote fromlargepopulationcentershave 
long had a requirement for a reliable, static free communications systemcapable Of supporting 
air traffic and company operational control. Prior to the launch of Sputnik 1 in October 1957, 
notechnologyexisted whichwas capable of fulfilling this requirement. Thepotential inherent 
in the practical realization of the ability to orbit artificial satellites was almost 
immediately seized upon by the aviation community. Pan American World Airways first relayed 
teletype and voice communications from an aircraft in flight on the VHP telemetry and command 
channels of the Syncom 3 satellite late in 1964. These tests were conducted using a freighter 
aircraft equipped with breadboard avionics and side-lookingwindow antennas andmodified nose 
radomes. More tests followed, once again at VRP, but this time using the NASA Application 
Technology Satellites Nos 1 (Pacific) and 3 (Atlantic). These tests showed such promise that 
the Airlines Electronics Engineering Committee (AEEC) prepared airline industry form, fit, 
and function standards for VHPsatellitecommunications systemavionics (ARINCCharacteristic 
566. published October 17, 1968) and Boeing equipped many production 8747 aircraft with the 
necessary antenna. A public demonstration of the prototype version of this system at the AEEC 
general session held in Miami Beach in May 1968 convinced many people that satellite 
communications for commercial aircraft were here to stay. 

In parallel with this practical work, theworld'saviationregulatory agency'scommunications 
specialists gathered under the auspices of the International Civil Aviation Organization 
(ICAO) to define the system standards deemed necessary to use satellite communications in 
international civil aviation. This effort began in1966 at the ICAOCom/OpsDivisionmeeting, 
following which an ICAO technical panel known as ASTRA (Application of Space Techniques 
Relating to Aviation) was formed. The items of reference of the ASTRA panel were: 

a) To identify these space techniques which could be applied to meet established and 
foreseen world-wide operational requirements for International Civil Aviation. 

b) TO identify these applications of space technologies which offer improvements in its 
Safety, regularity, and efficiency of international air operations more economically 
than can be realized by non-space techniques, and the dates by which the techniques 
concerned would be sufficiently developed for practical application, together with a 
statement of the related desired system characteristics. 

The Panel, which met for the first time in November 1968, at once became embroiled in 
controversy over system operational requirements, including navigation and surveillance 
capabilities for which, at that time, the airlines could identify no need. Subsequently, a 
greater controversy arose over the subject of its frequencies to be used for the aircraft-to- 
satellite and satellite-to-aircraft RF links. The airlines favored VHP, which their 
experiments had shown could provide reliable communications for a relatively modest 
investment in avionics, while the provider agencies favored L-band. In 1971, despite the 
abjectionsofthe airlines, the ICAOAir NavigationCommissionadopteda resolution indicating 
that1540-1660MHzwas the preferred band for aviation systemdevelopment.Whilenotstrict1ya 
recommendation of the ASTRA panel, being m r e  a statement of unsubstantiated opinion of a 
majority of Panel members, this resolution was subsequently adopted by the ICAO Council. 

It should be noted that around this same time, the U.S. Office of Telecommunications Policy 
(OTP) declared its support for this L-band alternative and committed U.S. resources to 
pursuing it. A series of ministerial meetings between the U.S. and several other European and 
Asian states (conducted outside the framework of ICAO) resulted in a Memorandum of 
Understanding to implement a "preoperatonal" program known as "Aerosat." This program 
involved launching six satellites, providing appropriate oceanic air traffic control centers 
and developing and procuring avionics. The Aerosat program was conceived without the 
participation of the airlines, and was prosecuted despite the express concerns of these future 
users of the system, who would ultimately bear its costs. In the end, the airline opposition 
forced the U.S. to withdraw from the program, and the program was abandoned. This lesson of 
history should not be forgotten. 

Other than some Durelv national activities that continued after the collaoee of Acrosat. ~. ~ . .~  - - . - .. . - ...- ...-. ... ..- -...- .. -.- . . - - . . - . . - - . , 
nothing further hhppened until recently when the international maritime communications agency 
INIIARSATdecidedthat itseecond-gsnerationsatellites,due for launch in 1988, shouldprovide 
transponders operating in the 1owestlMHzof the aeronautical mobile satellite service L-band 
frequencies adjacent to themaritime band and ICAOestablished its special committee onFuture 



Xir Navigation Systems (FANS). This committee was charged with determining the requirements 
for the systems to be used for communications, navigation, and surveillance (CNS) well into the 
next century and almost at once determined that these systems should be satellite-based. Past 
controversies were forgotten as this airlines accepted L-band as the preferred frequency band 
and worked with the ICAO states to define CNS operational requirements. This work is 
continuing. 

In a related field, ARINC introduced an air-ground digital data link service, known as ACARS, 
in 1978. Characteristics of the ACARS system were defined through the deliberations of the 
Airlines Electronics Engineering Committee (AEEC), which resulted in the international 
standards set forth in ARINC Characteristics 597 and 724. Presently, the great majority of 
the U.S.-based airline fleet is equipped with ACARS avionics, and installations on a world- 
wide basis are proceeding rapidly as corresponding ground stations are being installed by 
ARINC and SITA. The economic and operational benefits of a rapid, error-free and low-cost 
communications capability are being realized by the aviation community. 

AERONAUTICAL RADIO, INC. AND AVIATION COMMUNICATION 

prom its earliest beginnings the air transport industry has recognized the importance of good 
communications to the provision of safe, efficient, and low-cost services to its customers. 
These include intra-airlinecommunicationsto facilitatepublic contactwith the industryasa 
whole and the communications needed between aircraft in the air and the ground agencies that 
provide the separation assurance services known as air traffic control. 

In 1929, the pioneer airlines formed their own specialized aeronautical communications 
company, Aeronautical Radio, Inc. (ARINC), to provide these services on an industry-wide 
basis. The company's basic purpose has remained unchanged since that time, although, of 
course, the scope of its services and the technologies used to deliver them have changed 
dramatically. ARINC is a not-for-profit corporation whose principal stockholders, the 
scheduled airlines of the U.S., are also its principal customers. Its services, however, are 
available to all aircraft operators, large and small, U.S.. and non-U.S., scheduled and 
supplemental,business, private,andgovernment. Itscosts are recovered fromoperators on the 
basis of use. 

Of special interests in the context of this paper are A R I N C ' ~  air-ground communications 
services. These compriseVHF voice and data transfer services between air and groundovermuch 
of North America and RP voice communications world-wide. The voice services are used for 
aircraft operational control and, in oceanic areas for which the P M  has separation assurance 
responsibility, for the communications necessary for air traf f iccontro1 .TheVHPdata  link is 
used for company operational control and adminietrative message transfer in accordance with 
FCC and ITU regulations governing spectrum use for such services. 

Despite tremendous advances in the state-of-the-art of RP communications over the years, this 
service cannot provide the performance needed to support economic over-ocean air transport 
operations as they areevolving.The needtominimizecostdemandscloser aircraft separations 
in order to place more aircraft on optimum tracks. This, in turn, demands more effective air 
traffic control. the elements of which are imoroved communications. navisation. and 
surveillance. ~ o t e  the addition of improved navigation and surveillance to the "-operational 
requirements.. In the 19608 and '70s the airlines' emphasis was on improved com=unications 
only. 

ARINC has been in the vanguard of the air transport industry's involvement in the application 
of satellite technologyto air-ground communications since those early experiments mentioned 
at above.The Corporation provided ground terminal facilities at its Annapolis, Maryland 
headquarters and elsewhere for the RP links with the ATS satellites and participated with the 
airlines in all the international discussions that preceded the abortive Aerosat program. 
Since then, ARINChas been involved in similar internationaldiscuesionsaimedatdefiningthe 
technologies needed for enhanced over-ocean air traffic control, from which the ICAO PANS 
Committee has emerged. The result of all this is that it is now positioned to offer satellite- 
based services capable of meeting the needs being defined by FANS and its air transport 
industry. These services can be available at costs expected to be considerably lower than 
those of the common carrier who also are interested in providing such services. 

TRE AVIATION INDUSTRY SATELLITE CNS SYSTEM 

In mid-1985, the air transport industry, through ARINC's Board of Directors, instructed the 
Corporation to design and plan for the implementation of an integrated satellite system and 
companion integrated avionic6 to provide air traffic control, company operational control, 
aeronautical administrative and private correspondence communications; navigation 
capability for enroute operations, and support for independent cooperative surveillance. 
"Private Correspondence" is the industry's name for an air-ground passenger telephone 
service. 

Consideration of private correspondence at this point is important. The airlines believe that 
there is a public demand for a reliable, efficient and low-cost air-ground telephone service 
for passengers. While experimental systems introduced into service in the U.S. may not yet have 
reached the levels of utilization predicted, this is due to their limited availability rather 
thana lack of demand. Telephones arejustnotencounteredoftenenoughonairlineaircraftfor 
passengers to regard them as the norm and make routine use of them. The airlines are convinced 
that this attitude will change as aircraft equipage and service quality rise, and that a 
satellite-based system is economically viable. If appropriate measures are taken to ensure 



that passenger telephone utilization produces no compromises to safety-related services, 
these services can be provided at very small marginal cost. This approach is at the heart of 
ARINC'B system design. 

The airlines' needs for the full range of CNS services cannot be fulfilled until Satellites 
havinggreater capacity tbanpresentlyavailable are placed inorbit. existing satellites can 
be used, however, to support a data-entry colnmunicationa service. ARINC'S program envisages 
offering such a service at an early date (mid-1987) as an interim step along the way to the full- 
service system. The interim system will be designed as a sub-set of the full system so that 
airlines will not be faced with extensive aircraft equipment changes when the full system is 
available. As planned, adding capability to its digital elements of the avionics will be all 
that is required. The aircraft antenna system and the RF avionics can remain the same. 

The satellitedata-only service is essentiallyan extension o~ARINC'SWF line-of-sight data 
link ACARS (ARINC Cololnunications Addressing and Reporting System) into the over-ocean and 
remote land environment by means of the satellite RF link. It is thus referred to as the 
"International ACARS" service. 

On the ground, International ACARS will make use of the digital message switching system that 
currently supports terrestrial ACARS and several other ARINC services. This system will 
interface with earth stations as necessary for communications with the satellites. In the 
aircraft, existing ACARS avionics will be modified to interface with a satellite modem which 
will, in turn, be connected to a transmitter/receiver unit interfacing with its aircraft 
antenna s y s t e m . T h e f r e q u e n c i e s u s e d w i l 1 b e  1535- 1559nnz for thesatellite-to-aircraft link 
and 1635.5 - 1660.5MHz for the aircraft-to-satellite link. Each channel will occupy 
approximately 1.5kAz. This spectral occupancy results from the use of a 2400 bits/second 
transmitted signal anda2bits /hertzMSKmodulat ionmethod.  It includes a0.3KHzguardbandper 
channel. 

The outbound signal to the aircraft is a continuous TDM broadcast stream. This provides a 
"beacon" for aircraft antenna pointing, keeps the aircraft demodulator locked for immediate 
message access to the modulator, prevents the possibility of outbound message blockage and 
eliminates message delay due to modem acquisition time. 

The inbound signal from the aircraft operates in a burst mode. The access protocol used when the 
system is lightly loaded resembles "slotted - ALOHA." As the system becomes more heavily 
loaded, the protocol provides for progressive burst timing reservation to limit the 
probability of blockage. 

International ACARS is compatible with all existing L-band satellite transponders operating 
in the frequency bands noted. The system design is predicated on the use of an aircraft antenna 
systemcapableofprovidingessentiallycompletecoverageofthehemisphereabovetheaircraft 
with a minimum gain of 7dBiC. 

The name AvSat has been given to the full-capacity aviation satellite system. AvSat will 
operate in the allocated Aeronautical Mobile satellite service (AMSS) frequency band 1545 - 
1559 MHz (satellite-to-aircraft) and 1646.5 - 1660.5 (aircraft-to-satellite). Voice 
communications will be digitized and integrated with data communications. In order to achieve 
the required volume of communications in the spectrum available, the system will employ 
frequency re-use obtained by utilizing satellites capable of providing spot beams rather than 
global coverage.Nineteen beams, eachof 3 . 5 d e g r e e s w i d t h , w i l l p r o v i d e  for frequencyre-use. 
Additionally, the spot beam technology will permit the optimal use of the satellite's RF power 
resource. 

The systemwill allowdirect access bymultiple earth stationsbymeansofTDM/TDMRtechniques. 
A single aircraft may have as many as six communications channels with the ground operating at 
any one time using a single transceiver. An all-digital voice and data system will take 
advantage of the flexibility of today's electronics advances. 

Using an aircraft antenna system having the coverage and minimum gain desired above for 
International ACARS. AvSat will provide all the voice and data communications foreseen to be 
needed to support aircraft operations well into the next century. The data communications 
capability includes that necessary for automatic dependent surveillance, in which position 
and other pertinent information derived and verified on board the aircraft in employed on the 
ground for monitoring air traf f i cmovementsandmainta in ingsafe  separation.The systemdesign 
also permits data to be derived from the satellites upon which surveillance can be based, if 
this is eventually desired. 

With an AvSat system having the capacity and other attributes required for communications and 
surveillance functions, concomitant navigation functions can beprovidedatvery lowmarginal 
cost. Intrinsic to the system's design is a requirement for knowledge of each participating 
aircraft's location, in order to maintain continuous communication; and wideband 
transmission, inorder t o u t i l i z e e f f i c i e n t l y b o t h  the available spec trumandcoe t ly sa te l l i t e  
resources. Extension of these features in conjunction with altimetrywill provideposition- 
fixing accuracies sufficient for enroute navigation and surveillance requirements, about 100 
to 200 meters. This accuracy will degrade in a narrow zone located within a few degrees of the 
equator, and of course cannot be obtained at latitudes exceeding about 5 80 degrees with 
geosynchronous satellites; nevertheless, the utility and low cost of this option will 
undoubtedly find widespread application. 



CONCLUSIONS 

The air transport industry is once again gearing up to embrace satellite technology. The 
industry has traditionally provided its own communications systems and services to support 
aircraft operations and is well-positioned tocontinue this tradition into the satelliteera. 
International ACARS servicewill b e a v a i l a b l e i n 1 9 8 7 w i t h A v S a t s e r v i c e s  following on some two 
years later. As before, many technical and institutional problems remain to be solved, which 
will prove very challenging for the industry. This time, however, there is a sound economic 
basis on which to proceed. This makes the likelihood of meeting and overcoming these 
challenges very high, indeed. 
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1. SUMMARY 

The p a p e r  e f f t i t l e d  " ~ a t a  L i n k  - The Key t o  Improvements  i n  C i v i l  M i l i t a r y  Air T r a f f i c  
Management7 , p r e s e n t e d  a t  t h e  GCP Symposium. Copenhagen ,  i n  O c t o b e r  1979, o u t l i n e d  a  
number o f  p o t e n t i a l  a p p l i c a t i o n s  of a  d a t a  l i n k .  t h e n  known a s  ADSEL/DABS, a n d  
r e f e r r e d  t o  i number of  i e a s i b i i i t y  s t u d i e s  t h a t  v e r e  b e i n g  c o n d u c t e d  i n  r e s p e c t  of  
t h e s e  a u P l i c a t i o n s .  S i n c e  t h a t  d a t e  t h e  two systems (ADSEL/DABS) h a v e  l e d  t o  t h e  
e m e r g e n c i - o f  SSR Mode S  which  i s  nov  b e i h g  s t a n d a r d i s e d  f o r  i n t e r n a t i o n a l  u s e  t h r o u g h  
I C A O .  

T h i s  p a p e r  commences w i t h  a  b r i e f  d e s c r i p t i o n  of t h e  Mode S  d a t a  l i n k  c h a r a c t e r i s t i c s .  
I t  t h e n  r e c a l l s  a  number o f  t h e  a p p l i c a t i o n s  p r o p o s e d  i n  1979 a n d  g i v e s  r e s u l t s  of t h e  
s t u d i e s  c o n d u c t e d  s u b s e q u e n t l y  on s u c h  t o p i c s  as t h e  C o n t r o l l e r / P i l o t  i n t e r f a c e s  with 
t h e  l i n k  a n d  m a c h i n e / m a c h i n e  d a t a  i n t e r c h a n g e s  a n d  t h e i r  p o s s i b l e  b e n e f i t s  t o  ATC. The 
f i n a l  s e c t i o n s  d i s c u s s  p r e s e n t  p l a n s  f o r  more e x t e n s i v e  d a t a  l i n k  e v a l u a t i o n s  a n d  t h e n  
p r o p o s e  t h e  i n i t i a l  s t e p s  t h a t  c o u l d  b e  t a k e n  i n  p r o g r e s s i n g  f rom t o d a y ' s  s i t u a t i o n  
t o w a r d s  a  s y s t e m  of  c o n t r o l  e m 2 l o y i n g  a  h i & h  l e v e l  o f  a u t o m a t i o n .  

2. LIST OF SYMBOLS A N D  ABBREVIATIONS 

A / C  
ADSEL 
ADS 
AERA 
AIDS ~ - 

ALT 
ARINC 
ARINC 429 
ATIS 
AT C 
ATS 
CAS 
CDU 
C R C O  
DABS 
DLAP 
DLPU 
EFIS 
FAA 
FMS 
ICdO 
INS 
i s 0  
k t  
r . f .  
0 s  1 
SARPS 
R/T 
SICASP 
SSR 
SSR Mode S  
UKCAA 
VHF 
VOLMET 

A i r c r a f t  
A d d r e s s  S e l e c t i v e  SSR (UK d e v e l o p m e n t  o f  SSR) 
A u t o m a t i c  Dependent  S u r v e i l l a n c e  
Automated  ~ n : ~ o u t e  ATC 
A i r b o r n e  I n t e g r a t e d  D a t a  S y s t e m  
A i r b o r n e  L i n k  T e r m i n a l  
A e r o n a u t i c a l  R a d i o  I n c o r p o r a t e d  (USA) 
S p e c i f i c a t i o n  f o r  an  a i r c r a f t  d a t a  bus  
A u t o m a t i c  T e r m i n a l  I n f o r m a t i o n  S e r v i c e  
Air T r a f f i c  C o n t r o l  ( i n  ~ e n e r a l )  
A i r  T r a f f i c  S e r v i c e s  
C a l i b r a t e d  Air S p e e d  
C o n t r o l l e r  D i s p l a y  U n i t  
C e n t r a l  R o u t e  C h a r g e s  O f f i c e  
D i s c r e t e  A d d r e s s  Beacon S y s t e m  (US d e v e l o p m e n t  of SSR) 
D a t a  L i n k  A p p l i c a t i o n s  P r o c e s s o r  
D a t a  L i n k  P r o c e s s o r  U n i t  
E l e c t r o n i c  F l i g h t  I n s t r u m e n t  S y s t e m  
F e d e r a l  A v i a t i o n  A d m i n i s t r a t i o n  (USA) . ~. 
F l i g h t  Manga e v e n t  S y s t e m  
~ n t e r n a t i o n a f  C i v i l  A v i a t i o n  O r g a n i s a t i o n  
I n e r t i a l  N a v i g a t i o n  S y s t e m  
I n t e r n a t i o n a l  S t a n d a r d s  O r g a n i s a t i o n  
Knot .  ---. 
R a d i o  F r e q u e n c y  
Open S y s t e m s  I n t e r c o n n e c t i o n  
(ICAO) S t a n d a r d s  a n d  Recommended P r a c t i c e s  
R a d i o  T e l e p h o n y  
(ICAO) S ~ ~ ~ ~ m p i o l e m e n t s  a n d  C o l l i s i o n  A v o i d a n c e  P a n e l  
S e c o n d a r y  S u r v e i l l a n c e  R a d a r  
S e l e c t i v e l y  A d d r e s s e d  SSR 
U n i t e d  Kingdom C i v i l  A v i a t i o n  A u t h o r i t y  
Very  H i ~ h  F r e q u e n c y  
B r o a d c a s t  of  m e t e o r o l o g i c a l  d a t a  f o r  a i r c r a f t  ( v o i c e )  



3. INTRODUCTIION ------------- 
In 1979, a t  t h e  t ime of p r e p a r i n g  r e f .  1. f u e l  c o s t s  were e s c a l a t i n g  r a p i d l y  and ICAO 
had no t  embarked on drawing t o g e t h e r  t h e  developments i n  s e l e c t i v e l y  addressed  SSR, 
known a t  t h e  time i n  t h e  UK and USA a s  ADSEL and DABS r e s p e c t i v e l y .  S ince  then.  
however, two major changes have occurred : f i r s t l y .  f u e l  c o s t s  have f a l l e n  
s i g n i f i c a n t l y  ( s e e  f l s .  1 )  and ,  second ly ,  SSR Mode S  i s  now be ing  s t a n d a r d i s e d  f o r  
world-wide u s e  a s  a  s u r v e i l l a n c e  system wi th  d a t a  l i n k  communications c a p a b i l i t i e s .  
A d d i t i o n a l l y ,  i n  t h e  USA, t h e  FAA h a s  a l r e a d y  commenced t h e  procurement of 137 ground 
s t a t i o n s  whlch, by 1992 w i l l  be  g i v i n g  t o t a l  covera  e  above FL 125. Fur thermore.  from 
198'7 onwards, t h e r e  wjll be a  growing requlrement  f o r  a i r s p a c e  u s e r s  t o  f i t  t h e  Mode 
S  a i r b o r n e  equipment.  Doubt less  because of t h e  h i g h  r a t i o  of g e n e r a l  a v i a t i o n  
a i r c r a f t  to  commercial a i r c r a f  t  i n  t h e  USA. which r e s u l t s  i n  a  5: l  r a t i o  i n  movements. 
t h e  maJor t h r u s t  of FAA's work on d a t a  l i n k  a p p l i c a t i o n s  i s  i n  p r o v i d i n g  weather  
s e r v i c e s ,  l a r g e l y  f o r  t h e  h e n e f i t  of u e n e r a l  a v i a t i o n ,  wi th  i n t e r e s t  i n  A T C  automat ion 
growing d u r i n g  t h e  1990's. In Western Europe commercial t r a f f i c  movements a r e  
approx imate ly  h a l f  t h o s e  i n  t h e  USA, but they  r e p r e s e n t  about  85% of t h e  movements i n  
c o n t r o l l e d  a i r s p a c e  and t h u s  d a t a  l i n k  s t u d i e s  have been more c l o s e l y  r e l a t e d  t o  t h e  
o p e r a t i o n  of commercial a i r c r a f t .  

Althoubh f o r e c a s t s  of a i r c r a f t  f u e l  c o s t s  and t h e  number of movements can and must be 
made. i t  w i l l  be noted from f l g .  1 t h a t  t h e r e  i s  a  l a r g e  d i s c r e p a n c y  between p r e s e n t  
f u e l  c o s t s  and those  e s t i m a t e d  by t h e  FAA a s  r e c e n t l y  a s  1983. I t  i s  t h u s  ve ry  
d i f f i c u l t  t o  q r e d i c t  what w i l l  be t h e  a v i a t i o n  community's most p r e s s i n g  problem i n  
t h e  mid 1990 s  - t h e  most p r o b a b l e  p e r i o d  f o r  t h e  i n i t i a l  implementat ion of Mode S i n  
Europe. Th i s  could be f u e l  c o s t s ,  e x c e s s i v e  t r a f f i c  d e n s i t y  i n  c e r t a i n  l o c a t i o n s ,  o r  
some o t h e r  i s s u e .  Accordingly,  f o r  t h e  purposes  of t h i s  paper ,  which i s  p a r t i c u l a r l y  
r e l a t e d  t o  t h e  scene i n  Western Europe, any d a t a  l i n k  a p p l i c a f i o n  w i l l  be regarded  a s  
c o n t r i b u t i P g  t o  t h e  conduct of e f f i c i e n t  i n d i v i d u a l  f l i g h t s  . provided i t  a s s i s t s  i n  
r educ ing  a i r c r a f t  o s e r a t i n g  c o s t s ,  e i t h e r  d i r e c t l y ,  o r  i n d i r e c t l y ,  e.g.  by reduc ing  
t h e  c o s t s  of.,ATS, a s  ultimately borne t y  t h e  a i r c r a f t  o p e r a t o r ,  e i t h e r  i n  t h e  form of 
"use r  c h a r c e s  Or t a x e s .  

4. THE BASIC MODE S  DATA LINK .......................... 
4.1 General  - -- - - -- 
The MoZe S  d a t a  l i n k  can be cons ide red  a s  a  r e f i n e d  e x t e n s i o n  of t h e  conven t iona l  
SSR's c a p a b i l i t y  used c u r r e n t l y  t o  t r a n s f e r  from t h e  a i r c r a f t  encoded 4 - d l g i t  
i d e n t i f i e r s  (Mode A )  and encoded a l t i t u d e  (Mode C )  i n  response  t o  ground r e q u e s t s  
( i n t e r r o d a t i o n s ) .  The SSR c a r r i e r  f r e q u e n c i e s .  1 .e .  1030 MEz f o r  i n t e r r o g a t i o n s  and 
1090 MHz f o r  r e p l i e s ,  a r e  a l s o  used a n d ,  f u r t h e r m o r e ,  u n t i l  such time a s  
e l e c t r o n i c a l l y  scanned a n t e n n a s  a r e  i n t r o d u c e d ,  t h e  system w i l l  c o n t i n u e  t o  u s e  narrow 
beamwidth a n t e n n a s  r o t a t i n g  mechanical ly  a t  speeds g e n e r a l l y  ranging from 6-15 ;.p.m: - w i t h  a  consequent  e f f e c t  on t h e  time d u r i n g  which t h e  d a t a  l i n k  can remain open 
between a  ground s t a t i o n  and given a i r c r a f t .  

4.2 Message f i e l d s  

The Mode S system employs two h a s i c  format  l e n ~ t h s :  56 and 112 b i t s .  Data l i n k  f i e l d s  
a r e  con ta ined  only i n  t h e  112-bi t  fo rmats ,  t h e  56-bi t  fo rmats  s e r v i n g  f o r  s u r r e l l l a n c e  
purposes  only .  From f i g .  2  i t  w i l l  be noted t h a t  f o u r  b a s i c  d a t a  l i n k  message f o r m a t s  
e x i s t :  Comm-A. Comm-B. Comm-C and Comm-D. The Comm-A ( u o l i n k )  and Comm-B (downlink)  ~ ~~~- . 
missakes  each c o n t a i n  5 6 - b i t d a t a  f i e l d s ,  up t o  f o u r  of i h i i h  may-be l i n k e d  i o  form a 
224-bi t  d a t a  message. Comm-C ( u p l i n k )  and Comm-D (downlink)  f o r m a t s  each  c o n t a i n  
8 8 - b i t  d a t a  f i e l d s .  uy t o  1 6  of which may be chained t o  form l o a g  messages (ELM'S) 
c o n t a i n i n g  a  maximum of 1280 b i t s .  Each of t h e s e  112-bit  fo rmats  c a r r i e s  a  24-bi t  
a d d r e s d p a r i t y  (A/P) f i e l d  c o n t a i n i n g  the  a i r c r a f t ' s  24-bit  t e c h n i c a l  a d d r e s s ,  which 
g i v e 5  a  t o t a l  of 16 m i l l i o n  d i f f e r e n t  p o s s i b i l i t i e s .  The a d d r e s s  i s  combined w i t h  
p a r i t y  in fo rmat ion  d e r i v e d  from t h e  remaining 88 b i t s .   his e n s u r e s  i t s  t r a n s m i s s i o n  
t o  a  s p e c i f i c  a d d r e s s  wi th  a  v e r y  smal l  r i s k  of u n d e t e c t e d  e r r o r .  

4.3 Communication p r o t o c o l s  

Messabes may be i n i t i a t e d  e i t h e r  on t h e  ground o r  i n  t h e  a i r ,  but t h e  two-way 
t r a n s a c t i o n s  r e q u i r e d  t o  e f f e c t  t h e  message t r a n s f e r  w i l l  a lways be under t h e  c o n t r o l  
of t h e  i n t e r r o g a t o r  and t ake  p l a c e  i n  accordance with  i n t e r n a t i o n a l l y  a  reed  
p r o t o c o l s ,  a s  o u t l i n e d  i n  r e f s .  2  and 3. Prov i s ion  i s  being made i n  t h e  p r o t o c o f s  t o  
permit  i n t e r r o g a t o r s  i n  a  g iven reg ion  to  be l i n k e d  i n  a  ground network, t h e r e b y  
e n a b l i n g  t h e  r e s p o n s i b i l i t y  f o r  t h e  s u r v e i l l a n c e  of s y e c l f i c  a l r c r a f t  and t h e  d a t a  
t r a n s f e r  t r a n s a c t i o n s  with them t o  be handled by an i n d i v i d u a l  i n t e r r o g a t o r  and thus  
avo id  unnecessary l o a d i n g  on t h e  r . f .  channe l s  - t h e  most r e s t r i c t e d  e lement  i n  t h e  
comrrunications c h a i n .  F u l l  d e t a i l s  of the  p r o t o c o l s  w i l l  be given i n  ICAO SARPS 
m a t e r i a l ,  now i n  p r e p a r a t i o n .  



4.4 Link c a y a c i t y  and message cod ing  

To t h e  p o t e n t i a l  u s e r  of t h e  Mode S  d a t a  l i n k ,  a  knowledge of i t s  maximum t h e o r e t i c a l  
c a p a c i t y  i s  of l i t t l e  b e n e f i t  because  t h e  p r o p o r t i o n  of  t h i s  c a p a c i t y  t h a t  can  b e  used  
i n  p r a c t i c e  i s  i n f l u e n c e d  by s o  many f a c t o r s ,  p a r t i c u l a r l y  when r o t a t i n g  i n t e r r o g a t o r  
a n t e n n a s  a r e  employed. F i r s t l y ,  i t  must be remembered t h a t  t h e  pr ime t a s k  of Mode S  is 
s u r v e i l l a n c e  and t h u s  d a t a  l i n k  f u n c t i o n s  can o n l y  he performed a f t e r  t h i s  need h a s  
been met. Other  f a c t o r s  i n c l u d e :  
- t h e  a v e r a g e  d u t y  c y c l e  r a t i n g  of t h e  i n t e r r o g a t o r ;  - t h e  o p e r a t i n g  r ange  of t h e  i n t e r r o g a t o r  and t h e  d i s t r i b u t i o n  of t h e  a i r c r a f t  

w i t h i n  i t s  coverage;  - t h e  message fo rma t s  a c t u a l l y  employed; - t h e  l e v e l  and n a t u r e  of i n t e r f e r i n g  s i g n a l s .  

Aovsver,  i t  might p o s s i b l y  be more h e l p f u l  t o  have a n  i n d i c a t i o n  of t h e  amount of d a t a  
t h a t  could be e1ChanRed i n  t h e  two d i r e c t i o n s  d u r i n g  one beam sweep. D i s c u s s i o n s  w i t h  
e x p e r t s  from t h e ,  Royal S i g n a l s  and Radar E s t a b l i s h m e n t  (RSRE) Malvern,  UK, where much 
of t h e  Mode S  development work i n  Europe h a s  t aken  p l a c e ,  have  produced t h e  f o l l o w i n g  
e s t i m a t e  which,  be ing r e a d i l y  a c h i e v a b l e  w i t h  p resen t -day  i n t e r r o g a t o r s ,  may be 
r ega rded  a s  c o n s e r r a t i r e .  With e x i s t i n g  i n t e r r o g a t o r s  and assuming a  3 d e g r e e  
beamwidth and a  r o t a t i o n a l  r a t e  of 10r.p.m., i f  20 a i r c r a f t  were i n  t h e  beam, 19 cou ld  
each r e c e i v e  one Comm-A message and r e p l y  w i t h  one Comm-R and t h e  o t h e r  one c o u l d  
r e c e i v e  and t h e n  r e p l y  wi th  one f u l l  ELM, i . e .  16 Comm-C and Comm-D segment s .S tud ies  
a r e  c u r r e n t l y  underway i n  Europe t o  p r e p a r e  more p r e c i s e  e s t i m a t e s  of l i n k  c a p a c i t y  
under  var io l rs  o p e r a t i n g  c o n d i t i o n s .  

3n t h e  b a s i s  of t h e  above and w i t h  t h e  t r a f f i c  d e n s i t i e s  f o r s e e a b l e  i n  Europe,  i t  
a p p e a r s  t h a t  i t  shou ld  be  p o s s i b l e  t o  employ l i n k e d  Comm-A and Comm-B messages on a  
number of o c c a s i o n s .  but  i t  w i l l  a lways  be  n e c e s s a r y  t o  a t t e m p t  t h e  most e f f i c i e n t  
means of d a t a  t r a n s f e r .  Compact c o d i n s  schemes i n c l u d i n g  t h e  u s e  of s t a n d a r d  
word/phrase  d i c t i o n a r i e s  a r e  be ing  developed w i t h i n  SICASP f o r  i n t e r n a t i o n a l  u s e  aimed 
a t  a c h i e v i n g  t h i s .  

4 .5  Link r e l i a b i l i t y  ----- ---------- - 
E a r l i e r  work ( s e e  r e f .  4 )  h a s  shown t h a t  a  s i n g l e  Comm-A t r a n s a c t i o n  can be  a c h i e v e d  
i n  t h e  f i r s t  beam sweep w i t h  a  p r o b a b i l i t y  exceed ing  98%. Commercial a i r c r a f t  
o p e r a t o r s  w i l l  be encouraged t o  f i t  a n t e n n a  d i r e r s i t y  sys tems ( t o p  and bottom mounted) 
which should  improve t h i s  f i g u r e  - p a r t i c u l a r l y  d u r i n ~  b o t h  cl imb-outs i n  t h e  v i c i n i t y  
of t h e  r a d a r  and manoeuvres a t  l o n g e r  r a n g e s .  I t  i s  under s tood  t h a t  work is c u r r e n t l y  
b e i n n  performed by t h e  FAA t o  e v a l u a t e  t h e  l i n k  performance on t h e  a i r p o r t  s u r f a c e .  

4.6 Data i n p u t  and ou tpu t  ..................... 
AS w i l l  be d i s c u s s e d  l a t e r .  ATC'S u s e s  of t h e  l i n k  f o r  d a t a  t r a n s f e r  may be n u i t e  ~~- - - -~- .  - - .  -..~ - ~ ~ ~ - . -  ~- ~ .~ .- - - ~- - -  

d i v e r s e ,  r ang ing  from s h o r t  compactly-coded t a c t i c a l  messages  t o  l o n g  c l e a r a n c e s .  
e t c . .  w i t h  a  h i g h  a lphanumer ica l  c o n t e n t .  A i r c r a f t  performance i n f o r m a t i o n  may a l s o  be 
t r a n s f e r r e d  a s  pu re  b i n a r y  d a t a .  Depending on t h e  a p p l i c a t i o n ,  d a t a  g e n e r a t i o n .  f o r  
t r a n s f e r  by t h e  l i n k ,  w i l l  be  i n  one of t h r e e  p o s s i b l e  ways: 

- a u t o m a t i c  (mach ine ) ,  e.g.  by computer;  - semi-automat ic ,  1.e.  where a  d a t a  sequence can be r e l e a s e d  by a ,  s i m q l e  manual 
o p e r a t i o n ,  f o r  example ,  by t h e  s e l e c t i o n  of a  message from a  menu of s t o r e d  
d a t a ;  - manual,  i . e .  where a l l  t h e  i n f o r m a t i o n  i s  assembled by keyboard  f o r  example,  f o r  
i n c l u s i o n  i n  a  d a t a  l i n k  message. 

The o p e r a t i o n  of t h e  r e c e i v i n g  t e r m i n a l  i n  p r o v i d i n g  a n  o u t p u t  of d a t a  can  be 
c o n s i d e r e d  under  t h r e e  s i m i l a r  head ings :  

- a u t o m a t i c ,  f o r  d i r e c t  u s e  i n  a  system (machine)  w i t h o u t  t h e  need f o r  any manual 
i n t e r v e n t i o n ,  e.6. a i r c r a f t  d a t a  i n t o  a  r a d a r - t r a c k e r ;  - semi-automat ic ,  a s  may occur  when t h e  d a t a  i s  assembled f o r  o p t i o n a l  u s e  a s  
r e q u i r e d ,  e.g. a  message p r i n t e d  on a  t e l e p r i n t e r  wi thou t  s p e c i f i c  a c t i o n  b e i n g  
r e q u i r e d  a t  t h e  r e c e i v i n a  t e r m i n a l ;  - d i r e c t ,  where t h e  r e c i p i i n t  must p a r t i c i p a t e  by n o t i n g  t h e  a r r i v a l  of new 
i n f o r m a t i o n  and then a c t  a p p r o p r i a t e l y ,  e.g. an a l p h a n u m e r i c a l  t e x t  which must he 
r e a d  p r i o i  t o  t h e  acknowledgment of i t s  c o n t e n t s .  

I t  w i l l  be $ v i d e n t  t h a t  i n f o r m a t i o n  g e n e r a t e d  o r  ' i npu t '  i n  a  g i v e n  form need n o t  be 
d e l i v e r e d  o r  o u t p u t ' i n  an i d e n t i c a l  o r  even s i m i l a r  manner. I t  t h u s  f o l l o w s  t h a t  i n  
a l l  excep t  t h e  machine/machine i n t e r c h a n g e s .  t h e r e  w i l l  be human f a c t o r  
c o n s i d e r a t i o n s  a n d ,  f u r t h e r m o r e ,  a  co r respond ing  impact  b o t h  on workload and r e a c t i o n  
t i r e  and t h u s  on t h e  p o s s i h l e  m e r i t  of t h e  a p p l i c a t i o n ,  a s  d i s c u s s e d  i n  para.?.  



The p r i n c i p a l  d a t a  sources  and ou tpu t  d e v i c e s  c u r r e n t l y  under c o n s i d e r a t i o n  f o r  Mode S  
l i n k  a p p l i c a t i o n s ,  t o g e t h e r  w i t h  t h e  f u n c t i o n a l  e lements  of t h e  system a r e  i l l u s t r a t e d  
i n  f l u .  3. The Data Link A p p l i c a t i o n s  P r o c e s s o r  (DLAP) i n  t h e  ground system s e r v e s  
e s s e n t i a l l y  t o  a c c e p t  d a t a  from v a r i o u s  ground s o u r c e s ,  which i t  then encodes and 
assembles ,  t o g e t h e r  wi th  a p p r o p r i a t e  a d d r e s s i n g ,  i n  Comm-A and Comm-C d a t a  fo rmats .  
link in^ t h e s e  a s  n e c e s s a r y  f o r  u p l i n k  t r ansmiss ion .  I t  a l s o  a c c e p t s  t h e  d a t a  c o n t e n t  
of downlinked Comm-B and Comm-D messages v h i c h  i t  then decodes and r o u t e s  through to  
a p p r o p r i a t e  d e s t i n a t i o n  p o r t s .  The a i r b o r n e  Data Link Processor  Uni t  (DLPU) performs 
s i m i l a r  f u n c t i o n s ,  but t h e  o r d e r  of p r o c e s s i n g  i s  of c o u r s e  reversed .  I t  may 
a d d i t i o n a l l y  t r e a t  some of t h e  a i r c r a f t  d a t a  i n  o r d e r  t o  g e t  more meaningful  
t r a n s f e r s .  e.6. normal a c c e l e r a t i o n  d a t a  f o r  t u r b u l e n c e  r e p o r t s .  

4.7 OSI cons lde ra  t i o n s  ---------------- 
During t h e  l a s t  y e a r  or two of Mode S  d a t a  l i n k  development,  a s  a  r e s u l t  of t h e  growth 
i n  t h e  number and c a p a b i l i t i e s  of o t h e r  a v i o n i c s  sys tems  i n c l u d i n g  VBF and 
s a t e l l i t e - b a s e d  d a t a  l i n k s ,  c o n s i d e r a b l e  thought  h a s  been g i v e n ,  p a r t i c u l a r l y  i n  t h e  
USA, t o  a d a p t i n g  t h e  a r c h i t e c t u r e  of t h e  Mode S  l i n k  t o  t h e  IS0 Open System 
I n t e r c o n n e c t i o n  form. Such an a r c h i t e c t u r e  would f i e l d  a  number of advan tages  
i n c l u d i n g  t h e  p o s s l b l l i t y  t o  s h a r e  t h e  d i f f e r e n t  communications c h a n n e l s ,  a i r c r a f t  
p e r i p h e r a l s  and p a r t s  of t h e  DLAP and DLPU. Disadvantages  may i n c l u d e  o r g a n l s a t l o n a l  
and c e r t i f i c a t i o n  d i f f i c u l t i e s  p l u s  t h e  need f o r  a d d i t i o n a l  d a t a  b i t s  f o r  u s e  i n  
l o n g e r  a d d r e s s e s ,  message s e c u r i t y  and p r i o r i t y  d e f i n i t i o n .  In themselves  a few b i t s  
may sound un impor tan t ,  bu t  they would become s i g n i f i c a n t  i f  f r e q u e n t l y  used messages 
r e q u i r e d  tvo  Comm-A 5. 1.e. t h e  t r a n s m i s s i o n  of 224 b i t s  i n s t e a d  of 112. o r  i f  
s p e c i f i c  a p p l i c a t i o n s ,  e.g. t h e  t r a n s f e r  of VOLMET d a t a ,  cou ld  no l o n g e r  be conveyed 
i n  4 l i n k e d  Comm-A messages. The whole q u e s t i o n  i s  c u r r e n t l y  under  review w i t h i n  
SICASP and d e c i s i o n s  a r e  expec ted  s h o r t l y .  

5. POSSIBLE LINK APLICATIONS ......................... 
5.1 General  c o n s i d e r a t i o n s  .................... 
In  Europe today,  most c i v i l  and m i l i t a r y  a i r c r a f t  o p e r a t i n g  i n  c o n t r o l l e d  a i r s p a c e  a r e  
f l  t t e d  w l  t h  SSR t r a n s p o n d e r s  which, on r e c e i p t  of i n t e r r o ~ a t i o n s  from t h e  ground,  
p rov ide  a p p r o p r i a t e  Mode A and Mode C r e p l i e s  ( c f .  4.1) .  In  a d d i t i o n ,  t h e  t r ansponder  
can be set by t h e  a i r c r e w  t o  g i v e  c e r t a i n  emergency i n d i c a t i o n s .  Apart  from t h i s  
l i v i t e d  t r a n s f e r  of d a t a ,  a l l  o t h e r  communications between t h e  a i r c r a f t  and A T C  a r e  
e f f e c t e d  by R / T ,  e i t h e r  i n  t h e  form of d i r e c t  c o n t r o l l e r / p i l o t  c o n v e r s a t i o n  o r  a s  
b roadcas t  s e r v i c e s .  D e s p i t e  t h e  many l i m i t a t i o n s ,  d i r e c t  v o i c e  c o n t a c t  between p i l o t  
and c o n t r o l l e r  can be v e r y  advantageous f o r  communications of a  non-rout ine  n a t u r e  and 
i s  l i k e l y  t o  remain so,  even w i t h  t h e  most h i g h l y  automated systems.  In  t h e  automated 
sys tem,  however, where a  d i g i t a l  d a t a  l i n k  would be assumed, t h e  need f o r  R / T  would be 
reduced c o n s i d e r a b l y  whlch would i n  t u r n  minimise some of i t s  e x i s t i n 6  l i m i t a t i o n s .  
P r o p o s a l s  f o r  a n  ATC system concept  employing h i g h e r  l e v e l s  o f  au tomat ion ,  based on 
t h e  e x ~ l o i t a t l o n  c f  a c c u r a t e  a i r c r a f t  t r a l e c t o r v  n r e d i c t l o n  t e c h n i a u e s .  have been made 

~ ~- . 
i n  r e f s .  5 a n d  6 ,  and t h e  u s e  of t h e  d a t a  l i n k  i n  s u p p o r t i n g  them was d1sc"ssed i n  
r e f .  1. The FdA's AERA concept ( r e f .  7 )  i s  i n  many ways s i m l l a r .  I t  i s  b e l i e v e d  t h a t  
t h e  l i n k  w i l l  be f a r  more e f f e c t i v e  i f  i t  can be e x p l o i t e d  to  suppor t  sys tems based on 
s i m i l a r  concep t s ,  r a t h e r  than used merely t o  convey t h e  i n f o r m a t i o n  passed by R/T 
today. In  p e r m i t t i n g  t h e  a u t o m a t i c  and f a i r l y  r a p i d  two-way t r a n s f e r  of dynamic d a t a  
(and s t a t i c  d a t a  t o o ,  when r e q u i r e d )  between ground-based and a i r b o r n e  systems,  d a t a  
i n  one system can he used t o  enhance t h e  performance o f  t h e  o t h e r  w i t h  l i t t l e  d i r e c t  
lnvo lveaen t  of t h e  c o n t r o l l e r  and/or  p i l o t .  The communications needs  of t h e  system,  a s  
t r a n s f e r r e d  by t h e  l i n k ,  1 .  i n f o r m a t i o n  p r e s e n t e d  v i s u a l l y  o r  a u r a l l y  t o  t h e  
c o n t r o l l e r  o r  p i l o t ,  would then be a u t o m a t i c a l l y  genera ted  i n  accordance w i t h  a  
c l e a r a n c e  c o v e r i n g  a  major p o r t i o n  of t h e  f l i g h t .  The problem i s  t o  a r r i v e  a t  t h i s  
s t a g e  of development w i t h  a  smooth t r a n s i t i o n  from today's s i t u a t i o n .  Much 
exper imenta l  work i s  be ing  done i n  Europe and e l sewhere ,  p a r t i c u l a r l y  i n  North 
America, t o  f i n d  t h e  s o l u t i o n .  Some d e t a i l s  of t h e  European work a r e  g iven  below. 

5.2 Conimunlcations enhancements ........................... 
5.2.1 P i l o t / l i n k  i n t e r f a c e  .................... 
Experimental  work i n  EWOCONTROL h a s  been c a r r i e d  out under two main headings:  t h e  
p i l o t / l l n k  i n t e r f a c e  and t h e  c o n t r o l l e r / l i n k  i n t e r f a c e .  Work on t h e  fo rmer ,  which 
s t a r t e d  i n  1977 and was l a r g e l y  concluded i n  1982, was performed t o  o b t a i n  a i r c r e w  
r e a c t i o n s  t o  a  number of p o s s i b l e  advances  i n  ATC communications. For t h i s ,  an 
exper imenta l  i n t e r f a c e ,  known a s  an Airborne Link Terminal (ALT) was developed.  
t o e e t h e r  w i t h  a  s c e n a r i o  thoueht  r e m e s e n t a t i r e  of t h e  f u t u r e  A T C  environment .  The -~ - 

l n i e r f a i e ,  iompris1"g a  CDU and miniature hard-copy p r i n t e r .  v a i  mounted on t h e  f l i g h t  
deck of an A 3003 Airbus f l i g h t  s i m u l a t o r  and opera ted  i n  con junc t ion  wi th  p e r f e c t  
ground f a c i l i t i e s .  The d i s p l a y  mode of t h e  CDU c o u l 3  he changed a u t o m a t i c a l l y  from 
'nav iga t ion '  t o  ' long message', t h e  l a t t e r  be ing  shown i n  f i g .  4. In  a d d i t i o n ,  s y e c i a l  
f u n c t i o n  keys  were provided f o r  p i l o t  r e sponses  and f o r  a c c e s s  t o  s p e c i f i c  ground 
based d a t a  banks. An e v a l u a t i o n  l a s t i n g  many " f l y i n g  hours '  was conducted,  l a r g e l y  by 



crews from Luf thansa ,  t h e  German n a t i o n a l  a i r l i n e ,  who, d u r i n g  t h e  i n i t i a l  S t a g e s  of 
t h e  work, made a  recommendation th ,a t  d a t a  l i n k  messages shou ld  a lways be r e p l i e d  to  
v i a  t h e  l i n k ,  and R/T message l i k e v i s e  by R/T.  They found t h e  most a t t r a c t i v e  f e a t u r e  
t o  be t h e  hard-copy p r i n t - o u t  of long  messages,  e.g. c l e a r a n c e s .  VOLMETand ATIS 
in format ion .  F u l l  d e t a i l s  of t h e  e v a l u a t i o n  a r e  given in  r e f .  8. 

R e c e n t l y ,  f u r t h e r  work has been done on t h e  p i l o t / l i n k  i n t e r f a c e  by t h e  Royal A i r c r a f t  
Es tab l i shment  ( R A E )  Bedford. U K ,  a s  p a r t  of a  s t u d y  of t h e  l i n k ' s  r o l e  i n  c i v i l  ATC 
management. This  work made use  of t h e  ETIS and an example of t h e  d i s p l a y  of a  s h o r t  
message i s  shown i n  f i g .  5 .  In t h i s  c a s e  R A E  p r e s e n t e d  more c o n v e n t i a l  n a v i g a t i o n a l  
d a t a  r a t h e r  than t h e  s l o t - f o l l o w i n g  in fo rmat ion  d i s p l a y e d  on t h e  ALT. RAE i s  a l s o  
s t u d y i n g  d i r e c t  v o i c e  i n p u t s  f o r  u s e  i n  t h e  a i r c r a f t  environment which, i n  t h e  longer  
term, could have d a t a  l i n k  i m p l i c a t i o n s .  

5.2.2 C o n t r o l l e r / l i n k  i n t e r f a c e  ........................... 
Use of d a t a  l i n k  f o r  many of t h e  a p p l i c a t i o n s  s t u d i e d  i n  t h e  ALP exper iments  vould 
r e q u i r e  a  ve ry  h igh  l e v e l  of automat ion and s t a n d a r d i s a t i o n  of ground-based systems.  
Because t h e  i n i t i a l  implementation of Mode S  i n  Europe i s  l i k e l y  t o  be patchy and t h e  
o v e r a l l  l e v e l  of automat ion inadequa te ,  i t  has  been n e c e s s a r y  t o  c o n s i d e r  and e v a l u a t e  
some l e s s  s o p h i s t i c a t e d  l i n k  a p p l i c a t i o n s  of a  somewhat t a c t i c a l  n a t u r e  thought  l i k e l y  
to  p r o v i d e  b e n e f i t s  i n  t h e  s h o r t  term. These i n c l u d e  t h e  d u p l i c a t i o n  of t h e  c r i t i c a l  
p a r t s  of R / T  messafles, f o r  example, f l i ~ h t  l e v e l  c l e a r a n c e s ,  t h e  replacement  of 
c e r t a i n  c o n t r o l  messages,  such a s  a i r c r a f t  t r a n s f e r s ,  and a s s i s t a n c e  i n  t h e  even t  of 
f u l l  o r  p a r t i a l  R/T f a i l u r e .  The e v a l u a t i o n s  have been e f f e c t e d  by means of r e a l - t i m e  
s i m u l a t i o n s  f o r  which t h e  p lann ing  c r i t e r i a  c a l l e d  f o r  l i t t l e  o r  no i n c r e a s e  i n  
c o n t r o l l e r  o r  p i l o t  workloads and l e v e l s  of Mode S c a r r i a g e  ranging from 30% t o  100% 
of t h e  t o t a l  t r a f f i c ;  t h e  s imula ted  communications l i n k  used t o  d a t e  h a s  n o t ,  h o v e r e r ,  
been e n t i r e l y  r e p r e s e n t a t i v e  of t h e  Mode S system. The c o n t r o l l e r s  and a  smal l  number 
of p i l o t s  p a r t i c i p a t i n g  in  t h e  s i m u l a t i o n s  have been very  p o s i t i v e  i n  t h e i r  suppor t  of 
t h e  l i n k ' s  u s e  both i n  d u p l i c a t i n g  R/T  and i n  c o n d i t i o n s  of p a r t i a l  o r  f u l l  channel  
f a i l u r e .  The s t u d i e s  have a l s o  shown t h a t  i n  o r d e r  t o  avoid a d d i t i o n a l  c o n t r o l l e r  
workload. t h e r e  i s  a  need f o r  d a t a  l i n k  message g e n e r a t i o n  to  be t i e d  t o  t h e  normal 
systew i n p u t s  made by t h e  c o n t r o l l e r  t o  t h e  computer. 

Although f u r t h e r  s t u d i e s  i n v o l v i n g  r e p r e s e n t a t i v e  a i r b o r n e  f a c i l i t i e s  a r e  n e c e s s a r y ,  
t h e  work t o  d a t e  h a s  h i g h l i g h t e d  t h e  need f o r  a  number of o t h e r  f a c t o r s  t o  be borne i n  
mind i f  t h e  l i n k  i s  t o  be used i n  t h e s e  l i m i t e d  a p p l i c a t i o n s .  In p a r t i c u l a r :  

a )  R/T  messaRe d u p l i c a t i o n  may Ee b e t t e r  achieved u s i n g  p r e - n o t i f i c a t i o n  d a t a  l i n k  
messages,  i . e .  s e n t  b e f o r e  t h e  R/T message, and 

b)  t h e r e  should be a  smooth t r a n s i t i o n  i n  communications p rocedures  whenever 
a i r c r a f t  move from d a t a  l i n k  t o  non-data l i n k  a r e a s  of c o n t r o l  o r  v i c e  v e r s a .  

Po in t  a )  above a r i s e s  mainly  from t h e  f a c t  t h a t  w i t h  t h e  v a r i a b l e  d e l a y  i n  t h e  t ime of 
d e l i v e r y  of Mode S  messages (owing t o  t h e  r o t a t i o n a l  antenna s c a n )  i t  i s  d i f f i c u l t  t o  
mainta in  a  good time r e l a t i o n s h i p  between R/T  and da ta - l inked  messages. A r e p o r t  on 
t h e s e  i n v e s t i g a t i o n s ,  which were conducted a t  t h e  EUROCONTROL Exper imental  Cen t re  n e a r  
P a r i s .  w i l l  be a v a i l a b l e  v e r y  s h o r t l y .  

5.2.3 Ground da ta-base  develognent  ........................... 
In l i n e  wi th  t h e  f i n d i n g s  of t h e  ALT exper iments  ( c f .  5.2.1) t h e  view i s  growing t h a t  
a i r c r e w  access  t o  ground-based d a t a  banks could be a  ve ry  u s e f u l  a p p l i c a t i o n  of t h e  
l i n k ,  p a r t i c u l a r l y  because i t  would g i v e  them d a t a  a t  a  time of t h e i r  choosing and. 
fu r the rmore ,  f a c i l i t a t e  t h e  p r o v i s i o n  of ha rd  cop ies  of f a i r l y  d e t a i l e d  messages.  The 
U K C A A  i s  s t u d y i n g  t h e  problem of c r e a t i n g  such d a t a  banks ,  e.g. VOLMET, u s i n g  v e r y  
e f f i c i e n t  coding t echn iques .  

5.3 A i r c r a f t  d a t a  t r a n s f e r s  ...................... 
5.3.1 Data a c q u i s i t i o n  ---------------- 
As mentioned i n  para .3 ,  commercial a i r c r a f t  make up t h e  bulk of t h e  t r a f f i c  i n  
c o n t r o l l e d  a i r s p a c e  i n  Europe. Many of t h e s e  a i r c r a f t  have advanced a v i o n i c s  f i t s  and 
t h e  t r e n d  towards t h e  ' d i g i t a l  a i r c r a f t '  i s  con t inu ing .  Accordingly,  a  number of 
s t u d i e s  have been mounted bo th  t o  examine t h e  problems of a c c e s s i n g  a i r c r a f t  d a t a  
s o u r c e s  ( s e e  r e f .  9) and to  e x p l o i t  d a t a  s o  a c q u i r e d  f o r  A T C  purposes .  Apart  from 
c a r r i a g e  of the  a p p r o p r i a t e  s e n s o r ( s )  by t h e  a i r c r a f t ,  s a t i s f a c t o r y  d a t a  a c q u i s i t i o n  
and t r a n s f e r  n e c e s s i t a t e s  a c c e s s  t o  t h e  r e l e v a n t  d a t a  s o u r c e ,  e.8. v i a  t h e  ARINC 429 
d a t a  bus. n l u s  some on-board o r o c e s s i n n  and a  s u i t a b l e  d a t a  i n t e r f a c e  wi th  t h e  . - -~ ~ ~~ 

- -~ - 

t r ansponder .  ( c f .  4.6). Because d a t a  a v a i l a b i l i t y  w i l l  t h u s  be h e a v i l y  dependent  on 
a i r c r a f t  type,  i t  i s  necessa ry ,  vhen c o n s i d e r i n g  p a r t i c u l a r  d a t a  a p p l i c a t i o n s ,  t o  make 
some f o r e c a s t s  of f u t u r e  a i r c r a f t  p o p u l a t i o n  and t h e i r  l i k e l y  a v i o n i c s  i n s t a l l a t i o n s .  
Two a p F l i c a t i o n s  a l r e a d y  s t u d i e d  r e l a t e  t o  improving t h e  performance of r a d a r  t r a c k e r s  
and t h e  q u a l i t y  of meteoro log ica l  f o r e c a s t s ,  i;e. two important  f a c t o r s  i n  h i g h l y  
automated systems.  The former would r e p u i r e  d a t a  from t h e  maximum p o s s i b l e  number of 
a i r c r a f t ,  w h i l e  i n  t h e  l a t t e r  c a s e . - d a t a  from 15-20 X of a l l  t r a f f i c  would p robab ly  
s u f f i c e .  



5.3.2 Exper imental  a p p l i c a t i o n s  ...................... 
Three exper imenta l  r a d a r  t r a c k e r s  have been developed ( s e e  r e f .  1 0 )  and t h e i r  
performances  a s s e s s e d  u s i n g  d a t a  t r a n s f e r r e d  v i a  an exper imenta l  Mode S  l i n k .  The 
t r a c k e r s  were known a s :  

- ABF ( A c c e l e r a t i o n  B i a s  F i l t e r ,  employing r o l l - a n g l e  
d a t a ) ;  - EBF (head ing  Bias  F i l t e r ,  u s i n g  headlng d a t a ) ;  - VBF ( V e l o c i t y  B i a s  F i l t e r ,  r e q u i r i n g  both head ing  and 

t r u e  a i r s p e e d  d a t a ) .  

Their  performances have been a s s e s s e d  both s t a t i s t i c a l l y  and s u b J e c t i v e l y  ( w i t h  t h e  
a i d  of d i s p l a y e d  t r a c k s )  u s i n g  a  r e f e r e n c e  b a s e l i n e  f i r s t - o r d e r  Kalman f i l t e r  b e l i e v e d  
to  r e p r e s e n t  the  b e s t  a v a i l a b l e  i n  present-day A T C  systems.  F u l l  r e s u l t s  a r e  g iven  i n  
ref.11 and i t  a p p e a r s  t h a t ,  whereas a l l  t h e  modified t r a c k e r s  were s u p e r i o r  t o  t h e  
r e f e r e n c e .  EBF was robab l  t h e  b e s t  of them i n  view of i t s  performance f o l l o w i n g  
miss ing  d a t a  and i t s  s fmple  (bead ing)  d a t a  requ i rement .  A n  example of t h e  performance 
of BBF ( u s i n g  heading d a t a )  i s  compared w i t h  t h a t  of t h e  r e f e r e n c e  t r a c k e r  i n  f i g .  6. 

The need f o r  good q u a l i t y  m e t e o r o l o g i c a l  d a t a  f o r  p r e c i s e  longer-term t r a j e c t o r y  
p r e d i c t i o n s  and t h e  p o s s i b l e  u s e  of t h e  d a t a  l i n k  i n  enhancing t h e  q u a l i t y  of f o r e c a s t  
d a t a  were d i s c u s s e d  i n  r e f .  1. S i n c e  t h a t  t ime ,  i n i t i a l  f e a s i b i l i t y  s t u d i e s  u s i n g  t h e  
Mode S  l l n k  i n  improving t h e  q u a l i t y  of f o r e c a s t  d a t a  have been completed ( s e e  
r e f . 1 2 ) .  The l a t e r  s t a g e s  of t h e  work involved t h e  t r a n s f e r  02 d a t a  from T r i s t a r  
a i r c r a f t  v i a  an e x p e r i m e n t a l  Mode S  l i n k  and then t h e  World Meteoro log ica l  O f f i c e  
network t o  t h e  R e ~ i o n a l  Meteoro log ica l  O f f i c e ,  B r a c k n e l l .  UK. Examples of wind speed 
and o t h e r  speed measurements r e c e i v e d  v i a  t h e  l i n k  d u r i n g  a  t y p i c a l  T r i s t a r  f l i g h t  a r e  
shown i n  f i g .  7 .  

5.3.3 Other p o s s i b l e  developments ........................... 
The l i n k  a l s o  e n a b l e s  a n  a i r c r a f t ' s  i d e n t i f i c a t i o n  t o  be a c q u i r e d  a u t o m a t i c a l l y  by 
ATC.  a s  and when r e q u i r e d ,  e i t h e r  i n  t h e  form of a  f l i g h t  number i n s e r t e d  by t h e  
p i l o t ,  o r  a s  a  t a i l  number which could be hard-wlred i n t o  t h e  Mode S  t r ansponder  
i n s t a l l a t i o n :  a  un lque  Comm-B message h a s  been d e s i g n a t e d  f o r  t h e  t r a n s f e r  of t h i s  
s t a t i c  data.Because of i t s  importance f o r  s u r v e i l l a n c e  purposes ,  t h i s  p o t e n t i a l  l i n k  
a p p l i c a t i o n  i s  r a t e d  ve ry  h i g h l y  by EUROCONTROL Member S t a t e s .  

A l i s t  of pa ramete r s  thought  l i k e l y  to be of u s e  f o r  ATC,purposes i n  t h e  f u t u r e ,  and 
g e n e r a l l y  a v a i l a b l e  today from many ' d i a i t a l  a i r c r a f t  i s  g iven  i n  Tab le  1. Against  
each parameter  i s  shown t h e  number of d a t a  b i t s  r e q u i r e d  f o r  an a c c e p t a b l e  r e s o l u t i o n  
and t o  which 3  b i t s  f o r  p a r i t y  and a  s i g n / s t a t u s  m a t r i x  w i l l  normal ly  be added; t h e s e  
r e t a i n  t h e  d a t a  form i n  l i n e  w i t h  t h e  ARfNC 429 d a t a  bus s t a n d a r d .  The t a b l e  a l s o  
g i v e s  some examples of pa ramete r s  t h a t  could be grouped i n  a  s i n g l e  Comm-B r e p l y .  
These a r e  d e s c r i b e d  i n  terms of t h e i r  most p robab le  a p p l i c a t i o n s  and whereas groups 
1-7 a r e  p o s s i b l y  of most i n t e r e s t  f o r  domest ic  ATC,  1.e. w i t h i n  Mode S  coverage.  
groups 5-10 may be combined a s  r e q u l r e d  t o  form a p p r o p r i a t e  r e p o r t s  i n  a  s a t e l l i t e -  
based a u t o m a t i c  dependent s u r v e i l l a n c e  (ADS) environment .The assembl ing  of each group 
could t a k e  p l a c e  i n  t h e  a i r b o r n e  DLPU, ( c f .  4.6) which, i f  des igned  t o  be OSI 
compat ib le ,  could a l s o  p r o v i d e  'group p a i r s  , e.g. 5  and 10 ,  f o r  s a t e l l i t e  r e p o r t s .  
Examples of IDS r e p o r t s  showing a i r c r a f t  p o s i t i o n  ( d e r i v e d  from t h e  INS),  a l t i t u d e  and 
ground speed a r e  shown i n  f i g .  A .  The a c t u a l  in fo rmat ion  was ob ta ined  v i a  a  Mode S  
l i n k  and t h e  cor responding  r a d a r  t r a c k  i s  i n d i c a t e d .  Other  p o t e n t i a l  t r a n s f e r s  
c u r r e n t l y  command in^ a t t e n t i o n  a r e  t h e  downlinking of FMS p r o f i l e  d a t a  and t h e  
u p l i n k i n g  of r e v i s e d  r o u t e  i n f o r m a t i o n  f o r  p o s s i b l e  i n t r o d u c t i o n  i n t o  t h e  FMS. These 
a r e  longer-term a p p l i c a t i o n s  a s s o c i a t e d  w i t h  v e r y  advanced A T C  s c e n a r i o s ,  bu t  p r e s e n t  
s t u d i e s  should h e l p  t o  promote t h e  changes t h a t  would be r e q u i r e d  i n  FMS'S t o  suppor t  
them. 

5.4 Ground system and a i r c r a f t  i m p l i c a t i o n s  
----,-------------------------------- 

Before  any of t h e  d a t a  l i n k  a p p l i c a t i o n s  d i s c u s s e d  above can be implemented. 
development of t h e  ground system w i l l  be necessa ry  and ,  f o r  most a p p l i c a t i o n s ,  a s  many 
a i r c r a f t  a s  p o s s i b l e  w i l l  be r e q u i r e d  t o  c a r r y  Mode S t r ansponders  t o g e t h e r  wi th  
c e r t a i n  p e r i p h e r a l s .  Ground i n s t a l l a t i o n s  could range from a  s i n g l e  Mode S  
i n t e r r o g a t o r  capable  of r e l a y i n g  d a t a  from one o r  two d a t a  bases  through t o  a  network 
of s t a t i o n s  wi th  h i g h l y  automated A T C  c e n t r e s ,  s u p p o r t i n g  a  s t r a t e g i c  system of 
c o n t r o l  ( i n c l u d i n g  communications) and a l s o  capab le  of r e r y  e x t e n s i v e  machine/machine 
d a t a  i n t e r c h a n g e  w i t h  t h e  a i r c r a f t .  A i r c r a f t  sys tems may range from a  smal l  d i s p l a y  
w i t h  s imple  i n p u t  d e v i c e s  through t o  EFIS type d i s p l a y s .  k e y b o a r d ( s ) ,  a  p r i n t e r  and 
powerful on-board d a t a  p r o c e s s i n g  c a p a b i l i t i e s ,  p e r m i t t i n g  t h e  g r e a t e s t  p o s s i b l e  
degree  of i n t e r a c t i o n  w i t h  ATC c e n t r e s .  One example of an a p p l i c a t i o n  be l i eved  t o  have 
c o n s i d e r a b l e  p o t e n t i a l  economic b e n e f i t s ,  whlch c o u l d  be  suppor ted  by a  s i n g l e  ground 
i n s t a l l a t i o n  and moderate ly  equipped a i r c r a f t ,  i s  approach sequencing - a  t o p i c  
c u r r e n t l y  r e c e i r i w  c o n s i d e r a b l e  a t t e n t i o n  i n  EUROPE ( s e e  r e f s .  13 and 1 4 ) .  Fig .  9 ,  
which i s  d e r i v e d  from work d e s c r i b e d  i n  r e f .  13, shows a  t y p i c a l  d e s c e n t  p a t h  and 
i n d i c a t e s  t h e  machine d a t a  t r a n s f e r s  and communications t h a t  would t a k e  p l a c e  v i a  t h e  
l i n k .  I t  should be noted t h a t  the  a i r c r a f t  i d e n t i f i c a t i o n  SN409 i s  p u r e l y  an example 
and should not  be compared wi th  any  f l i g h t s  so  numbered i n  r e f .  13. 



6. FUTURE EXPERIMENTAL WORK 

6.1 B a c k ~ r o u n d  ---------- 
F o l l o w i n g  on f r o m  t h e  e a r l i e r  Mode S  d e v e l o p m e n t  i n  t h e  U n i t e d  Kingdom a n d  t h e  U n i t e d  
S t a t e s .  EUROCONTROL h a s  embarked  on a  Mode S  d e v e l o p m e n t  programme w h i c h  w i l l  l e a d  t o  
e v a l u a t i o n s  o f  an  e x p e r i m e n t a l  s y s t e m  c o m p r i s i n  g r o u n d  s t a t i o n s  d e v e l o p e d  i n  t h e  UK 
a n d  F r a n c e  . a  g r o u n d - n e t w o r k  and o t h e r  g r o u n d  f a c i l i t i e s  d e v e l o p e d  i n  t h e  UK t o g e t h e r  
w i t h  a i r c r a f t  i n s t a l l a t i o n s  d e v e l q p e d  u n d e r  c o n t r a c t  f o r  t h e  Agency a n d  c a r r i e d  i n  
e x p e r i m e n t a l  a i r c r a f t  and a i r l i n e r s  o f  s e v e r a l  E u r o p e a n  a i r l i n e s .  T h e s e  e v a l u a t i o n s  
w i l l  h a v e  many f a c e t s  i n c l u d i n g  s u r v e i l l a n c e ,  l i n k  p e r f o r m a n c e ,  g r o u n d  c o m m u n i c a t i o n s  
a n d  d a t a  l i n k  a p p l i c a t i o n s .  I t  i s  h o p e d  t h a t  much of t h e  i n i t i a l  d a t a  l i n k  work r i l l  
i n v o l v e  t h e  BAC-111 of RIE. B e d f o r d ,  which  w i l l  f a c i l l t a t e  many e x p e r i m e n t s  i n v o l v i n g  
a i r b o r n e  s y s t e m s .  F l i g h t s  s h o u l d  s t a r t  i n  mid 1987 .  S h o u l d  t h i s  t i m e  f r a m e  a g r e e  w i t h  
t h e  E u r o p e a n  S p a c e  Agency's  programme of a e r o n a u t i c a l  d a t a  l i n k  e x p e r i m e n t s  e m p l o y i n g  
s a t e l l i t e s ,  a t t e m p t s  w i l l  b e  made t o  s t u d y  s a t e l l i t e / M o d e  S  c o m p a t i b i l i t y .  

6 .2 T o 2 i c s  f o r  e v a l u a t i o n  

P l a n s  a r e  c u r r e n t l y  i n  p r e p a r a t i o n  f o r  a  number of t r i a l s  a n d  e v a l u a t i o n s  u s i n g  t h e  
e x p e r i s e n t a l  l i n k .  The t o p i c s  l i s t e d  be low a r e  b e i n g  considered t o r  the o v e r a l l  
programme. 

i )  B a s i c  l i n k  o p e r a t i o n :  - t h e  f u n c t i o n i n g  of  t h e  DLPU w i t h  t h e  t r a n s p o n d e r ;  - t h e  s u i t a b i l i t y  of  m e s s a g e  s t r u c t u r e s ,  a d d r e s s i n g  m e t h o d s  a n d  o p e r a t i n g  
p r o t o c o l s ;  

- t h e  o v e r a l l  a v a i l a b i l i t y ,  r e l i a b i l i t y  a n d  i n t e g r i t y  of t h e  e n t i r e  d a t a  
t r a n s f e r  s y s t e m .  

i i )  D a t a  b a s e s :  - .  ... . 
- t h e  p r o v i s i o n  of  ATIS a n d  VOLMET g r o u n d  d a t a  b a n k s  a n d  t h e i r  a c c e s s  by 

a i r c r e w s .  
i i i )  Communica t ions :  - t a c t i c a l  m e s s a g e  d u p l i c a t i o n  a n d  R/T back-up;  - p i l o t  i n t e r f a c e  a s p e c t s  i n c l u d i n g  t h e  f l e x i b l e  u s e  of d i s p l a y  a r e a s  on 

m u l t i - f u n c t i o n  d i s p l a y s ;  - s u p p o r t  f o r  a p p r o a c h  S e q u e n c i n g  s y s t e m s ;  - s u p p o r t  f o r  ( (round-based a l e r t i n g  a n d  t r a f f i c  i n f o r m a t i o n  s e r v i c e s ,  e . g .  
GTIS. 

v i )  M a c h i n e h a c h i n e  d a t a  t r a n s f e r s :  - t h e  a c q u i s i t i o n  a n d  u s e  o f  a i r c r a f t - d e r i v e d  m e t e o r o l o g i c a l ,  s t a t e - v e c t o r  a n d  
p r o f i l e  d a t a ,  e . g .  f o r  a p p r o a c h  s e q u e n c i n g ;  

- t h e  d e l i v e r y  of  i n i t i a l  c l e a r a n c e s  and c h a n g e s  of  r o u t e ;  
- t h e  a c q u i s i t i o n  of FMS-computed t r a j e c t o r y  d a t a  f o r  g r o u n d  s y s t e m  u s e .  

v )  C o m p a t i b i l i t y  of  o p e r a t i o n  w i t h  s a t e l l i  t e -based  ADS: - common DLPU f u n c t i o n s ;  
- t h e  t e c h n i c a l  a n d  o p e r a t i o n a l  aspects of t h e  t r a n s i t i o n  b e t w e e n  t h e  two 

s y s t e m s .  

7. POSSIBLE SYSTEM EVOLUTION 

U n d e r s t a n d a b l y ,  b e c a u s e  t h e  o n l y  p l a n n e d  i m p l e m e n t a t i o n  programme f o r  Mode S  i n  Europe  
i s  f o r  e x p e r i m e n t a l  p u r p o s e s ,  n o  programme h a s  y e t  been  p r e p a r e d  t o  a s s o c i a t e  f u t u r e  
ATC s y s t e m  d e v e l o p m e n t  w i t h  t h e  Mode S  d a t a  l i n k .  M o r e o v e r ,  no a s s e s s m e n t  o f  t h e  
r e l a t i v e  v a l u e s  o f  p o t e n t i a l  l i n k  a p p l i c a t i o n s  h a s  y e t  b e e n  c o m p l e t e d .  I n  a n  a t t e m p t  
t o  e s t i m a t e  how t h e  u s e  of  t h e  d a t a  l i n k  may be e x p a n d e d  t o  m e e t  ATC s y s t e m  n e e d s ,  t h e  
a u t h o r  h a s  made a  c o m y a r a t i v e  a s s e s s m e n t  of a r a n @  of  v e r y  b r o a d l y  s t a t e d  
a p p l i c a t i o n s  a g a i n s t  t h e  f o l l o w i n g  c r i t e r i a :  

i e x p e c t e d  b e n e f i t s  t o  s a f e t y ,  c rew a n d  c o n t r o l l e r  w o r k l o a d s  a n d  f u e l  economy; 
i i )  u p l i n k  a n d  d o w n l i n k  l o a d i n g ;  
i i i )  t h e  number of i n s t a l l a t i o n s  r e q u i r e d  f o r  b e n e f i c i a l  

o p e r a t i o n s ,  b o t h  ground-based  a n d  a i r b o r n e ;  
i v )  c o m p a t i b i l i t y  w i t h  p r e s e n t  day o p e r a t i o n s  on t h e  g r o u n d  a n d  i n  t h e  a i r .  

The a p p l i c a t i o n s  c o n s i d e r e d  a r e  l i s t e d  be low i n  a n  ' o r d e r  o f  merit' a n d  t h e  p r i n c i p a l  
b e n e f i t s  e x p e c t e d  a r e  i n d i c a t e d .  

1. The d o w n l i n k i n g  of a i r c r a f t  m e t e o r o l o & i c a l  d a t a  
( a u t o m a t i o n  s u ~ o o r t / f u e l  economvl .  

T a c t i c a l  c o m m u n i c a t i o n s  back-up ( s a f e t y ) .  
S t r a t e b i c  s s u p p o r t  i n c l u d i o b  t h e  g e n e r a t i o n  a n d  d e l i v e r y  
c l e a r a n c e s  f ~ ~ ~ ~ l o a d  a n d  f u e l  e c o n o m i e s ) .  
The d o w n l i n k i n 6  and u s e  o f  a i r c r a f t  s t a t e - v e c t o r  a n d  A N A V  d a t a  ba 
and s a f e t y ) .  
The u p l i n k i n g  of r o u t e  r e c l e a r a n c e s  ( w o r k l o a d  a n d  s a f e t y ) .  
The d o w n l i n k i n g  and e x p l o i t a t i o n  of  FMS p r o f i l e  d a t a  ( a u t o m a t i o n  
economy) .  

o f  i n i t i a l  

s e i  ( w o r k l o a d  



C l e a r l y .  s i n c e  they a r e  based on one i n d i v i d u a l  judgement made f a r  i n  advance of t h e  
n e c e s s a r y  e v a l u a t i o n s  and r e a l  c o s t - e s t i m a t e s ,  t h e  r e s u l t s  must i n e v i t a b l y  be 
s u b j e c t i v e .  The a t o v e  o r d e r  does  n e v e r t h e l e s s  sugges t  a  p o s s i b l e  s t a r t i n g  sequence f o r  
d a t a  l i n k  o p e r a t i o n s :  f i r s t l y ,  m a c h i n e h a c h i n e  i n t e r c h a n g e s  wi th  a  smal l  number of 
a i r c r a f t  and second ly ,  crew i n t r o d u c t i o n  t o  t h e  l i n k  v i a  d a t a  bases  fo l lowed ,  t h i r d l y ,  
by i t s  oyera t i o n a l  u s e  a t  a  smal l  number of busy a i r p o r t s  t o  suppor t  approach 
sequenc ing ,  e t c .  Once t h e s e  measures were in t roduced  i t  would be e a s i e r  t o  d e c i d e  on 
subsequent  s t e p s  towards h i g h e r  l e v e l s  of automat ion l e a d i n g ,  u l t i m a t e l y ,  t o  even 
d r e a t e r  economies f o r  t h e  ITS community. 

The i n t e r n a t i o n a l  s t a n d a r d s  f o r  SSR Mode S w i t h  a  d a t a  l i n k  c a p a b i l i t y  a r e  i n  an 
advanced s t a g e  of p r e p a r a t i o n  and,  i n  t h e  USA, t h e  system is a l r e a d y  be ing  
implemented. I n  EUROPE, where implementat ion i s  not  expected be fore  1995, a  number of 
s t u d i e s  have been i n i t i a t e d  t o  a s s e s s  t h e  f e a s i b i l i t y  of u s i n g  t h e  l i n k  f o r  
a p p l i c a t i d n s  be l i eved  t o  be we l l  w i t h i n  i t s  c a p a b i l i t i e s ,  l a r g e l y  i n  suppor t  of h i g h l y  
automated ATC systems. From t h e s e  i t  emerged t h a t :  

- f o r  c o n t r o l l e r / p i l o t  communications. message g e n e r a t i o n  should be a s  a u t o m a t i c  a s  
p o s s i b l e ,  the reby  avo id ing  i n c r e a s e s  i n  c o n t r o l l e r / c r e w  workload, and t h e  u s e  of 
compact coding w i l l  a l s o  be necessa ry  t o  minimise t h e  d a t a  t r a n s f e r ;  

- machine/machine d a t a  i n t e r c h a n g e s  appear  c a p a b l e  of y i e l d i n g  c o n s i d e r a b l e  
b e n e f i t s  t o  t h e  o p e r a t i o n  of automated systems i n  a  v a r i e t y  of a r e a s ,  e.g. 
meteorology,  r a d a r  t r a c k i n g  and approach sequencing.  

A programme of e v a l u a t i o n s  i s  be ing  prepared t h a t  w i l l  emplof exper imenta l  
ground-based and a i r b o r n e  systems developed i n  Europe and o p e r a t i n g  n  a  manner ve ry  
r e p r e s e n t a t i v e  of t h e  f u l l  Mode S  system. The exper iments  being planned w i l l  check 
o v e r a l l  system o p e r a t i o n  and a l s o  e n a b l e  t h e  b e n e f i t s  of v a r i o u s  a p p l i c a t i o n s  t o  be 
r e a s s e s s e d .  Mode S  / s a t e l l i t e  ADS c o m p a t i b i l i t y  may a l s o  be i n v e s t i g a t e d .  
Based on very p r e l i m i n a r y  work i t  appears  t h a t  t h e  i n i t i a l  s t e p s  towards a  h igh  l e v e l  
of automat ion could be: 

i )  t h e  recovery  and u s e  of a i r c r a f t - d e r i v e d  m e t e o r o l o n i c a l  d a t a  - ~ ~ ~-~~ - - .- 
(machine/machike d a t a  t r a n s f e r s ) ;  

11) t h e  p r o v i s i o n  of ground-data banks (ATIS. VOLMET); 
i i i )  t h e  suppor t  of approach sequencing systems. 

A yroaramme of t h i s  k ind cou ld  be s t a r t e d  a t  a  smal l  number of l o c a t i o n s  w i t h  on ly  a  
smal l  ~ e r c e n t a g e  of equipped a i r c r a f t  but could r e a d i l y  l e a d  towards a  u n i f i e d  c o n t r o l  
system employing a  much g r e a t e r  l e v e l  of automat ion i n  which ground f a c i l i t i e s  would 
be expanded and an even g r e a t e r  u s e  made of a i r c r a f t - d e r i v e d  d a t a ,  e  .g. ground 
computer/FMS i n t e r c h a n g e s .  To f a c i l i t a t e  t h i s  t r a n s i t i o n ,  a v i o n i c s  system d e s i g n e r s  
a r e  faced  wi th  an i n t e r e s t i n g  c h a l l e n g e  : t o  r a t i o n a l i s e  t h e  p r o v i s i o n  of d a t a  s o u r c e s  
and d a t a  communication f a c i l i t i e s  and a l s o  t o  make a v a i l a b l e  f o r  ATC'c u s e  o t h e r  d a t a  
t h a t  a r e  no t  y e t  a c c e s s i t l e ,  on even t h e  most modern a i r l i n e r .  
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FIG. 9 - COMPUTER ASSISTED APPROACH SEQUENCING ClITH DATA LINK SUPPORT 

ASSOCIATED CONTROL ACTIONS 

Request t o  a i r c r a f t  f o r  id.ntif ication, IAS 
a d  mass i t hm r e s o n ~ l t a t l m  of most f u r l -  
e f f i c i e n t  descent po in t .  A i r c r a f t  then rc- 
quested t o  cont inue s rnd inp s ta te-vec tor  
data i n  each rep ly .  

Advisoly m e s s a ~ e  s m t  t o  a i r c r a f t .  

Reply f lom data  bale. 

Con t l o l  i n s t r u c t i o n  sent. 

A l t i t u d .  rat. checked f10m data; o r d m  i n  
sequlnc. a d i f l e d  by on. .Lot and then 
adv isory  messag. sent. 
Continuous checking of t u rn i ng  p o i n t  t o  
g i ve  C O P I ~ C ~  Landing time. 

I n s t r u c t i o n  t o  i t a p t  t u r n  sent, t im ing  
# < t h i n  6-12 sec. n o t  t o o  c r i t i c a l .  

A i r c r a f t  no ted mrr than 10 act. ahead 
o f  p i m c d  t1.r SO a in i nun  safe 1AS 
requested. 
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NOTE : 11 Only the  t echn i ca l  addre.. i s  inc luded i n  each t r ansac t i on  - t h e  11r ID, SN409, uOuld be 
added a f t e r  t h e  message contents and technlcaL address have been r e r e i v d  and w r f f i e d .  

ii) A l l  o f  these t y p i c a l  mes..ges w i l l  probably be t ransmi t ted  i n  s i ng le  or Linked Com-A and 
Corn.-B wssagas. Exact requirements cannot be def ined u n t i l  a d d r l r t i n g  r.quiremnts I r a  
,t,"d.ldi..d. 

- 

PRINCIPAL DATA LINK MESSAGES 

COM-B r e p l i e s  t e n t  conta in ing  data groups 1, 3 
and 7 (from Table 1). Grou. 1 data then inc luded 
I n  a l l  f o l l o r i n g  r r p l i l r .  

Advisory ..1..g.:*(SN 409) EXPECT 10 START 
DESCENT 2 W  BUN AT 250 KT 115" 
P i  Let .ckn~uL.d~ement:*(SN 4091 ROGER" 

cveu ~@qu.sts: "ATIS TOR BUB. (BRUSSELS) 
Reply:" LSN LO91 EUUR 0950 8 RUI 25 L 
TRANS FBO UND 2W150, QNH 1008 Tb DP3 
VIS 1.5 1(11 3/050 

Cont ro l  i n s t r uc t s :  "(ON 109) COWENCE DESCENT 
AT 29NM BUN AT 250 KT 1AS" 
P i l o t  ackn~~ ledpe .~n t  : "(SN409) UILCO. 

Adulsory up l i nk :  "(SN409) EXPECT TO TURN 
RT 5.5 NU BUN ON HDG 210" 

Cont ro l  i n s t r uc t s :  .(SN4091 AT 2.1 NU BUN TURN 
RT HDG 210 TO INTERCEPT ILL" 
p i l o t  .cknou~.d~em.nt: . i s~k091 UILCO. 

Cont ro l  i n s t r uc t s :  .(SN409) IOU ARE CLEARED TO 
LAND ON RUI 25L. CONTlNUE DESCENT AT 160 KT 
IAS. 



R E M A R K S  

0) Standard m d c  S format r o u l d  be used. 

1) P101ess.d data shor ing  angles exceeding approx. 5, 10 and 20.. 
2) PIOC~SSC~ data shor ing  ra tes  c r rced inp approx. 250, 5W and 1000 f t lmtn .  

3 PIOILSSC~ data would lhow turbulence on a 1og.scale. 

4 )  Reduced P C S O L U ~ ~ D ~  IOYL~ b. .dewate t o  i hou  neaICl t  FL. 
M) D@wt.s US. of a e t l i c  u n i t s  fo r  r p c ~ d l a l t i t u d 1  repor ts .  

TEM 

TABLE I - AIRCRAFT PARAIIETERS AND PROPOSED GROUPINGS FOR POSSIBLE USE 
IN FUTURE ATC SYSTE!IS. 

8111 
REQUIRED GROUPINGS OF PARAMETERS FOR POSSIWE APPLICATIONS 
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SUMMARY 

Space-based surveillance systems, including primary radar (SBR) and secondary surveillance radar (SBSR) a r e  of 
interest for both the  Air Traffic Control and the  Air Defence. This paper surveys the  relevant s t a t e  of the ar t ,  
architectures considers surveillance system with special reference t o  the  European scenario and closes with remarks 
pointing toward areas  of future work. 

I. INTRODUCTION 

Satellite-borne radars became operational in 1978 with the  SEASAT-A Synthetic Aperture Radar (SAR) which was 
the  leader of the  SIR (Shuttle Imaging Radar) family in the  USA (I), (2); the  European development in the Satellite-borne 
SAR includes the  Active Microwave Instrument of the Earth Resource Satellite ERS-I (1) and the  X-band sensor (3) of 
the  SIR-C SAR both to  be launched a t  the  end of this decade. 

Incidentally; SEASAT and ERS-I also include a radar altimeter (RA) t o  measure the  distance from the underlying 
surface with errors of a few centimeters (1). 

SAR systems are  used for remote sensing and monitoring of slowly varying phenomena (tides, sea ice, crops, 
forestry, land use etc.) and a r e  not suitable t o  survey large areas, such as  a sub-continent, in a limited time (e.g. a few 
hourd. AS a matter of fact,  the synthetic aperture principle itself, while allowing a relatively low average radiated 
power (orders of some hundreds of watts) limitates the  width of the strip of surface t o  be imaged, i.e. of the  "swath", t o  
the  order of magnitude of hundred kilometers for satellites (with height between 700 and 1000 Km) or even less for the 
Shuttle. Moreover, the  data revewal t ime of a SAR is of the  order of same days, depending upon the orbit. 

On the other hand, from the beginning of this decade the  space-based radar (SBR) concept is being considered by 
some authors (4-10) and by some military and civilian Authorities of the  USA (5). (9) and Canadian (8), (13, (27). 

The pertaining applications (4) include the defence of the f leet  (5), of the  Continental United States (CONUS) (5), 
the  early warning of cruise and ballistic missiles, the Air Traffic Control (ATC) over the  oceans (9) and on the CONUS 
(19), the  monitoring of disarmamentlarms control agreement and of crisis situation (7). Of course other application areas  
can be considered, for example in the Strategic Defence Initiative (SDI) context. 

The surveillance requirements for each application a r e  rather different, however they a r e  all bared upon the unique 
capability of SBR systems of detecting and tracking aircraft  and missiles (even lawlvery low flying) without practical 
limitations of the  line-of-sight. 

For example, a satellite surveillance system compatible with today's ATC facilities (19) could extend ATC 
coverage in the  USA and adjacent areas  from the current minimum height of 2-3 Km up t o  ground level. 

Moreover, a suitable selection of the number of platforms (e.g., six t o  fourteen) and of their orbit allow a coverage 
of the  whole Earth (global coverage) (5), (7). or of extended areas  where the  installation of ground-based facilities is 
either impossible, like the  Atlantic Ocean (9),or too expensive, like in desertic reglons, jungle and so on. 

2. MULTIFUNCTION SPACE-BASED SURVEILLANCE FOR EUROPEAN APPLICATIONS 

2.1. The need for a multifunction, multi-user system 

The very large cost of space-based system w.r.t. their ground-based cwnte rpar t  lead t o  consider multifunction 
configurations, i.e. satisfying the  requirements of many users, In order t o  share the  cost. 

For the  same reason, there Is a trend today t o  integrate Air Traffic Control and Air Defence equipment and 
systems, a s  resulted for instance by the  recent joint Federal Aviation Administration (FAA) and United States Air Force 
(USAF) requirement for 48 L-band, three-dimensional long-range radars t o  upgrade surveillance around periphery of 
mainland USA (set: Electronics Weekly, May 29, 1985). Another example of civilian and military u s  of equipment and 
systems is the planned u s  of the  SSR Mode S (16) in the  USSR (18) including the  following additional features w.r.t. the  
basic system under consideration by the  ICAO (16): 



i) Electronic beam steering of the  interrogator; 

ii) Ground-air transmission of computer generated vector commands for interception; 

iii) Cryptography for secure air-ground-air data transmission. 

As explained in the  introduction, SBR system typical coverages a r e  a s  large a s  a subcontinent; one such system can 
fill the  coverage gaps of the  whole Europe and of a significant a rea  (Artic, Mediterranea Sea, neighbour Atlantic Ocean). 
This calls for an European joint e f fo r t  in research and development, with the  same cooperation philosophy as  the Large 
research projects o f  the  European Economic Community ( E E C ) ~ ~  of the  European Space Agency (ESA). 

2.2. Military requirements 

The military surveillance and tracking requirements for the  European application can only be defined af ter  an ad- 
hoc study; a baseline se t  of performances could be: 

a) The radius of the  coverage area, supposed t o  be circular, is about 5300 Km. 

b) Surveillance is performed in a much smaller area  than in item (a), including a fence and some spots where ground- 
based surveillance isn't effective and/or where potential threath originates (e.g. air  fields and missiles installa- 
tions); for convenience, the extens@ of this can be assumed equal t o  the  one of an annular ring of 5300 Km radius 
and 200 Km thickness, i.e. 6.6 x 10 square kilometers. 

c) The search data ra te  depend on the  fence width, on the  maximum speed of the  targets  and on the  number of 
required detections in the fence t o  guarantee a cumulative probability of detection as large as  99.5%. A & 
data  ra te  of f i f ty  t o  sixty seconds insures a t  least four detection opportunities for a Mach 3 aircraft ,  more than 
twelve opportunities for a cruise missile or a low-elevation (terrain following) a i rcraf t  and one opportunity for a 4 
Kmls ballistic missile (the latter being preferably detected, a t  lower speeds, just af te r  the  launch). 

d) Friendly targets recognition is aided by the  identification friend or foe (IFF) function, that  uses the  1030-1090 MHz 
SSR channel and includes the  same data  link as the SSR Mode S (16), (17) o r  equivalent. The region where 
acquisition of friendly targets and relevant data transmission is required is generally different than the one 
described in item (a) and its area  can be assumed such smaller (e.g? tenth) due to  the  more predictable nature of 
this kind of  traffic. 

e) After identification, relevant targets  are  passed t o  the  tracking function, whose most important requirements are  
accuracy and data  rate. Both are highly dependant on the  manoeuvrability (max. acceleration) and speed of the  
targets; for preliminary evaluation purposes, an x-y accuracy of the  order o f  30-50 metres and a data ra te  between 
3 and 20 seconds (adapted t o  the type of tar  e t )  could be assumed. The lower value of the  data  ra te  could apply t o  
subsonic, highly manouvering lowslevation ?over land) targets and the higher value t o  scarcely manoeuvering, high 
elevation targets. 

f) To improve the  track initialization and the resolution of crossing tracks, i t  is very likely that  other information 
(than x, y location) be required. One such information is the  speed, that  can be extracted from the Doppler 
frequency when measured from two widely spaced radars. Another one, from cooperating targets,  is the IFFlSSR 
code. 
The third one is the  elevation of the  target,  that  in the  case of non cooperating targets  requires a 3D capability 
with height errors not greater than 500-1000 m. 

g) The system shall be capable of detecting and tracking jammers by self-triangulation (i.e. exploiting the  movement 
of i t s  own platform) and/or by triangulation. It is desirable that  the  system include some redundancy and graceful 
degradation against anti-satellites (A-SAT) weaponry and against the  electro-magnetic pulse (EMP) due t o  a 
nuclear blast. 

2.3. Civilian requirements 

There a r e  three basic approaches t o  the  ATC surveillance, namely: 

i) the  independent surveillance: it does not require any cooperation between the  aircraft  and the  ATC systems and i ts  
sensor is  the  primary radar; 

ii) the  cooperative independent surveillance: it requires cooperation but is independent of aircraft's navigation system; 
i ts  sensor is  the  SSR; 

111) the automatic dependent surverllance (ADS), b a x d  upon automatic read-out and prewntatron of alrcraft navigation 
data; no pertain~ng system exist today, but satellite-based ADS systems have been proposed. 

The ADS can lead t o  very interesting systems (from both the  performance and the cost point of view), but does not 
comply with the  general criterion of separating the  main ATC function, i.e. the  communication, the  navigation and the 
surveillance, whose importance has been recognized by the  International Civil Aviation Organization (22) in order t o  
guarantee redundancy and cross-clock capabilities. 

Therefore, only independent surveillance is considered in this paper. The ATC surveillance requirements can be 
divided in two c l a s m  pertaining t o  the  Terminal Manoeuver Area (TMA) and t o  the  En-Route ATC. 

The dense, mixed and manoeuvring t raff ic  of the  TMA calls for greater accuracies and shorter data  renewal 
intervals than the  En-Rwte traffic. Today's En-Route ATC-Surveillance and tracking has data  ra tes  of 8 to 12 oeconds 
and accuracies of 300-500 m (and even coarser near the  maximum range, limited t o  350-400 Km by the  horizon). 

The greater potential for space-based ATC surveillance is for the  En-Route traffic, a s  the  TMA surveillance can be 
expected t o  remain ground-based (i.e. utilizing the  combination of the primary radar and of the  SSR, generally corotating 
a t  the  airport site). 



Satellite systems, using the  primary radar (9), the  SSR (19) or both (20). (21) have k e n  considered for ATC 
applications. As SSR transponders a r e  carried on-board of most alrcraft  and their use is mandatory above 8.400 m (28.000 
ft), the  En-Route surveillance could rely, in principle on the  SSR alone. 

However, the  SSR surveillance from the space can be affected by some significant facts, including: 

a) The need for a top-mounted, circularly polarized antenna on the  aircraft  (for dual antenna operation with switching 
on the  strongest interrogation). 

b) The limited effective radiated power (EIRP) of thetransponder (as low as  70-100 W in some cases). 

C) Multipath, especially over sea, both in the  interrogation and in the  reply link. 

d) Interference ( f ~ i t ,  garble), that  could be significant during the  transition p r i o d  from the  current SSR signal 
formats t o  the  Mode S formats (notice tha t  these phenomena should be very limited when the space-based 
surveillance does not overlay the  ground-based surveillance). 

In the  Mode S operation the  unsolicited replies (?quitter) of the  Mode S transponder c w l d  be u x d  (19) in addition 
to, or instead of, tne  replies t o  a valid interrogation. The advantage of this technique is  the  saving of transmitted power 
(and hence thereduction of the  cost of the  space segment); the  drawback is  the  loss of the  "garble free" feature of the  
SSR Mode S and the need for special message formats to  initialize the  data transmission, these formats not being 
contained in the  present Mode S draft  standards. 

3. SYSTEM OPTIONS AND TRADEOFFS 

According t o  the  overall requirements of the  previws section, different system options can be considered. 
The civilian requirements could b e  satisfied by a space-based secondary radar (SBSR) either including geosynchro- 

nous (at 36.000 km height) and geostationary (at 36.000 km height, on the  equatorial plane) satellites or a constellation of 
lower-height, orbitating satellites. In both cases the power requirements on board a r e  affordable, because they call  for a 
peak transmitted power not greater than a few kilowatts with duty cycles below 8% - 10% (19), (20), (21). However, d w  
t o  the  limited radiated power of the  transponder (see point (b) of the  previous paragraph) the  power bud e t  in the 1090 
MHz link in the  geosynchronous-geostationary (CS) solution c a l h f o r  a very large satellite antenna &3-55 dB gain 
corresponding t o  a diameter of over 50 m). Even with such a large antenna, the  angular accuracy in the aircraft  position 
location is very modest, i.e. corresponding t o  an rms error of the  order of I0 Km or greater;  this calls for a triangulation 
from two (using the  height information from the transponder) o r  from q r e e  SBSR's thus increasing the  system 
complexity and cost. Moreover, the  large footprint (typically, 300 x 400 Km wide) of the  GS solution emphasizes the  
interference problems that  have been q w t e d  in the  last part  of the  previws section. 

A constellation of SBSR satellites eliminatesmost of the  shortcomines of the  GS solution but of course reauires a 
greater number o f  satellrtes. By any means, the surverllance by SBSR on1;does not seem t o  be adequate for th; small 
alrcraft  carrying lust the belly-mounted L-band antenna, nor far some military aircraft  that use tlme mult~plexlng 
between top and belly antennas. 

To satisfy both civilian and military requirements, according t o  the  concept of multifunction-multiuser systems, 
the SBSR surveillance has t o  be integrated with the  primary radar one, i.e. with the  SBR. 

The SBR perfwmance being affected by the  fourth-power-of-the-range law (1'4, geostationary or high orbits (e.g. 
a t  10.000 Km k i e h t )  solutions cannot be considered (except for mrticular a ~ ~ l i c a t i o n s  with very l o n ~  dwell times) and a . . . 
constellation of low-orbit satellites is the  baseline solution. 

The pertaining system architecture result from some fundamental choices listed hereafter. 

a) Selection of height, type and inclination of the  orbit. 

Reducing the height for assigned dimensions of the  antenna($ means increasing the  angular accuracy, reducing the  
footprint (and the pertinent SSR interferences) and reducing the  transmitted power. On the other hand, the  number 
of satellites, the  maximum scan angle, the number of footprints to  be scanned and the minimum grazing angle f w  a 
required coverage a rea  tend to  increase with the height decreasing. 
Once the height of the  orbit above the  middle of the  surveillanceltracking area  0.e. the  Europe) has been fixed, the  
trade-off between a circular orbit and an ellyptical one should be considered, and the  inclination of the  orbital 
plane w.r.t. the equatorial one should be selected in order t o  maximize the  weight that  can be put into orbit by the  
selected vector (e.g. Ariane, the Shuttle o r  other). In this context, environmental e f fec t s  should be taken into 
account, and basically the radiation dosage due t o  the  Van Allen belts (5), (23) that  c w l d  prevent from the  use of 
highly-inclined orbits with height from 3000-4000 Km t o  10.000 Km. 

b) Selection of the  operating frequency 

While the  SBSR frequencies a r e  fixed by the  worldwide ICAO standards for the  SSR, the  SBR frequencies can be 
selected within the  radar bands. These frequencydependent propagation phenomena shwld be taken into account: 

i) Attenudtion (in good and bad weather) (14) 

ii) Faraday rotation (5), (15) 

iii) Scintillation (26) 

The former favours low frequencies, while Faraday rotation and scintillation increase a s  f-2 and favour high 
frequencies. 
In most cases (5) ,  (6), (a), (9) the trade-off lead t o  frequencies in the  L o r  in the S band, 1.e. in the  classical bands of 
long-range radars where proven technology is available. 

C) Selection of the  number of satellites. 

The number of satelli tes required for the assigned coverage and data re te  (see the  previous section) depend upon: 

i) The height of the  orbit. 

ii) The maximum scan angle of the  antenna. 



iii) The use of triangulation. 

The latter i tems requires some comments. The angular radar error from typical, low-elevation satellites (slant 
ranges up to  6000 Km) correspond t o  typical a i rcraf t  location errors, in the  cross range direction, of the  order of 3- 
6 Km for the  SBR and of 1-2 Km for the  SBSR. On the  other band, typical range errors a r e  o m  order of magnitude 
less (and even less, e.g. twenty o r  thirty times smaller, for SBSR). The use of two o r  three simultaneous range 
measurement to  increase the  position accuracy is attractive in these situations, the price t o  be paid being the  
increase of  the  number of satellites. 

d) Selection of the  antenna scanning law, type, polarisation and gain 

Different types of antennas have been considered for SBR, including reflectors, space-fed arrays (lenses), 
corporate-fed planar arrays and active arrays (4), (51, (6). Possible scanning laws include slow scan (mechanical), 
fast  scan (electronical), limited scan and full (e.g. by + 60.) scan. Both single beam and multiple beams solution 
have t o  be considered. The number of footprints (beam positions) t o  be scanned during the  transit t ime of each 
satellite over the  coverage area, a s  well a s  the  geometry of the  problem, lead the  selection. As far a s  polarisation 
is concerned, the  requirement of Lowering landlwa clutter power (for SBR) call for horizontal polarisation while 
the  requirement of reducing reflections,especially for SBSR over sea, call  for vertical polarisation (reflection 
coefficients over sea a t  3. grazing angles and L-band are  close t o  0.99-0.98 for horizontal polarisation and close t o  
0.40 for horizontal polarisations (14)).Moreover, lowering rain clutter power call for circular polarisation. 

e) Definition of the  power budget and of the  prime power. 

A basic task of the  SBR design is the  minimisation of the  power requirements (the ones of the  SBSR being 
relatively negligible in an integrated system). The constant parameter of this optimisation process is the 
cumulative detection probability (25) for a target in the  surveillance area  (see item (b) of sect. 2.2), from which the  
single-look detection probability, and hence the  transmitted power, can be evaluated a f t e r  optimum number of 
looks. 

As far  a s  the  prime power source is concerned, discarding nuclear sources for safety and accep tame  reasons, the  
s o k r  panels remain the  only choice. Batteries should be included t o  guarantee 24 hr operation; their use results 
especially convenient for a limited (i.e. not global) coverage a s  they allow a significant reduction of the  panels 
area; for the  '90, batteries with 100 Wh capacity p r  Kg of mass a r e  expected (10). 

f)  System management and data  processing 

This a rea  includes: 

i) Detection and confirmation strategy 

ii) Primary radar1SSR (IFF) integration 

iii) Acquisition and track-while-ran (TWS) management (including time sharing). 
iv) On board vs. on ground data processing (for TWS) 

V) SSR Mode S channel management. 

g) Cost-effectiveness analysis 

After the  system definition, a detailed performance evaluation, possibly aided by computer simulation, and a iife- 
cycle cost analysis should be carried out in order t o  verify that  the  considered solution is cost-effective with 
respect to  an alternative one having the same performance, including ground-based long-range and low-altitude 
(gap-filler) radar stations, airborne radar systems (24) for the areas where ground stations cannot be installed and, 
subject to  investigation, satellite-bawd passive sensors (in the  optical, infrared or microwave frequencies) for 
surveillance beyond the airborne radar horizon. 

4. A TYPICAL S Y m M  ARCHITECTURE 

4.1. Overall system 

From the requirements of section 2, the  options of section 3 and some arbitrary choices, to  be reevaluated in a 
further study (241, the  following, preliminary architecture results: 

a) A constellation of satellites in a circular, low (height of 750 - 1100 Km) orbit. 

b) Radar operation in the  L-band (1030-1090 MHz for the  SBSR and between 1250 and 1350 MHz for the  SBR), 
allowing a common antenna. 

C) Number of satellites: from 8-10 (without triangulation) t o  15-18 (with triangulation). 

d) Antenna: phased array with full scan (angles up t o  + 60°) in both planes, fas t  scan in one of 600 beam positions, two 
independent beams: one for  the  SBR (with horizonial polarization) and the other one for the  SBSR (with vertical 
polarisation). Grazing angles: greater than 3 O  for SBSR and between 3' and 55' for SBR, limited by clutter and 
propagation. 

Half-power beamwidth: about 0.6O in both planes, corresponding to  a 700-900 squar rmete r s  antenna (depending 
upon the aperture *ghting) and t o  a maximum foot print dimension of 200 x 55 km a t  the  (minimum) grazing 
angle of 3*. 

e )  Prime power on board: in the  tens of KW range, with batteries being charged for about 85% - 90% of the  time, 
allowing the solar panel a rea  t o  be reduced by the  same amount w.r.t. a continuous operation (global coverage) case 
a t  the  expense of an additional weight of some hundreds of kilograms. 

f )  SBR and SBSR operation thru the  same antenna with two independently steerable beams and a basic period of 60 
seconds. 



i) SBR search: on 600 out of the  about 10.000 beam positions (footprints), with 60 seconds revisit t ime and 50 
milliseconds dwell time a t  the  maximum range. 

ii) SBR tracking (of-non-cooperating targets): on 100 beam positions, with revisit time from 3 to  20 s (average: 
12.5 seconds) and dwell t ime from 10 t o  50 ms (average: 30 milliseconds), both depending on the  
characteristics of the  target. Sharing of 50% of the  time between search and tracking. 

iii) SBSR acquisition: by all-call interrogation (with a selectable interrogation beamwidth) or by hand4ff  of Mode 
S targets previously acquired by another SBSR. 

iv) SBSR tracking (surveillance and data link) up t o  10.000 Mode S targets with an average dwell time of 0.8 ms 
(actual values ranging from 1-2 ms at the smallest grazing angles t o  0.1 - 0.2 ms a t  the  greatest grazing 
angles) and an average revisit t ime of 8 seconds (revisit times anging from 2 t o  16 seconds according t o  the  
target manoeuvrability and t o  the  data transmission requirements). 
(Note that  electronic scan of the  SBSR antenna not only does improve the  data link capacity (17) but does 
allow an efficient time management because each beam position is scanned just when a reply is expected 
from that  position, saving most of the  round-trip time ("fast scan mode")). 

4.2. Typical coverages 

Let us consider for convenience the  following orbital parameters. 

i) Type of orbit: circular. 

ii) Elevation 750 Km (i.e. the  lowest compatible with a minimum grazing angle of 3* and a radius of the  
coverage a rea  of 5300 Km). 

iii) Inclination of the  orbit: 75* with an ascending node of 0' longitude 

Following a single satellite in i ts  motion, some successive positions of the  a rea  that  can be scanned by the  antenna 
beams a r e  shown in Figures 1, 2, 3, 4 pertaining t o  the  satellite longitudes of 5*, 7', 17O and 30' respectively showing 
the SBRISBSR potential for very wide coverages even a t  relatively low orbits. 

The dimensions of the  p t p r i n t  in a particular point of the  coverage area  (eastern Sicily) for an antenna beamwidth 
of 0.6* (25 x 25 t o  30 x 30 m aperture) a r e  shown in Figurer 5 and 6 for a satellite longitude of 5O and 15' respectively, 
showing the SBRISBSR potential for high resolution and accuracy. 

5. A R M S  OF RESEARCH AND FURTHER STUDIES 

The main areas of further study include system trade-offs and design, sub-systems and related technologies. The 
system areas have been referred t o  in the  previcus sections, and the  main pertaining research should refer to: 
- Optimisation of the  overall system and cost-effectiveness analysis. 
- Time-power management for SBR surveillance and tracking. 
- Time management for S S R  surveillance, tracking and satellite-to-aircraft data link. 
- On-boardton ground data processing trade-off and related data transmission requirements, including satellite-to- 

satellite links. 

- Compensation of propagation effects. 

The sub-system areas  include: 
- Target data  (position, elevation and speed) measurement and related techniques (triangulation, superresolution, 

doppler frequency measurement, ambiguity solution, 3-D techniques etc.) 
- SBR techniques (Moving Target Indicator and Synthetic Aperture modes, Displaced-Phase Centre Antennae, 

bistatic Vr. monostatic, ECCM, jammer location, waveform design and pulse compression, post-detection 
processing etc.). 

- Phased array techniques (antenna configuration, beam steering and beam forming, adaptivity etc.). 

The techrological areas  include: 

- Prime power sources 

- Very large scanning antennas 

- Active array modules 

- Beam forming networks 

- Beam steering processors 
- Fast on-board computers for radar management. 

- P u k  compressionIexpansion networks 

- Fast programmable signal processors. 

Active microwave sensors have the  unique capability of a long-range, all-weather, 24hours  operation in both a 
cooperating and a non-cooperating environment. 

Combination of this capability with the  practically unlimited field of view of satellite systems leadsto very 



appealing satellite surveillance systems architectures, including space-bawd radars and space-bawd xcondary radars for  
both civilian and military applications. 

Relevant studies are  being carried on in the  USA (inter alia, a t  the  Lincoln Laboratory of the  MIT, a t  the  Naval 
R e x a r c h  Laboratory, at the  J.P.L. of the  Caltech a t  the  Federal Aviation Administration and In some big Companies) 
and in Canada (at the  Communication Research Centre of the  Canadian Government and in two Companies). Moreover, 
since 1985 the USSR has in operation two Radar Ocean Surveillance Satellites (RORSAT) for surveillance of ships and 
vessels. 

A very preliminary surveillance system architecture for European applications has been described in this paper; i t  
is felt  tha t  the  multi-function and m u l t i u x r s  solution is  the  most suitable for such a large, space-baxd system,. , 

An European cooperation effor t  would b e  requiredin order t o  develop this system, starting from a feasib~llty study 
and a workplan. Items to  be early investigated include: (i) the  potential users and the pertaining surveillance 
requirements, (ii) the  characteristics and models of the  targets and of the  environment and (iii) the  most critical 
technologies and techniques. 

It is felt  that  now i t  is neither t w  early for a similar project t o  ge t  started (as the  critical technologies a r e  
developing very fastly, including MMIC and VLSIIVHPIC) nor too late, as the  recent gap between Europe and 
USA/Canada in the a rea  of space-baxd radar systems could be filled with a manageable e f fo r t  and sinergistic utilisation 
of the  conspicuous relevant know-how o f  the  various European partners. 

FIG. 2 -COVERAGE AT SATELLITE LONGITUDE 7' 



FIG. 3 - COVERAGE AT SATELLITE LONGITUDE 17' 

FIG. 4 -COVERAGE AT SATELLITE LONGITUDE 30. 



FIG. 5 - TYPICAL FOOTPRINT AT SATELLITE LONGITUDE 5* 

FIG. 6 - TYPICAL FOOTPRINT AT SATELLITE LONGITUDE 17' 
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There can be no doubt t ha t  Mode S w i l l  be p a r t  o f  tomorrow's ATC radar. I t s  assets i n  terms o f  a i r  
t r a f f i c  survei l lance and data l i n k  are recal led.  Fundamental charac te r is t i cs  are i t s  comp ta t i b i l i t y  w i th  
ex i s t i ng  SSR's, se lec t i ve  in te r rogat ion  and monopulse reception. The monopulse SSR i s  a landmark i n  the 
t r ans i t i on  towards Mode S ; i t  contr ibutes several major improvements, without requ i r ing  onboard trans- 
ponders t o  be changed. Choices made i n  the implementation o f  the system are discussed, i n  pa r t i cu l a r  as 
regards the antenna, t ransmit ter ,  reception and processing techniques. Through these options, f u l l  Mode S 
compabil i ty i s  maintained. Prac t i ca l  resu l ts  have turned out t o  be conclusive, and so the system was 
taken i n t o  production and already many s ta t ions  are operational round the world. The Mode S extension 
which has t o  be added t o  the monopulse radar i s  a lso described, and i t  i s  being operated a t  Or ly  as p a r t  
o f  an experimental development p r o g r a m .  

INTRODUCTION 

A review o f  the state-of-the-art techniques evidences t h a t  the Mode S i s  t o  be the key t oo l  o f  a i r  
t r a f f i c  contro l  o f  the 90's. The United States have already embarked on an ambitious investment plan t o  
provide the na t ion 's  en t i r e  upper a i r  space w i t h  Mode S coverage by 1991. Besides, other nations among 
which the USSR, Japan, France, the United Kingdom, the  Federal Republic o f  Germany and others are making 
advances towards Mode S implementation by conducting research and experimentation on the subject, o r  by 
sett ing-up monopulse secondary stat ions compatible w i t h  Mode S development. 

The SICASP work group which was entrusted by ICAO wi th  the d ra f t i ng  o f  regulat ions on Mode S, submitted 
the "SARPS" p ro jec t  ( fo r  standards and recomndat ions)  fo r  ICAO member s ta tes '  approval. Guidelines, 
a lso ca l l ed  "green pages'' and procedures re la ted  t o  Mode S are t o  complete the standardization plan by 
the year's end. 

The general i n t e res t  aroused by the Mode S i s  i n  great  p a r t  explained by the  remarkable progress which i t  
makes possible i n  the contro l  of a i r  t r a f f i c  and by the promising perspectives which i t  opens up i n  
ground-to-air comnunications. Thanks t o  technological developments i n  rad io  frequencies and data proces- 
sing. Mode S enables ce r t a i n  techniques t o  be appl ied which endow i t w i t h  decis ive and valuable assets. 

ADVANTAGES OF THE MODE S 

Safety i s  enhanced by Mode S u t i l i z a t i o n  i n  t r a f f i c  survei l lance. The i n t e g r i t y  and r e l i a b i l i t y  o f  the 
information sent t o  the operational centre i s  g rea t l y  improved by the choice of signal formatt ing, 
message structures, p ro tec t ing  devices, as we l l  as the  nature of protocols and processing used. The 
monopulse reception and s ing le  address se lec t i ve  in te r rogat ion  techniques g rea t l y  improve resu l ts  i n  
detection, loca t ing  and i d e n t i f i c a t i o n  of a i r c r a f t .  The be t t e r  performance i s  fa r  more evident and 
tangib le i n  area of dense t r a f f i c ,  where the conventional secondary radpr 's  shortcomings are c lear .  Thus 
t r a f f i c  management i s  streamlined and optimized by the reduction of separation minima, which al lows an 
increase i n  the system's t o t a l  capacity and an appreciable reduction o f  fuel consumption. 

The b i -d i rec t iona l  data l i n k  used i n  Mode S of fers considerable app l i ca t ion  po ten t ia l .  It may be a very 
valuable a i d  i n  the ind iv idua l  management o f  f l i g h t s ,  and, on a par w i th  VHF o r  s a t e l l i t e  l inks ,  i t  may 
usefu l ly  convey technical and meteorological i n f o m a t i o n  o r  even information of qu i t e  a d i f fe ren t  nature, 
possib ly  s t rategic,  too, i n  another context. Most probably, the f i r s t  appl icat ions are l i k e l y  t o  be as 
follows : 

- Up-link : safeguarding of the VHF instruct ions,  clearance, f l i g h t  leve l  a l loca t ion ,  information 
extracted from the ground data bank (meteorological by example), etc., 

- Down-link : f l i g h t  plan number, temperature and airspeed measurements, a i r c r a f t  key parameters, 
(bearing, hor izonta l  and ve r t i ca l  speed, r o l l i n g ) .  This l a s t  type of information may be useful a lso 
when i t  comes t o  r e f i n i n g  the t rack ing  predict ions a t  ground s ta t i on  level .  

Another important asset of Mode S i s  i t s  compat ib i l i t y  w i th  the ACAS airborne a n t i - c o l l i s i o n  system which 
radiates signals having the same formats, and which incorporates a Mode S transponder. With these d i f f e -  
r en t  advantages, Modes S makes real  headway towards the f u l l  automation of a i r  t r a f f i c  contro l .  

RECALL OF PRINCIPLES 

SSR COMPATIBILITY 

The de f i n i t i on  of Mode S techniques was t o  a la rge  extent inf luenced by the need fo r  t o t a l  compat ib i l i t y  
w i th  other SSR. Thus, a t  a l l  times transponders and Mode S stat ions may be integrated i n t o  an ex i s t i ng  
SSR environment. 



Compat ib i l i ty  i n  p rac t i ce  means having two fundamental charac te r is t i cs  : 

- Cont inui ty  i n  survei l lance : SSR stat ions j u s t  l i k e  Mode S stat ions can pe r f ec t l y  wel l  handle a i r -  
c r a f t  equipped w i t h  SSR transponders and a i r c r a f t  having Mode S transponders. Figure 1 shws the 
nature o f  in terrogat ions and rep l i es  exchanged. 

- Coexistence of two rad io -e lec t r i c  systems, operating on the same transmission frequency (1030 MHz) 
and reception frequency (1090 MHz) : the performance of each system i s  not  perturbed by inter ference 
frm the other system ( t h i s  i s  seen from the ra te  of asynchronous repl ies,  transponder i n h i b i t i o n  
t ime and detect ion p robab i l i t y ) .  

SELECTIVE INTERROGATION 

Select ive in te r rogat ion  i s  the very essence of Mode S. I t  i s  the outcome of techniques previously s tu-  
died : the DABS i n  the USA, and the ADSEL technique i n  the United Kingdom. I n  the conventional SSR, 
in te r rogat ion  i s  aimed a t  a l l  the a i r c r a f t  found i n  the antenna's d i rec t iona l  lobe. This r esu l t s  i n  
overlapping repl ies,  sometimes very d i f f i c u l t  t o  s o r t  out, whenever a i r c r a f t  are c lose together. I n  the 
new system a once-and-for-all address i s  ained a t  each a i r c r a f t  having a mode S transponder. Coding i s  on 
24 b i t s ,  hence a l lowing f o r  16 m i l l i o n  d i f f e ren t  conhinations. This type o f  address makes i t  possible t o  
keep t rack of a i r c r a f t  by means of ind iv idua l  in terrogat ions ( ca l l ed  " r o l l - c a l l " )  and t o  set  up a data 
l i n k  w i t h  each o f  them. The way r o l l - c a l l  in terrogat ions are sequenced i s  such as t o  avoid any over- 
lapping o f  rep l ies ,  thus aver t ing  a l together  r i s ks  of synchronous garbl ing. 

A mode S s ta t i on  transmission pa t te rn  i s  i n  f a c t  an a l te rna t ion  of se lec t i ve  r o l l - c a l l  in terrogat ions 
w i t h  general " a l l - c a l l "  in terrogat ions.  The l a t t e r  are sent out t o  contro l  those a i r c r a f t  which are 
equipped w i t h  conventional SSR transponders, and a lso t o  es tab l i sh  the i n i t i a l  acqu is i t ion  of Mode S 
transponders equipped a i r c r a f t  as they enter  i n t o  the radar's area of r espons ib i l i t y  and whose ind iv idua l  
address i s  not  y e t  known. Once t h i s  contact i s  established, the ground s ta t i on  sends out  t o  the Mode S 
transponder an order t o  lock out  on i t s  a l l - c a l l  in te r rogat ion  thus the transponder no longer transmits 
i n t e r f e r i ng  rep1 ies. 

NATURE OF INTERROGATIONS AND REPLIES 

Figure 2 shows the formats o f  the various interrogat ions and rep l ies  exchanged between the Mode S s ta t i on  
and transponders ; there are 2 types of in terrogat ions.  

- Internode interroqat ions ( f i g u r e  2.a) : these are derived from conventional SSR interrogat ions,  the 
only d i f fe rence l y i n g  i n  the add i t ion  o f  another P4 pulse, which i s  o f  var iable length. The coding of 
these interrogat ions i s  unchanged and i s  determined by the spacing between pulses P I  and P3. I n  
response t o  these interrogat ions.  an SSR transponder w i l l  ignore P4 and send out  i t s  rep ly  normally. 
The Mode S transponder, on the other hand, w i l l  react  t o  P4 according t o  i t s  duration. It w i l l  not  
rep ly  t o  an in te r rogat ion  when meeting a shor t  P4 pulse (0.8 us long,SSR only a l l - c a l l  type i n te r ro -  
gation). It w i l l  rep ly  t o  a long P4 pulse in te r rogat ion  by sending out i t s  address (1.6 us long. Mode 
S/A o r  C a l l - c a l l  type interrogat ion) .  A pulse P2 i s  transmitted on the contro l  channel t o  i n h i b i t  
transponders receiv ing interrogat ions from the side lobes (ISLS). Another pulse, PI, may a lso  be 
t ransmit ted on the s a w  channel t o  reduce effects of r e f l ec ted  interrogat ions (IISLS process). 

- Mode S interrogat ions ( f i g u r e  2.b) : these are exclus ively  used f o r  Mode S transponders. They are 
made up of three pulses : P1, P2 and P6. The f i r s t  two i n h i b i t  the SSR transponders, which conse- 
quently i s  not  t r iggered off a t  the t h i r d  pulse unnecessarely. The t h i r d  pulse P6 contains in fo r -  
mation coded by DPSK modulation ( d i f f e r e n t i a l  phase s h i f t  keying) ; t h i s  i s  well-adapted t o  t h i s  k ind  
o f  transmission because o f  i t s  imnunity t o  in ter ference and t o  mult ipaths e f fec ts .  Data are coded on 
56, o r  112 b i t s  and the l a s t  24 b i t s  are a combination o f  the a i r c r a f t  ta rge t  address w i t h  a sophis- 
t i ca ted  polynomial p a r i t y  calculat ion.  The e r r o r  detect ion device causes the in te r rogat ion  t o  be 
re jected by the transponder i f  the message received i s  incorrect .  Mode S in terrogat ions a re  of two 
d i f fe ren t  types : 

L ike  the Mode S/A o r  C a l l - c a l l  intermode interrogat ion,  the Mode S only a l l - c a l l  in terrogat ion.  i s  
unaddressed and used fo r  i n i t i a l  a c ~ u i s i t i o n  of a i r c r a f t  before t h e i r  address i s  known by the sta-  
t ion .  

Ro l l -ca l l  in terroqat ions f a l l  i n t o  one of the fo l lowing three categories : 

. Simple survei l lance type interrogat ions requesting a l t i t u d e  o r  Mode A code (56 b i t s  long). 

. The same interrogat ions as above, t o  which are added 56 data b i t s ,  ca l led  ccimn A (112 b i t s  long). 

Extended length messages, 112 b i t s  long inc lud ing  80 data b i t s .  which may be chained together i n  
groups o f  1 t o  16 ca l l ed  comn C, t o  be used f o r  data l i n k  appl icat ions requ i r ing  high capaci t ies.  

Another pulse P5 i s  a lso radiated on the contro l  channel so as t o  cancel rep l fes  t o  in terrogat ions on 
side-lobes by masking the phase reversal synchronization signal of P6 pulse. 

Mode S transponder sends out a conventional rep ly  ( f igure 2.d) t o  SSR stat ions and t h i s  rep ly  con- 
s i s t s  o f  two framing pulses F1 and F2 plus 12 code pulses. As fo r  i t s  response t o  Mode S stat ions, 
(intermode o r  Mode S speci f ic)  i t  consists of a preamble of 4 pulses followed by PPM modulated coded 
information. (See f i g u r e  2.c). Using t h i s  modulation, as we l l  as an e r ro r  cor rec t ion  device based on 
the  same polynomial and c y c l i c a l  method up t o  transmission, leads t o  a very h igh p robab i l i t y  of 
cor rec t  decoding even w i th  i n t e r f e r i n g  SSR rep l ies .  The rep l i es  are classed i n  the same k ind  of 
categories as the interrogat ions : simple surveillance rep ly  w i t h  56 b i t s ,  Comn B wi th  112 b i t s  and 
Comn D messages which may be chained together i n  groups of 1 t o  16. 





MONOPULSE RECEPTION 

The monopulse technique gives an of f -boresight  angle information on a l l  s ignals received, t ha t  i s  t o  say, 
i t  gives the angle between the  transponder bearing and the antenna axis. Theoret ica l ly ,  the monopulse 
technique can be c l a s s i f i e d  i n t o  the phase nonopulse and the amplitude monopulse. I n  the phase technique, 
s i m i l a r l y  t o  what i s  observed i n  i n t e r f e r m t r y ,  the phase difference between two s ignals received on two 
"antennas" having d i f f e r e n t  phase centres i s  measured ( f i g u r e  3.a). This i s  due t o  the path d i f fe rence 
when the source i s  not  on the ax is  o f  ;?e "antennas". I n  amplitude monopulse, the anpl i tude i s  measured 
between two s ignals received on two antennas", which have d i f f e r e n t  boresights but  the  same phase 
centre ( f i gu re  3.b). Yet, theore t i ca l l y ,  these two rmnopulse techniques are considered t o  be related, 
since, by combining s ignals i t  i s  possible t o  switch from one t o  the other. 

I n  pract ice,  a monopulse antenna produces two speci f ic  patterns (sum channel Z and difference channel A), 
which may be viewed as a canbination of the amplitude and hase patterns, although, i n  actual fact, the 
c rea t ion  o f  the pat terns by the antennas i s  more complex /f igure 3.c). The sum channel i s  used i n  the  
conventional way f o r  in te r rogat ion  and detect ion of r ep l i es  i n  the antenna lobe. Since the amplitude of 
the dif ference channel i n  the main lobe var ies rapid ly .  i t  i s  used t o  measure accurately and unambi- 
guously the  off-boresight angle o f  the  received signal. This measurement must be scaled by the amplitude 
received on channel C so as t o  make i t  independent from the signal power. Monopulse regqivers estimate 
the of f -boresight  angle voltage. proport ional  t o  l o g  AD, o r  0 = Phase (Z+jA/E-jA) = 2 t g  AIZ 

With the monopulse technique, therefore, i t  i s  possible t o  loca te  accurately an a i r c r a f t ,  on receiv ing 
only one rep ly  from i t s  transponder and as a r e s u l t  : 

- The fundamental requirement fo r  Mode S i s  sat is f ied,  namely, the a b i l i t y  t o  provide survei l lance of 
Mode S transponders w i t h  a s ing le  h i t  per antenna scan. 

- To achieve considerable progress i n  the survei l lance o f  SSR transponder equipped a i r c ra f t ,  compared 
w i t h  the resu l ts  given by conventional s l i d i n g  window processing techniques. The decis ive advantage 
of the monopulse SSR, which i s  p a r t i c u l a r l y  not iceable i n  areas o f  dense t r a f f i c  o r  interference, 
l i e s  i n  the greater azirmth accuracy and be t t e r  d isc r im ina t ion  between targets c lose together, by 
processing garbled repl ies.  This a lso introduces a valuable reduction i n  the in te r rogat ion  frequency 
(a r a t i o  o f  2 t o  3 i s  t yp ica l ) .  

PROJECTS UNDERWAY I N  FRANCE 

Work began i n  France i n  the seventies, on request by the French C i v i l  Aviat ion Technical Department 
(STNA). A f i r s t  stage involved in tegra t ing  secondary nonopulse sources onto L-band primary antennas, and 
evaluat ing a monopulse SSR reception and processing chain. Then the speci f icat ions f o r  a Mode S s ta t ion  
were l a i d  down, by de f in ing  the fo l low ing  two complementary sub-systems : 

1. The monopulse secondary radar comprising antenna, in terrogator- receiver  and the SSR a i r c r a f t  surve i l -  
lance processing. 

2. The Mode S extension which, once integrated, completely manages the s ta t i on ' s  operation : sequencing 
of in te r rogat ion l rep l ies ,  Mode S transponder survei l lance, data l i n k ,  etc. 

With t h i s  approach. i t  was possible t o  def ine and implement a monopulse secondary radar genuinely compa- 
t i b l e  w i t h  t r a n s i t i o n  t o  Mode S. Int roducing the monopulse technique has en ta i led  a complete review of 
the  en t i r e  secondary radar chain. As a resu l t ,  ce r t a i n  fundamental technical options were taken : the 
integrated primary antenna was l e f t  aside, i n  favour of the LVA, preference being given t o  phase recep- 
t i o n  over amplitude reception, and sophist icated d i g i t a l  decoding, f u l l y  programed post-processing and 
t rack ing  were chosen. 

This radar was experimented a t  Or ly  A i r po r t  and f u l l y  approved. It was then put i n t o  production, and i t  
was the very f i r s t  operational monopulse radar, when the L inz  s ta t i on  was inaugurated i n  1984. Since, i t  
has a lso  been i n s t a l l e d  t o  equip : 

- En-route s ta t ions  w i t h  L-band primary radars ( f i gu re  7 ) .  

- Approach stat ions w i t h  S-band primary radars ( f i g u r e  8) .  

- Autonormus secondary stat ions ( f i g u r e  9). 

The Mode S extension i s  incorporated i n t o  the experimental s t a t i on  a t  Orly. It i s  soon t o  be used i n  
f u r t he r  experiments car r ied  out j o i n t l y  by the STNA and the CAA on the one hand, since they supply the  
ground s ta t ions  and on the other hand EUROCONTROL who i s  l i k e l y  t o  provide a number o f  a i r c r a f t  fm AIR 
FRANCE and BRITISH AlRWAYS wi th  Mode S transponders. 

SYSTEM DESCRIPTION 

An example o f  Mode S s ta t i on  block diagram i s  given i n  f igure 4. 

The par ts  belonging t o  the monopulse s ta t i on  as i t  i s  proposed today are shown i n  white, whi le  the grey 
par ts  show the items t o  be incorporated t o  make the s ta t i on  f u l l y  Mode S operational.  

MONOPULSE SECONDARY RADAR STATION 

When the system was being defined, design was influenced by the fo l lowing aims : 

- To optimize performance through appropriate technical and technological choices ( f o r  example, opt ing 
f o r  a phase receiver, and fo r  an e n t i r e l y  so l id -s ta te  t ransmit ter) .  



- To warrant complete compat ib i l i t y  w i th  Mode S speci f icat ions,  tak ing a l l  necessary precautions t o  
avoid r es t r i c t i ons  t ha t  would r e s u l t  from cer ta in  future developments ( f o r  example : s t a b i l i t y  of the 
transmission frequency a t  + 10 KHz, in tegra t ion  of DPSK modulation). 

- To guarantee the greatest possible adaptab i l i t y  t o  the s i t e ,  f o r  example, automatic processing t o  
guard against re f lec t ions .  

- To seek maximum a v a i l a b i l i t y  by dupl icat ing a l l  operational e lec t ron ic  equipment and by imposing 
s t r ingent  re1 i a b i l  i t y  constraints. 

- To reduce purchase, running and complete l i f e - c y c l e  costs, through the modular design and through a 
su i tab le  maintenance po l i c y  ( f o r  example by implementing remote contro l  and remote monitoring). 

ANTENNA 

Guided by the experience already gained i n  monopulse radar technology and subsequently t o  experiments 
made w i th  in tegrated primary antennas, a choice was soon made i n  favour o f  a Large Ver t i ca l  Aperture type 
antenna (LVA). This antenna has two major charac te r is t i cs  aimed a t  ensuring maximum s t a b i l i t y  i n  the 
measurement o f  the a i r c r a f t ' s  off-boresight angle independently o f  the e levat ion angle and which a lso  
have the effect o f  reducing t o  the minimum the ef fects o f  ground re f lec ted  signals (1)  : 

- A gain va r i a t i on  i n  e levat ion iden t ica l  ( p a r a l l e l )  i n  C and A patterns which are used f o r  monopulse 
measurement. 

- A sharp ground r o l l - o f f  (gain decrease along the horizon) be t t e r  than 1.8- per dB. 

The antenna's ef f ic iency i n  coping w i th  mult ipaths has been evidenced a t  the mountainous s i t e  o f  Kiona 
(Cyprus), which was characterized by re f lec t ions  of a l l  kinds. 

The monopulse antenna i s  made up of an array of ver t i ca l -po la r ized  rad ia t i ng  feeds, arranged i n  columns. 
The amplitude/phase d i s t r i b u t i o n  on the columns has been designed t o  contro l  the azimuth shape i n  the 3 
patterns, i.e. : the sum C, the dif ference A and the contro l  0 ( f i g u r e  5) .  The pat tern i n  e leva t ion  i s  
shaped by the power d i s t r i b u t i o n  equivalent on feeds which i s  iden t ica l  i n  a l l  columns, provid ing an 
e levat ion pat tern optimized according t o  a cosecant squared law. The f a c t  t h a t  a l l  three pat terns are 
generated using the same columns implies t ha t  there w i l l  be equivalent va r i a t i on  o f  patterns i n  eleva- 
t ion,  wh i le  the phase centres w i l l  always be kept iden t ica l .  

The antenna pos i t ion  data take-of f  i s  coded on 14 b i t s .  Such accuracy i s  necessary i n  view o f  the coding 
accuracy achieved fo r  the off-boresight angle information by the processing equipment. The ro ta r y  j o i n t  
and antenna down lead cause remarkably l i t t l e  loss, are h igh ly  s table i n  phase espec ia l l y  i n  an environ- 
ment o f  temperature changes, and do not  need any per iodic checking. 

RECEIVER 

The off-boresight angle measurement which i s  car r ied  out i:,the receiver  i s  i n  f a c t  a t rue  angle measure- 
ment, which i s  no t  the case i n  appl icat ions of the  type t rack ing  radar", where the aim i s  simply t o  
keep the ta rge t  i n  the antenna axis. The receiver  i s  wel l  su i ted t o  both antenna types mentioned above, 
the integrated primary antenna and the LVA antenna. For both antennas, the of f -boresight  angle i s  calcu- 
l a t ed  from the C and A RF signals. Along the antenna axis ,  A becomes n u l l  and the C and A r e l a t i v e  phase 
Cl ro ta tes  by 180" on crossing the  axis. 

Today, two main techniques are implemented t o  ex t rac t  the angular information : the amplitude comparison 
method and the phase comparison method. The f i r s t  i s  t o  produce logar i thmic videos l og  1x1 and l og  IAI, 
and t o  compute the  d i f ference,  which gives l o g  ) A ) l \ C \ .  The l o g  i A l l \ C )  measurement indicates a t  what 
angle the a i r c r a f t  i s  s i tuated w i th  respect t o  the antenna axis  ; however, a t  t h i s  stage i t  i s  not  known 
whether t h i s  i s  t o  the r i g h t  o r  t o  the l e f t  i.e. whether i t  i s  a t o r  - s ign ( f i g u r e  6.a). The r i g h t l l e f t  
(+ o r  -)  information i s  given by measurement o f  the r e l a t i v e  phase between C and A. The second technique, 
consists i n  combining the  A and I: signals i n t o  phase quadrature, using a hybr id coupler, which gives the 
combined C+jA and C-jA signals. The of f -boresight  measurement involves a phase measurement on the one 
hand between C and E+jA and on the other  hand between C and C-jA ; and the resu l ts  are sumned so as t o  
obta in the phase angle between E-jA and CtjA ( f i g u r e  6.c). These angles are measured i n  amplitude-phase 
detectors a f t e r  passing through l im i t e r s .  It gives a continuous, monotonic curve near o r  on the axis  
between the of f -boresight  output voltage and the of f -boresight  angle ( f i g u r e  6.b). 

After much experimenting w i th  the two techniques, the choice was f i n a l l y  made i n  favour of the phase 
technique. 

Evaluations conducted i n  France w i th  ca l i b ra t i on  and normal t r a f f i c  f l i g h t s  have evidenced the greater 
accuracy of the half-angle processor, because one o f  the amplitude receiver 's  charac te r is t i cs  i s  t h a t  i t  
gives s ign errors a t  the lobe centre. Test f l i g h t s  effected as pa r t  o f  comparative studies by the FAA 
have l ed  t o  s im i l a r  conclusions. I n  fac t ,  the difference i n  performance i s  qu i t e  obvious as regards the 
survei l lance o f  a i r c r a f t  equipped w i th  Mode S transponders ( 2 ) .  

This d i f ference may be explained i n  several ways. 

I n  theory, the monopulse receiver combines two signals, which are two complex, but  usual, expressions : 

C - Co exp. j (wt  t 0x1 and A = Ao exp. j (wt t PA) 

An idea l  receiver  would work out the complex re la t ionsh ip  

A - Ao exp j (PA - 0x1 
C -I5 
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but  would only evaluate a t  the output the real  component (3) : 

Re (A) = Ao cos (8A - 0C) 
(Z) 75 

which, fo r  an ideal  antenna (0.7 = 0, PA = 0 o r  180') 

would give : Re ( A )  - + A 0  ( Y )  
(7) - - 75 

The receivers described above na tu ra l l y  have d i f f e r e n t  charac te r is t i cs  from an ideal  receiver. Yet an 
analysis o f  the phase receiver  t ransfer  funct ion reveals t ha t  i t s  curve i s  very close t o  t ha t  o f  an ideal  
receiver, i n  pa r t i cu l a r  a t  the lobe centre. This explains the high qua l i t y  o f  performance achieved even 
when er ro rs  are present, whether they be caused by several targets, by mul t ipath o r  by noise. 

NB : - 
At a f i r s t  approximation, the inf luence o f  noise, i n  terms o f  standard deviat ion o f f -ax is  d i f fe rence i s  : 

oe = '0 ( 1 t (km e1e0)2) l /~  

k n z i i i  
where : og : standard deviat ion of the angle e r ro r  k  : monopulse curve slope a t  the ta rge t  angle 

Bo : beamwidth km : averaged monopulse slope 

SIN : single pulse signal t o  noise r a t i o  9 : off-boresight angle 

Conversely, the amplitude receiver, which i s  characterized by a t o t a l l y  discontinuous curve a t  the 
centre, does not  behave l i k e  an ideal  receiver. Theoretical invest igat ions demonstrate t ha t  measurement 
i s  degraded by up t o  3 dB f o r  signal-to-noise ra t i os  from 10 t o  20 dB (4 ) .  

I n  pract ice,  two main d i f f i c u l t i e s  beset the implementation of the amplitude receiver. F i r s t ,  c i r c u i t s  
provid ing l og  C and l og  A videos, which must imperatively be matched w i th  a d i f fe rence o f  much less than 
1 dB, do not  have s t r i c t l y  logar i thmic character is t ics.  This resu l ts  i n  an accuracy e r ro r  throughout the 
beanwidth and i n  pa r t i cu l a r  on the beam edges. Also, measurements taken a t  the lobe centre are made 
d i r e c t l y  on the A s ignal ,  which becomes cancelled, and t h i s  i s  techn ica l l y  d i f f i c u l t  t o  achieve, as i t  
involves e r ro rs  i n  value and i n  sign. This drawback occurs a t  a po in t  even where the energy received i s  
a t  i t s  highest and the effect o f  interference minimum. 

A receiver  o f  the type half-angle processor was chosen, therefore, considering i t s  be t t e r  performance and 
a lso fo r  the fo l low ing  reasons : 

- The s t a b i l i t y  o f  measurement, i n  time, combined w i th  the r e l i a b i l i t y  o f  the technique, have shown 
t h a t  t h i s  system needed absolutely no per iodical  reca l ib ra t ion .  

- Despite i t s  apparent complexity, the system i n  actual f a c t  requires only three l i m i t e d  ampl i f ie rs  and 
only one addi t ional  phase detector, i t  e n t a i l s  absolutely no ex t ra  t r a i n i n g  cost  o r  pa r t i cu l a r  
maintenance means. 

- The signals observed on the off-boresight video are o f  excel lent  q u a l i t y  and i n  pa r t i cu l a r ,  the zone 
where the s ignal  i s  sampled by the ex t rac to r  i s  wide and stable cmpared t o  the  pulse leading edge. 

- The required accuracy i s  obtained i n  the frequency range 1087 t o  1093 MHz, which i s  the ICAO's 
tolerance concerning transponders. I n  fact,  the accuracy i s  preserved w i t h i n  a + 5 MHz margin, since 
the of f -boresight  angle curve changes bu t  l i t t l e  w i th  the frequency. Hence, i t  ii possible t o  guaran- 
tee the same accuracy on transponders even t ransmi t t ing  outside the speci f ied l i m i t s .  

- The low-noise RF ampl i f iers a t  the inpu t  confer on the system a very wide dynamic range. 

Furthermore the receiver  provides the l og  1.71, l og  1A1 and l og  (Rl videos and these are used i n  an 
RSLS device which compares these various signals. It i s  f i t t e d  w i t h  a d i g i t a l  STC (Sensi t ive Time 
Control),  programnable i n  range and azimuth which al lows the radar t o  be adapted t o  the s i t e  by 
se lec t ing  the r i g h t  sens i t i v i t y .  

INTERROGATOR : 

The in te r rogator  may e i t he r  be dr iven i n te rna l l y ,  i n  normal SSR operation o r  dr iven ex te rna l l y  when 
t ransmi t t ing  Mode S interrogat ions.  The t ransmit ter  i s  e n t i r e l y  so l id -s ta te  and has the fo l low ing  charac- 
t e r i s t i c s ,  which are indispensable t o  Mode S operation : 

- Tolerance on the transmission frequency (1030 MHz) i s  less than + 10 KHz. 

- The t ransmi t te r  may be f i t t e d  w i th  two independent transmission channels : fo r  Z and R. The ISLS 
technique and the IlSLS technique may be used respect ive ly  i n  mode S and i n  SSR. The IISLS technique 
i s  used i n  such a case only fo r  small sectors f i ne l y  programnable i n  azimuth and located i n  the 
d i r ec t i on  o f  r e f l ec to r  planes. 

- A l l  C transmission channels are systematical ly f i t t e d  w i th  a DPSK phase modulator t o  transmit P6 
pulses. 



Form fac to r  i s  another fundatmental asDect o f  the transmitter. I t  i s  mainlv determined bv the i n te r ro -  

- 2 % mean ra te  over a long period of t ime ( longer than the antenna ro ta t i on  period). 

- Up t o  50 % on a small number of consecutive in terrogat ions.  

They m k e  i t  possible t o  contro l  over 400 a i r c r a f t  having Mode S transponders, wh i le  a lso al lowing the 
transmission during an antenna scan of chained Colin A messages (up t o  4 w i t h  each of them) o r  the p a r t i a l  
transmission of ELM (comn C )  messages. The short  term rates offer the capab i l i t y  o f  coping w i th  heavy 
sec to r ia l  loads and t o  keep a great  f l e x i b i l i t y  i n  the sequencing o f  in te r rogat ion  rep l ies  and o f  r e -  
in te r rogat ion  i n  the lobe if the f i r s t  t ransact ion has fa i led.  These assumptions are qu i t e  adequate i n  
view of medium term appl icat ions foreseable i n  data l inks,  and they may be put  i n t o  p rac t i ce  a t  a reduced 
cost  thanks t o  progresses made i n  RF power t rans is to rs  technology. The power output may be varied dynami- 
c a l l y  e i t h e r  i n  sectors i n  SSR operation o r  se lec t i ve ly  on each in te r rogat ion  when i n  Mode S operation. 

SSR PROCESSING - OUTLINE ( f i g u r e  10) 

The object  i s  t o  provide, fo r  each antenna scan and f o r  each a i r c r a f t  w i t h i n  the radar coverage and 
equipped w i th  an ac t i ve  transponder, a s ing le  message combining a l l  the radar information concerning t h i s  
a i r c r a f t .  Basical ly ,  such information comprises the ta rge t  coordinates, i t s  heading and speed, the  codes 
detected f o r  each in te r rogat ion  mode and possib ly  the time f o r  the reception o f  the p l o t .  To do th is ,  a t  
the en t ry  of the processing system, the video signals sent by the receiver  and the various regular  data 
such as antenna posi t ion,  in te r rogat ion  mode and time if needed are col lected. The p l o t  h i s t o r y  data 
establ ished over several antenna scans are a lso made avai lable. 

The processing technique used i s  r ad i ca l l y  d i f f e ren t  from the conventional s l i d i n g  window techniques. The 
l a t t e r  a re  based on the range co r re l a t i on  o f  repl ies,  applying a c r i t e r i o n  of K detected presences out  o f  
n consecutive in terrogat ions.  I n  the conventional method, the p l o t  azimuth i s  calculated from the median 
value between the azimuth of the f i r s t  detected rep ly  and the azimuth o f  the l a s t  detected reply, which 
i s  qu i t e  the l eas t  accurate when i t  comes t o  detect ion problems on the  edge of the lobe. Also, w i th  t h l s  
technique, the d iscr iminat ion between 2 p l o t s  a t  the same range i s  not  sat is factory because i t  i s  d i f f i -  
c u l t  t o  d is t ingu ish  between one a i r c r a f t ' s  rep ly  and another's. 

The fundamentally innovative aspect of the monopulse technique i s  i n  the add i t iona l  target  loca t ion  
information w i t h i n  the antenna beam (of f -boresight  angle o r  OBA). With t h i s  signal.  i t  becomes possible 
t o  ca lcu la te  f o r  each rep ly  the ta rge t  coordinates, thus co r re l a t i ng  i n  azimuth the various rep l ies  from 
one in te r rogat ion  t o  the next, a n d t o  process the codes fa r  more comprehensively then i s  possible w i th  
conventionai algorithms. Processing, although i t  should be conceived o f  g lobal ly .  may be analyzed i n  
three Darts : r e ~ l v  ~ r o c e s s i n u  i.e. decodinu o f  SSR elementarv r e ~ l i e s ,  the associat ion of these rep l ies  
from recurrence to-recurrence; o r  reply-to-&ply processing, and scan-to-scan processing. 

OECODING OF ELEMENTARY REPLIES 

The aim i s  t o  detect SSR rep l i es  and t o  c o l l e c t  a l l  the information necessary t o  process them i n t o  p l o t s  
(range, code, OBA ... ). Hence the decoder simultaneously processes the sum, RSLS and OBA measurement video 
signals. 

The sum video i s  used t o  seek out the framing pulses F1 and F2. Presences thus detected are kept i f  the 
RSLS video indicates t ha t  the signal has been received on the main lobe, not  on the side lobe. Garbled 
repl ies,  i.e. those rep l ies  which are separated from others by less than 24.65 vs are marked by special 
b i t s  and a spec i f i c  post processing i s  appl ied t o  them. 

The i n te res t i ng  feature of the decoding process i s  t ha t  a l l  the code, amplitude and OBA measurement 
pulses are simultaneously analyzed. The quant i f ied  sum video and the d i g i t a l l y  coded OBA video are sent 
on d i g i t a l  dela l i n e s  ( there i s  one per b i t )  especia l ly  designed as a gate array and having outputs 
every 1.45 us. [spacing between code pulses). Para l le l  decoding enables a greater  number o f  data t o  be 
taken i n t o  account t o  be used i n  post-processing than would be possible w i th  se r i a l  decoding. Moreover, 
the data are loaded almost instantaneously, there i s  no danger of saturat ion. 

For each detected presence, a message i s  output. It contains the fo l low ing  i n f o n a t i o n  : range, code, OBA 
measurement f o r  each pulse, presence OBA reference, garbl ing ind ica t ion  b i t s ,  sum video amplitude, and 
antenna pos i t ion  a t  the moment of reception. The OBA reference t o  be used i n  post-processing i s  chosen 
preferably from a c lear  zone : i t  i s  an average between the OBA measurement o f  F and F fo r  an i so la ted  
rep ly  and the value of F ( o r  F ) i f  there i s  some garbl ing e i t he r  j u s t  behind br j u s j  before the pro- 
cessed reply.  A doubt in#ormati& i s  given if the values o f  F1 and F2 are n o t  close enough. I n  the more 
complicated cases, the reference can be calculated again by tak ing the average between OBA values of 
pulses present i n  the p l o t  code. 

PRINCIPLES OF THE SSR SOFTWARE PROCESSING 

There a re  two d i s t i n c t  steps : 

- The f i r s t  step i s  t o  complete ex t rac t ion  by a rep ly  t o  rep ly  corre lat ion,  - The second phase i s  tracking, i.e. associat ing the p l o t s  from scan-to-scan. 

Upon receiv ing a rep ly  message, each code pulse i s  a t t r i bu ted  a q u a l i t y  b i t ,  by comparing i t s  associated 
OBA value and the reference chosen f o r  the reply. If there i s  g a b l i n g  the OBA o f  each pulse i s  compared 
t o  the references of the various rep l ies  concerned. 



Once t h i s  i s  done, the rep l ies  are then associated by range and azimuth cor re la t ion  and cor re la t ion  by 
codes and respective pulse qua l i t y .  Thus p l o t s  which are a t  the same range but  having d i f f e r e n t  azimuths 
o r  codes can be discriminated. F ru i t s  are el iminated because there i s  no cor re la t ion  between a su f f i c i en t  
number o f  repl ies.  The data fo r  a p l o t  being formed are updated by a l l  the rep l ies  corre lated w i th  it. It 
i s  so w i th  the p l o t  coordinates, as w i th  the code pulses i n  each mode and q u a l i t y  b i t s  r e l a t i n g  t o  each 
one o f  them. I n  cer ta in  complex cases of garbling. the extracted p l o t  code has poor q u a l i t y  pulses : i n  
tracking, qua l i t y  assessment i s  used when there i s  ambiguity i n  the p l o t / t r ack  corre lat ion.  

The ta rge t  azimuth i s  calculated fo r  each reply, since the chosen reception technique enables an accurate 
loca t ing  whatever the a i r c r a f t ' s  pos i t ion  i n  the antenna beam. However, i n  order t o  obta in the best  
possible resu l t ,  the f i na l  p l o t  azimuth i s  calculated from the mean between the two o r  four values 
c losest  t o  the lobe centre, where accuracy i s  greatest. The average o f  several samples of the same rep ly ,  
then o f  several repl ies,  reduces the rather  weak e f f ec t s  o f  thermal noise detected on very low amplitude 
signals. I n  ca lcu la t ing  the average, the same number o f  values i s  taken on e i t h e r  side o f  the antenna 
boresight so as t o  compensate fo r  any difference i n  slope t ha t  might e x i s t  between the reference curve 
and the real  curve. The l a t t e r  i s  automatical ly corrected, and an alarm i s  sent when the d r i f t  exceeds a 
ce r t a i n  l i m i t .  

The monopulse post-processing described here i s  compatible w i th  mode S operation and i t  i s  especia l ly  
compatible w i th  transmission scheduling where conventional SSR pulse repe t i t i on  frequency i s  low. Thus 
p l o t s  can be extracted w i th  r i g h t  and val idated codes, w i th  as few as 2 h i t s  per mode. 

Local Tracking 

This pa r t i cu l a r  funct ion examines the  h i s t o r y  o f  p lo ts ,  associat ing them frm scan t o  scan. The major 
benef i t  of t rack ing  l i e s  i n  the e l im ina t ion  o f  spurious p lo ts  and i n  the reso lu t ion  of ambiguous cases of 
a i r c r a f t  crossings. Reflections are sorted out  by an automatic process based on the analys is  of tracks 
having the same code : radar range, a l t i tude ,  reception power, age and t rack evolution... This solves the 
problems of r e f l e c t i n g  planes whether f i x e d  o r  occasional. The t rack ing  process a lso el iminates f a l s e  
p lo ts ,  caused by dupl icat ion.  This phenomenon i s  exceptional and occurs only when there i s  interference 
w i th  the OBA over several consecutive repet i t ions.  Select ive cor re la t ion  i n  azimuth and i n  code causes 
fa lse  p lo ts ,  i n  such cases. These p lo ts  are very close t o  the real  p lots,  i n  pos i t ion  and i n  code, and 
they are e l iminated eas i l y  by tracking, especia l ly  as they tend t o  occur over only one antenna scan. 

The t rack ing  software d i f f e r s  from the simple chaining general ly proposed owing t o  i t s  sophist icated 
algorithms o f  cor re la t ion  between p lo t s  and tracks thus, a f u tu re  p l o t  pos i t ion  forecast  i s  car r ied  out  
by in tegra t ing  the t r a j ec to r y  character is t ics and parameters such as the influence of thermal noise. 

Data Processor 

The software i s  ava i lab le  f o r  two d i f f e r e n t  types of computers. One i s  b u i l t  around a s l i c e  micro- 
processor, the second, described below, has a m u l t i c e l l  structure. The m u l t i c e l l  computer has been 
designed w i th  a view t o  real-t ime high capacity processing. The basic c e l l  consists o f  a powerful 16 b i t  
microprocessor (68 000, then t o  be replaced by 68 020). It i s  f i t t e d  w i th  a 512 K-bytes loca l  RAM, a 
vectored mu l t i - leve l  i n t e r rup t  s t ruc tu re  and pa ra l l e l  l i nes  of comnunications w i th  other c e l l s  (4  as a 
maximum) ( f i gu re  11). The exchanges are effected from c e l l  t o  c e l l  and n o t  v i a  a bus c m n  t o  a l l  the  
processors. The network s t ruc tu re  has been given preference over the bus st ructure,  owing t o  i t s  greater 
s u i t a b i l i t y  t o  radar processing ; thus, the processing capacity i s  improved. A fast  rea l  time monitor has 
been especia l ly  developed f o r  t h i s  mu l t i ce l l u l a r  archi tecture.  The modular design enables the number of 
c e l l s  t o  be adapted t o  the required load. Programing i s  done w i th  a high leve l  language : PASCAL. This 
set  o f  charac te r is t i cs  has made t h i s  computer a c m o n  t oo l  f o r  several uses : MTO processing, monopulse 
processing, primary t secondary tracking, high capacity d isplay ; i t  i s  a lso a prototype fo r  the software 
pa r t  of the Mode S processing un i t .  I n  the case of SSR processing, monopulse post-processing and t rack ing  
are simultaneously stored i n  the same computer. 

SELF TEST 

A l l  the e lectronics of the monopulse secondary radar s ta t ion  i s  dupl icated and provided w i th  B.I.T.E. 
( B u i l t  I n  Test Equipment). These monitor the equipment's operating, detect  any f a u l t  t h a t  might have 
occurred and cause the switch-over t o  the stand-by equipment i n  case o f  f a i l u re ,  loca t ing  the pcb's o r  
group o f  pcb's which are not  functioning correct ly .  

Various parameters and operational procedures are constantly monitored a t  a l l  levels, by the use of t e s t  
sensors and by i n j e c t i n g  fake signals : f o r  example, antenna drive, transmission power, pulse shape, 
receiver  sens i t i v i t y ,  monopulse processing decoding, rep ly  cor re la t ion ,  computation o f  coordinates, etc. 
Various software parameters are a lso monitored, such as CPU errors, overloading, input loutput  errors.  The 
ra te  o f  automatic detect ion o f  f a i l u res  and a u t q a t i c  loca t ion  thereof are g l oba l l y  assessed t o  be be t t e r  
than 95%. 

The remote and monitoring maintenance processor (RMM) co l l ec t s  a l l  the information output from each 
equipment and sends t o  the operational centres the exact conf igurat ion of each of these and the nature of 
any f a i l u r e .  Conversely, i t  a lso  enables remote c m a n d s  t o  be sent, which means t ha t  the s ta t i on  may be 
unmanned. 

SSR PERFORMANCE 

The system's performance have mainly been evaluated a t  Or ly  Ai rpor t ,  but  were subsequently confirmed a t  
other operational s tat ions.  A s t a t i s t i c a l  evaluation can be made from rep ly  messages, p l o t s  and tracks. 
More complex aspects are singled out f o r  thorough inves t iga t ion  based on the video. The video recorder 
automatical ly t racks the designated a i r c r a f t  and stores scan a f t e r  scan a l l  the videos sent t o  the 
extractor .  Thus i t  i s  possible t o  know a l l  the charac te r is t i cs  of the videos ( f igure  12) : amplitude, 
leading edge, durat ion, spacing, code, number o f  repl ies,  and thus t o  va l ida te  the processing by a 
simultaneous analysis o f  presence, p lo ts  and tracks. 



By fa r  the most i n t e res t i ng  cases occur when several a i r c r a f t ' s  rep l ies  a re  garbled. Results are compared 
t o  those of conventional ext ractors by simultaneously recording from the two t y  es o f  ext ractors : the 
improvement i s  most obvious ( f i gu re  13). Af ter  extract ion,  the detect ion ra te  [b l ip  t o  scan r a t i o )  i s  
found t o  be higher than 98% and a study of degarbl ing reveals tha t  decoding i s  cor rec t  f o r  95% of cases 
a t  the ex t rac to r  output. Any remaining dubious case i s  almost ce r t a i n l y  resolved by loca l  t rack ing,  and 
decoding can then be as high as 99.5%. Results s l i g h t l y  vary w i th  the s ta t i on ' s  conf igurat ion ( s i t e ,  PRF 
i n te r l ac i ng  cycle, r o ta t i on  speed). Local t rack ing  i s  val idated ( t racking,  decoding, bearing and speedj 
by means o f  an i t e r a t i v e  analysis which i s  compared w i th  a reference establ ished o f f - l i ne  from recorded 
p lo ts .  Thanks t o  t h i s  l oca l  tracking, f a l se  p l o t s  are e l iminated ( r e f l ec t i ons  and others) these being 
deemed t o  account f o r  about 1% o f  the ex t rac to r  output p lo ts .  I l l u s t r a t i o n s  given show the good q u a l i t y  
o f  t r a j ec to r i es  a t  the ex t rac to r  output ( f igure  14) and a t  the t rack ing  processor output ( f igures 15, 16 
and 17). 

Several methods may be used t o  t e s t  the system's accuracy. The f i r s t  method involves a cer ta in  number o f  
representat ive t r a j ec to r i es ,  and the q u a l i t y  o f  the performance i s  measured by the dif ference between the  
posi t ions as they are detected and the posi t lons as they are reconsituted. The a lgor i thm used f o r  recons- 
t i t u t i o n  i s  based on the l eas t  square technique, second order model and a nine po in t  s l i d i n g  window. This 
monoradar experiment has inherent l i m i t s  (corre lated e r ro rs  p a r t l y  ignored, resu l ts  which are no t  global,  
etc.) nevertheless i t  remains a convincing t oo l  as fa r  as ca l i b ra t i on  i s  concerned. The azimuth accuracy 
obtained i s  be t t e r  than 0.04'0 ( t yp i ca l  e r ro r ) ,  and general ly  l i e s  between 0.015'0 and 0.03"a ( f i g u r e  
18). It sometimes even approximates 0.1'0 for cer ta in  t racks p a r t l y  observed by obstacles on the horizon 
( t h i s  i s  ca l led  d i f f r ac t i on ) .  Another method i s  t o  consider the t o t a l i t y  o f  the t r a f f i c  over a longer 
period o f  time, t ha t  i s ,  on average, more than 100.000 p lots.  This resu l ts  i n  greater differences 
(0.06"o) because the analys is  i s  e f fec ted  automat ical ly  and a l l  configurat ions l i k e l y  t o  occur i n  rea l  
t r a f f i c  are taken i n t o  account. Thi rd ly ,  another method based on the TRIDENT and OME reference t r a j ec -  
tography has confirmed pos i t i ve  and tangib le resul ts .  

The improvement i n  range accuracy i s  obtained mainly by reducing the processing quantum. However, accu- 
racy remains l i m i t e d  i n  range because o f  the transponder's reply. 

MODE S EXTENSION 

The Mode S extension combines a l l  the par ts  t o  be added t o  a monopulse radar t o  confer i t  Mode S capa- 
b i l i t y .  A l l  the data which t r a n s i t  through t h i s  extension are managed by the Mode S Data Processing U n i t  
(DPU) which governs the whole o f  the stat ion.  Below are described the main par ts  of the extension. The 
clock and dat ing as wel l  as the information remoting f a c i l i t i e s  should a lso be considered. 

MODE S PROCESSING INTERFACE (Figure 20) 

This i s  a rea l  time in te r face  between the in te r rogator  and the Mode S processing u n i t  t o  which i t  i s  
connected v i a  two high output pa ra l l e l  l i n ks .  

On transmission, t h i s  in te r face  provides the t ransmi t te r  w i th  the modulation s ignals necessary t o  produce 
intermode and Mode S modulations. Transmission takes place a t  the programed ins tan t  and respecting the  
parameters prescribed by the software. The processing inter face automatical ly e f f ec t s  the address p a r i t y  
coding needed f o r  the transponder t o  detect errors. 

On reception, the processing in te r face  extracts Mode S repl ies.  The f i r s t  step i s  t o  detect preambles and 
these are  accepted only i f  they fit i n t o  a t ime-predict ion window provided by the Mode S data processing 
un i t .  Then the information f i e l ds  are decoded v ia  PPM demodulation and simultaneous analysis on videos 
issued by d i rec t iona l  and omnidirect ional patterns. F i na l l y ,  i t  seeks out e r ro rs  by examining the  p a r i t y  
received and attempts t o  r e c t i f y  errors. 

Simultaneously, i t  calculates the azimuth o f  the ta rge t  by combining the of f -boresight  angle values which 
have been sampled on those message pulses which have been decoded without ambiguity. 

Experiments car r ied  out  a t  Or ly  on a transponder prototype have h igh l igh ted  the e f f i c i ency  of Mode S 
decoding i n  the midst o f  SSR interference ( f i g u r e  19). The measurement accuracy confirms the qua l i t y  o f  
r esu l t s  obtained i n  SSR processing. 

MODE S DATA PROCESSING UNIT (OPU) 

This i s  l i k e  an orchestrator  of the stat ion,  ef fect ing the fo l lowing tasks ( f i g u r e  21) : 

- Sequencing o f  a11 the a c t i v i t i e s  o f  the RF rad io -e lec t r i c  channel by programing the a l t e rna t i on  o f  
a l l - c a l l  and r o l l - c a l l  in terrogat ions and rep ly  windows. The DPU maintains an ac t i ve  l i s t  of Mode S 
a i r c r a f t  which are w i t h i n  the antenna lobe, updating t h i s  l i s t  according t o  extracted rep l ies  and 
targets about t o  enter  i n t o  the beam. This a c t i v i t y  impl ies a s t r i c t  real-t ime constraint,  since the 
DPU should enable several messages t o  be exchanged w i t h  each a i r c r a f t  o r  since i t  should process 
i m e d i a t e  re in te r rogat ion  when a t ransact ion i s  unsuccessful. 

- Survei l lance o f  Mode S transponders by associat ing the rep ly  o r  rep l ies  from an a i r c r a f t  w i th  the 
tracks created i n  fonner scans. When several s tat ions are interconnected i n t o  a network, i t  can 
update the tracks according t o  messages from adjacent s tat ions.  It also computes the next-scan 
pred ic t ion  window fo r  the channel management processing. 

- Governing a l l  the air-ground data transactions as a funct ion o f  requests made by ground centres, and 
of messages from transponders. 

- Management o f  the network when, as i s  l i k e l y ,  s tat ions have ce r t a i n  coverage zones i n  c m n .  The DPU 
ensures con t inu i ty  i n  survei l lance and data exchange. A coverage map stakes out the respons ib i l i t y  o f  
each s ta t i on  i n  preestablished zones. 



There are two possible configurat ions : 

. The stat ions are not  connected t o  each other : i n  which case, cer ta in  precautions are taken so as 
not  t o  degrade the detect ion p robab i l i t y  of neighbouring stat ions (management of transponder lock 
out),  

. The stat ions are connected t o  each other : they can exchange data f i l e s  regarding bordering and 
c m n  areas thus f a c i l i t a t i n g  the  i n i t i a l  ta rge t  acquis i t ion.  

- Monitoring the whole Mode S s ta t i on  performance, by use of ca l i b ra t i on  performance monitoring equip- 
ment and in te rna l  t e s t  s ignals generation. 

The DPU software was designed by the SADT method (st ructured analysis and design technique). The app l i -  
cat ion of t h i s  method i s  top-down, modular, h ie ra rch ica l  and st ructured ; presentat ion i s  usua l l y  i n  
graphic form. The chosen hardware archi tecture,  b u i l t  up from c e l l s  described i n  the paragraph "SSR data 
processor", al lows computing power and memory capacity t o  be increased according t o  needs (functions 
real ized,  number o f  transponders, etc.).  

The pro jec t  i s  d iv ided i n t o  steps t o  deal consecutively w i th  d i f f e r e n t  conf igurat ions : a u t o n m u s  
stat ion,  unconnected adjacent stat ions, and then viewing the whole network st ructure.  Each step has i t s  
place planned qs fmm the  beginning of implementation. The overal l  va l ida t ion  i s  made upon simulat ion and 
t es t i ng  on the ,s i tes .  The implementation of protocols ( e i t he r  m u l t i - s i t e  o r  not) ,  between independent o r  
net ted stat ions,  promises t o  be an i n te res t i ng  aspect o f  the question t o  be dea l t  w i t h  i n  Europe i n  the 
future.  
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SUMMARY 

An ATC radar processing system o f  the Moving Target Detector (MTD) type, comprising a separate processing 
channel, ca l led  weather channel, i s  presented. The MTD processing i s  implemented i n  a high performance 
coherent radar system. It i s  designed t o  improve ta rge t  detect ion i n  various forms of c l u t t e r ,  whi le  
provid ing low output f a l se  alarm rate.  The chosen s ignal  processing algori thms are based on the use of an 
8-doppler f i l t e r  bank, on CFAR thresholding and on an adaptive c l u t t e r  map. The weather channel indicates 
t o  the user the areas o f  radar coverage where dangerous p rec ip i t a t i on  occur. Programnable nodular proces- 
sors are used f o r  the d i g i t a l  signal processing and data processing. Their processing power enables t o  
carry out complex adaptive algorithms. This equipment i s  incorporated i n  a radar s t a t i on  which can be 
unmanned, thanks t o  the equipment automatic b u i l t - i n  tes ts  and the Remote Malntenance and Monitoring 
system. Results of experiments w i t h  the described processing system c l ea r l y  show tha t  the MID processing 
improves the f i na l  p i c t u re  qua l i t y .  I n  pa r t i cu l a r ,  the detect ion p robab i l i t y  i s  higher both i n  c lear  
zones and i n  c l u t t e r ,  whi le  the false alarm ra te  remains low, thanks t o  adaptive processing and 
algori thms using the estimated rad ia l  ve loc i ty .  

1. INTRODUCTION 

This a r t i c l e  describes an ATC radar processing of the Moving Target Detector (MTD) type ; i t  comprises an 
independent processing channel ca l l ed  weather channel, which suppl ies meteorological data. The 1410 
processing technique i s  aimed a t  improving the detect ion of useful targets i n  the midst of c l u t t e r  
(reference 1-2-3-4-5). The algorithms employed are deta i led,  as we l l  as the performance t o  be expected, 
i n  pa r t i cu l a r  the improvement i n  the radar p i c t u re  presented t o  the operator. The processing system i s  
made up o f  programable processors, of which the a rch i tec tu re  and other main features are described, as 
i s  the radar s t a t i on  remote monitoring and maintenance system. F ina l l y ,  resu l ts  obtained i n  experiments 
are given. 

2. HOW THE PROCESSING SYSTEM IS ORGANIZED 

The processing system described here i s  designed f o r  in tegra t ion  i n  a 2D radar and comprises an ATC 
channel and a weather channel, both duplicated. Figure 2.1. shows a block diagram wi th  receiver  and 
processing channels fo r  ATC and meteorological data (non-duplicated). The processing i n  the ATC channel 
i s  of the Moving Target Detector (MTD) type. The weather channel i s  independent o f  the ATC channel. The 
conventional ATC detect ion data, used f o r  contro l  and the weather information, are displayed simulta- 
neously. 

The MTD processing has been designed fo r  a h igh ly  s table t ransmit ter- receiver  channel, enhancing the 
detect ion o f  targets i n  the midst of c l u t t e r .  The t ransmi t te r  i s  a h igh ly  s tab le  k lys t ron  t ransmit ter .  
The radar transmits bursts o f  pulses, i n  a burst-staggered mode. 

The receiver  chain has a high dynamic range and i s  per fec t l y  l i near .  The received RF i s  attenuated, i n  
response t o  the at tenuat ion command generated by the MTO processor : the at tenuat ion contro l  i s  adaptive 
and computed a t  each antenna scan, so tha t  the s ignals t o  be processed may per fec t l y  f i t  i n t o  the 
receiver  dynamic range. This method i s  most e f f i c i e n t  i n  avoiding saturat ion of the recelver  chain, even 
i n  the presence o f  very heavy ground c l u t t e r  o r  weather c l u t t e r .  This funct ion i s  most important f o r  MTD 
processing since any non- l inear i t y  would d i s t o r t  the spectrum of the received echoes. The attenuated 
signal i s  then transposed t o  an intermediate frequency and i s  processed by a l i n e a r  receiver  of 60 dB 
dynamic range, provid ing in-phase and quadrature video signals. These s ignals are sampled by an analog 
d i g i t a l  converter and are encoded on 12 b i t s .  

The d i g i t a l  data of an 8-pulse Coherent Processing I n te r va l  (CPI) are stored i n  the data memory of the 
Signal Processor. The processor performs doppler f i l t e r i n g  and detect ion on the stored samp]ps, so as t o  
determine the coordinates o f  c e l l s  containing usefu l  echoes ca l l ed  "p r im i t i ve  ta rge t  reports  . 
Messages are sent t o  the Post-Processor, containing the doppler and amplitude charac te r is t i cs  of each 
p r i m i t i v e  target. This Post-Processor associates together those p r i m i t i v e  targets which are re la ted  t o  
the same ta rge t ,  evaluat ing the  pos i t ion  and charac te r is t i cs  o f  the p l o t  thus formed : t h i s  i s  the 
Corre lat ion and In te rpo la t ion  function. False alarms are here checked and, if need be, the detect ion 
threshold of the s ignal  processor i s  modif ied accordingly. 

'Then the p l o t s  are processed i n  the t rack ing  function, which works by scan-to-scan co r re l a t i on  so as t o  
e l iminate the res idual  f a l se  alarm. When the radar operates i n  the d i v e r s i t y  mode, the p lots,  output by 
the Corre lat ion and In te rpo la t i on  funct ion from the two ATC processing channels, are associated together. 
The t rack ing  function a lso  performs primary and secondary radar p l o t  associat ion. 

The r o l e  of the weather s ignals receiver. and processor channel i s  t o  show up the zones i n  which weather 
phenomena invo lv ing  some danger fo r  a i r c r a f t  are found. An analysis of s ignals from the orthogonal 
c i r c u l a r  po la r iza t ion  channel and i n  pa r t i cu l a r  an analysis o f  the i n tens i t y  o f  echoes gives a c lear  idea 
of the i n tens i t y  of p rec ip i t a t i ons  w i t h i n  the radar coverage ( ref .  6-7). 



The arch i tec tu re  which has been chosen i s  a weather channel completely independent from the ATC recept ion 
and processing. The received RF s ignals are attenuated according t o  the at tenuat ion commands generated by 
the weather processor. Thus, the at tenuat ion law which i s  appl ied may be d i f fe ren t  from tha t  appl ied i n  
the ATC channel and adapted t o  the weather s ignals.  Signals are then transposed t o  the intermediate 
frequency and processed by a l i n e a r  receiver  which produces video s ignals i n  phase and i n  quadrature. 

These s ignals are sampled and coded on 12 b i t s  by the weather processor, which, a f t e r  having e l iminated 
the unwanted echoes i e .  ground c l u t t e r ,  a i r c ra f t ,  interference), evaluates the i n tens i t y  of the 
weather echoes. Each time t h i s  leve l  exceeds a predetermined threshold, a "weather p r i m i t i v e  ta rge t "  i s  
created. The r o l e  of the post-processor i s  then t o  es tab l i sh  the contours of zones i n  which the weather 
echoes exceed the threshold. From the s i x  predefined levels,  two may be simultaneously displayed. 

3. ALGORITHMS AN0 PROCESSING PERFORMANCE 

3.1. ATC CHANNEL SIGNAL PROCESSING 

Figure 3.1. shows a block diagram of the signal 'processing i n  the ATC channel. The MD signal  processing, 
compared w i t h  an ordinary MTI processing, i s  designed t o  impiove useful ta rge t  detect ion despite ground 
and weather c l u t t e r .  Improvement of detect ion and false a l a m  ra te  r e s u l t  i n  a be t t e r  q u a l i t y  p i c t u re  fo r  
the operator. The processing discussed here uses a set o f  8 doppler f i l t e r s ,  by means of which useful 
targets and c l u t t e r  can be separated, provided tha t , they  have d i f f e ren t  r ad ia l  ve l oc i t i es .  A detect ion 
threshold i s  appl ied a t  the output o f  each f i l t e r  : i t s  r o l e  i s  both t o  e l iminate c l u t t e r  echoes i n  the 
f i l t e r s  which are c l u t t e r  contaminated and t o  optimize usefu l  detect ion o f  ta rge ts  i n  the f i l t e r  
corresponding' t o  t h e i r  r ad ia l  ve loc i ty .  The f i l t e r  fo r  very low o r  n u l l  ve l oc i t i es  i s  ca l l ed  the Zero 
Ve loc i ty  F i l f e r  (ZVF). The ZVF output i s  used i n  the scan-to-scan est imat ion o f  an adaptive c l u t t e r  map. 
The threshold appl ied a t  the ZVF output i s  calculated from the c l u t t e r  map information. The other doppler 
channels are subjected t o  a c e l l  averaging type threshold. When the detect ion threshold i s  exceeded i n  
more than one doppler channel, a p r i m i t i v e  ta rge t  i s  deemed t o  be present and a message containing the 
p r i m i t i v e  t a rge t ' s  charac te r is t i cs  (amplitude and doppler) i s  sent t o  the Post-Processor. 

Figure 3.2. shows the response curve o f  one of the f i l t e r s  versus normallzed frequency. Side lobes are 
lower than 40 dB : t h i s  r esu l t s  i n  a good re j ec t i on  of ground c l u t t e r ,  r a i n  c l u t t e r  and chaff. The 
contrast  i s  shown i n  f igure 3.3.. as a function o f  the useful t a rge t ' s  doppler ve loc i ty .  The contrast  i s  
defined as the gain i n  the s igna l - to -c lu t te r  power r a t i o  brought about by the set  o f  f i l t e r s .  Characte- 
r i s t i c s  used i n  the gaussian c l u t t e r  model are given. The antenna lobe modulation i s  taken i n t o  account, 
as we l l  as the s t a b i l i t y  o f  the t ransmit ter- receiver  chain ( 3  mrd). Coef f i c ien ts  used f o r  f i l t e r i n g  and 
detect ion are encoded on 16 b i t s  : t h i s  makes i t  possib le t o  implement the processing algori thms most 
e f f i c i e n t l y .  wh i le  reducing the t runcat ing.  The fact t ha t  there i s  no front-end cancel ler  ahead of the 
f i l t e r  set  means t ha t  the coherent in tegra t ion  gain i s  preserved f o r  each f i l t e r .  Thus, the  losses i n  the 
ga in  of signal-to-noise r a t i o  caused by an MTI f i l t e r  are avoided, as i s  the need f o r  ex t ra  pulses t o  
i n i t i a l i z e  the f i l t e r .  

The ZVF output i s  used i n  the computation o f  the average value o f  c l u t t e r  i n  each c e l l  o f  the coverage 
being processed. The map has 768 000 ce l l s .  The a lgor i thm used i s  a f i r s t  order in tegrator ,  i t s  t ime 
constant being adjusted t o  about 15 antenna scans. The ZVF output i s  subjected t o  a threshold calculated 
fm the information which has been stored i n  the c l u t t e r  map. This i s  a CFAR threshold : i t  can e l im i -  
nate c l u t t e r  echoes; it also uukes i t  possible t o  detect targets having a tangent ia l  t r a j ec to r y  as long 
as these exceed the c l u t t e r  l eve l .  The ta rge t  v i s i b i l i t y  curve i s  optimized by the ZVF and by automatic 
se lec t ion  of f i l t e r s  1 and 7 on e i t he r  side o f  the ZVF, as a funct ion o f  the leve l  of ground c l u t t e r .  

Non-Zero doppler channel outputs are compared t o  separate CFAR thresholds : the c e l l  being examined i s  
compared t o  the h ighest  o f  the averages o f  the 8 c e l l s  preceeding and o f  the 8 c e l l s  fo l lowing the 
examined c e l l  and the 2 adjacent ones. The noise false alarm ra te  i s  adjusted by mans of a mu l t fp ly ing  
fac to r .  This f ac to r  may be modif ied (e i t he r  increased o r  decreased) automatical ly, on an i ns t r uc t i on  from 
the Post-Processor, depending on whether o r  not  there i s  a r i s k  of overloading the l a t t e r ,  f o r  example i f  
there are angels. I f  there i s  c l u t t e r  a t  the ZVF output, thresholds implernented i n  the Non-Zero doppler 
channels are corrected by a f rac t ion  of the amplitude of the echo i n  the ZVF. For each f i l t e r ,  t h i s  
cor rec t ion  value i s  d i f f e ren t  and it i s  appl ied only when the echo i n  the ZVF i s  above a programed 
leve l .  With t h i s  adaptive processing, residues above the re j ec t i on  leve l  o f  doppler f i l t e r s  can be 
el iminated. 

3.2. PRIMITIVE TARGET REPORTS PROCESSING 

Given the width o f  the antenna lobe and of the t ransmit ted pulse, a s ing le  ta rge t  can give r i s e  t o  
several p r i m i t i v e  ta rge t  reports. The Corre lat ion and I n te rpo la t i on  funct ion bu i lds  the radar p l o t s  ; i t  
calculates t h e i r  posi t ion,  doppler ve loc i ty ,  and q u a l i t y  degree and then transfers these data t o  the 
t rack ing  function. An a lgor i thm i s  a lso appl ied t o  e l iminate angels. 

Each incoming p r i m i t i v e  ta rge t  i s  compared t o  a threshold device ; the threshold appl ied i s  determined by 
the density o f  p r i m i t i v e  ta rge ts  e x i s t i n g  i n  the geographical sector and the doppler f i l t e r  of the 
incoming p r im i t i ve  target .  Therefore, p r i m i t i v e  targets o f  low amplitude are e l iminated if found i n  large 
numbers w i t h i n  the same geographical and doppler sector, as o f ten  occurs w i t h  angels. Also, the inc iden t  
load i s  checked : if there i s  a danger of overloading. the signal processing detect ion threshold may be 
modified so as t o  reduce false alarm;. 

I f  several p r i m i t i v e  ta rge t  reports  are close together i n  range and i n  azimuth, they are associated t o  
create a p lo t .  An a lgor i thm o f  the barycentre type, weighted by the p r i m i t i v e  ta rge t  amplitude, i s  used 
f o r  the est imation o f  the range and azimuth of each p l o t  which has been f o m d .  The rad ia l  ve l oc i t y  of 
each p l o t .  which i s  not  characterized by a b l i n d  CPI, i s  calculated. The ambiguous speeds are in te rpo la -  
ted i n  each burs t  on the basis o f  the known maximum amplitudes of the p r im i t i ve  targets. The ambiguity i s  
resolved a t  l eas t  i n  pa r t  by reference t o  the ambiguous speeds of 2 consecutive bursts. The ambiguity of 
est imat ion i s  then equal t o  5 o r  6 times the speed corresponding t o  the lowest of the two pulse repe t i -  
t i o n  frequencies. 



To each p l o t ,  a  q u a l i t y  degree i s  a t t r i b u t e d  as a  func t ion  of the azimuth extension. Several f lags may be 
posi t ioned : presence of a  " b l i n d  burs t " ,  echo poss ib ly  r e f l e c t e d  by a  ground vehicle, assumed cross ing 
of tracks, etc..  Information concerning the o r i g i n  o f  the  p l o t  are thus suppl ied t o  the  t rack ing  
funct ion, which can then conf i rm o r  i n v a l i d a t e  t h i s  data, by an analys is  of the  p l o t ' s  behaviour over 
several antenna scans. 

P lots ,  once f o m d  and in te rpo la ted  are subjected t o  a  device reducing the res idua l  fa lse alarm and 
regu la t ing  the  t rack ing  func t ion  load. This adaptive device e l iminates f i r s t  and foremost p l o t s  w i t h  low 
amplitude and low doppler v e l o c i t y  and which are concentrated i n  the same geographical sectors. If 
overload i s  detected i n  the t rack ing  processor, dubious p l o t s  are au tomat i ca l l y  re jected.  

3.3. PLOT TRACKING ALGORITHMS 

The t rack ing  funct ion performs p l o t  c o r r e l a t i o n  from scan-to-scan, i n  order  t o  e l im ina te  res idua l  f a l s e  
alarm. The main funct ions are : 

- Cor re la t ion  between inc iden t  p l o t s  and stored tracks, and r e s o l u t i o n  o f  ambiguous cases, 

- I n i t i a t i o n  o f  new t racks,  

- Updating of establ ished tracks. 

Cor re la t ion  between an inc iden t  p l o t  and s tored t racks i n  the same area i s  attempted. This c o r r e l a t i o n  i s  
e f f e c t i v e  on ly  i f  the  p l o t  i s  found i n  the  window surrounding the t r a c k ' s  p red ic ted  pos i t i on .  This window 
i s  opt imized so as t o  take i n t o  account radar no ise and the  t a r g e t ' s  evolut ionary c h a r a c t e r i s t i c s  
( turn ing,  accelerat ion,  decelerat ion) .  There are four p o s s i b i l i t i e s  : 

- The p l o t  co r re la tes  w i t h  on ly  one track, 

- Several p l o t s  can be cor re la ted  w i t h  the same t rack  ( i f  the zone has a  h igh t r a f f i c  densi ty) ,  

- The p l o t  can be cor re la ted  w i t h  several tracks, 

- Several p l o t s  and several t racks can be in te r -co r re la ted .  

Such ambiguous cases are i s o l a t e d  and handled so as t o  g ive  the most coherent t racks : by op t im iz ing  
g l o b a l l y  the d is tance between inc iden t  p l o t s  and forecast  pos i t i ons .  Consistency between inc iden t  r a d i a l  
v e l o c i t y  and forecast  r a d i a l  v e l o c i t y  i s  sought. 

Inc iden t  p l o t s  which have not  been successfu l ly  co r re la ted  g ive r i s e  t o  a  new t rack,  except i f  the p l o t s  
are dubious. If, a f t e r  a new i n i t i a t i o n ,  several p l o t s  can be cor re la ted  w i t h  the  new t rack,  various 
d i r e c t i o n s  are possible, one of which w i l l  be va l ida ted  a t  the next antenna scan wh i le  the others w i l l  be 
abandoned. 

A t  each antenna r o t a t i o n ,  the establ ished t racks are updated. When t h i s  i s  done, the t rack  information i s  
recalcu lated i n  the  l i g h t  o f  in format ion introduced by the  newly co r re la ted  p l o t  : 

- The new pos i t i on ,  as w e l l  as the p red ic ted  p o s i t i o n  a t  the next scan ( i n  X, Y coordinates) are 
ca lcu la ted  through a a, 6 f i l t e r i n g  a lgor i thm. Coef f ic ients  o and 8 are  chosen as a  funct ion of the 
t r a c k ' s  h i s t o r y .  

The f i l t e r i n g  c r i t e r i a  become more s t r i n g e n t  as the p l o t s  l i n e  up and fo l low one another i n  a  
s t r a i g h t  l i n e .  

. F i l t e r i n g  c r i t e r i a  are less  s t r i n g e n t  when some evo lu t ion  begins t o  take place. 

- Target speed. 

- Area o f  expected de tec t ion  f o r  the  next  antenna scan, c a l l e d  c o r r e l a t i o n  window. 

- Track q u a l i t y ,  r e f l e c t i n g  i t s  h i s t o r y  and ca lcu la ted  as a  funct ion of : 

Possible de tec t ion  gaps, 

Qua l i t y  of received p l o t s ,  

. Coherence i n  the t r a j e c t o r y ,  

. Consistency i n  the  r a d i a l  ve loc i t y ,  

. Any c o r r e l a t i o n  ambiguity which may have occurred. 

- Track s tatus : 

Status confirmed, if the m o b i l i t y  c r i t e r i o n  i s  s a t i s f i e d  and s i m i l a r l y  w i t h  the q u a l i t y .  The t rack 
i s  then displayed, 

. Status no t  confirmed, i f  the q u a l i t y  i s  not  h igh enough and m o b i l i t y  no t  s a t i s f a c t o r y .  

When i t  i s  created, a  t rack  i s  unconfirmed. I t  becomes confirmed if i t  i s  constant i n  presence dur ing  ti 
consecutive antenna scans ( f o r  example, N - 3 ) .  i f  i t s  m o b i l i t y  i s  s a t i s f a c t o r y  and i t s  t r a j e c t o r y  
consis tent .  A t rack  i s  cancel led i f  i t s  q u a l i t y  f a l l s  below a  c e r t a i n  set  threshold, and i t  i s  then no 
longer displayed. This  happens f o r  example a f t e r  M consecutive de tec t ion  gaps ( f o r  example : M = 3 ) .  



3 . 4 .  WEATHER CHANNEL SIGNAL PROCESSING 

The signal processing i n  the weather channel i s  shown i n  the block diagram of Figure 3.4. The processing 
c e l l  corresponds t o  16 range gates on one burs t  of 8 pulses. 

C l u t t e r  i s  e l iminated through doppler f i l t e r i n g  using d i g i t a l ,  non-recursive f i l t e r s .  Depending on the 
leve l  o f  ground c l u t t e r ,  a f i l t e r  i s  chosen which attenuates t o  a lesser  o r  greater degree around the 
zero frequency. 

Four f i l t e r s  are possib le : 

- F i l t e r  0 : al l -pass f i l t e r  (no c l u t t e r )  

- F i l t e r  1 : high-pass f i l t e r  (medium c l u t t e r )  

- F i l t e r  2 : high-pass f i l t e r  (heavy c l u t t e r )  

- F i l t e r  3 : high-pass f i l t e r  (very heavy c l u t t e r ) .  

An example of a f i l t e r  response curve i s  shown i n  Figure 3 . 5 .  F i l t e r  se lect ion i s  determined by means o f  
a f i xed  map, i n i t i a l i z e d  under c lear  weather condit ions. 

Interference i s  detected i n  the fo l lowing manner : the power output by the doppler f i l t e r  of the f i r s t  
four  pulses i s  compared t o  the power obtained a t  the l a s t  four pulses. If the difference between these 
two values i s  too high, t h i s  i s  in te rp re ted  as interference. 

An a i r c r a f t  i s  detected by comparing the  power i n  each range gate w i t h  the mean power f o r  a weather c e l l  
(16 range quanta). I f  an a i r c r a f t  i s  detected, the mean power i s  recalculated a f t e r  e l im ina t ion  o f  the 
range gate under examination. 

Weather r e f l e c t i v i t y  i s  evaluated i n  each weather c e l l  by examining the power of weather echoes i n  each 
range gate, a f t e r  undesirable echoes have been el iminated. The mean r e f l e c t i v i t y  i s  then again averaged 
over several antenna scans. 

Weather r e f l e c t i v i t y  once evaluated i n  each weather c e l l  i s  compared t o  a f i x e d  detect ion threshold. If 
r e f l e c t i v i t y  exceeds t h i s  threshold, a weather p r im i t i ve  ta rge t  i s  declared. The threshold value i s  the 
lowest displayable leve l .  

3 . 5 .  WEATHER CHANNEL POST-PROCESSING ALGORITHMS 

The purpose o f  the weather post-processing i s  t o  b u i l d  up, from the weather p r i m i t i v e  targets, zone con- 
tours containing weather phenomenon exceeding a predetermined l eve l .  Two leve ls  from the s i x  pre-es- 
tabl ished may be simultaneously displayed. The weather p i c t u re  i s  updated every 6 scans. A smoothing 
matr ix  i s  appl ied t o  the r e f l e c t i v i t y  information contained i n  the video map. To each c e l l  i n  X, Y 
coordinates i n  the weather map t o  be displayed, i s  a t t r i bu ted  the r e f l e c t i v i t y  o f  the c e l l  i n  polar  
coordinates ( p , ~ )  which contains the (X,Y) c e l l  centre. The weather map i s  scanned l i n e  by l i n e  ; a 
vector i s  s ta r ted  as soon as the f i r s t  d isp lay threshold i s  exceeded and t h i s  vector i s  deemed t o  end as 
soon as the s ignal  f a l l s  below t h i s  threshold. The load i s  regulated by counting the number o f  vectors t o  
be displayed and hardening the smoothing c r i t e r i a  o r  the selected d isplay thresholds so as t o  reduce the 
number of vectors i f  there i s  overloading. 

4. IMPLEMENTATION OF THE PROCESSING SYSTEM 

4.1. GENERAL REMARKS 

Programed processing was opted fo r  i n  the implementation o f  the ATC and weather channel processing 
systems described above. This approach offers the advantage o f  f l e x i b i l i t y  i n  adaptation. The processing 
algori thms are implemented i n  two types of processors : a modular progrannable processor which i s  adapted 
t o  the signal processing and a modular computer adapted t o  the data processing. The MD slgnal  processing 
algori thms are incorporated i n t o  a signal processor. So i s  the weather channel signal processor. Corre- 
l a t i o n  and I n te rpo la t i on  functions, t rack ing  and weather post-processing take place, on the other hand, 
i n  the modular computer designed for data processing ( C f  Figure 2.1). The arch i tec tu re  which has been 
chosen f o r  these two processors offers an advantage i n  t ha t  the number of d i f f e ren t  p r i n ted  c i r c u i t  types 
i s  l im i ted .  This reduces the l i f e - c y c l e  cost of the equipment. Remote maintenance and monitoring i s  b u i l t  
i n t o  the radar s t a t i on  which houses the above described processors. The radar s t a t i on  can therefore be 
unmanned. 

4.2. SIGNAL PROCESSOR 

The arch i tec tu re  which was adopted i n  the Signal Processor for the MTD processing and weather processing 
algori thms i s  of the tyQe "Mu l t ip le  Ins t ruc t ions ,  Mu l t i p l e  Data Paths'' (MIMD). The basic module of t h i s  
system i s  the Signal Processing Programnable Module (MPTS i n  French). I n  the MTD app l i ca t ion  described 
here, the processor can have up t o  8~MPTS modules each working on a radar coverage segment (Figure 4.1.). 
A l l  modules execute the same programne. There i s  a de l ibera te  degree o f  overlappinq between the radar 
coverage segments a l loca ted  t i  eaih module, so t h a t  the range-cel l-averaging threshoid may be calculated 
cor rec t l y .  I n  the weather processing appl icat ion,  the number of modules i n  the s t ruc tu re  i s  d i f f e ren t ,  
since the processing load t o  be ca r r i ed  out  i s  a lso  d i f f e ren t .  

An MPTS module i s  avai lable,  i n  add i t ion  t o  modules required for the processing : wi th  t h i s  extra module. 
i t  i s  possib le t o  t e s t  the Signal Processor i n  rea l  time, and t o  reconfigure i t  automat ical ly  i n  case of 
a f a i l u re .  This module can take over each o f  the operational modules i n  tu rn  whi le the t e s t  programne i s  
being run. When the r e s u l t  of the t e s t  i s  negative. the module then takes over from the f a i l ed  down u n i t  
( u n t i l  i t  i s  repaired) .  Thus the s ignal  processor continues t o  run smoothly even i f  a f a i l u r e  occurs i n  a 



The Signal Processing Programmable Module i s  made up o f  3 elements : a processor element, data storage 
and a sequencer. The f i r s t  has two 16-bi t  computing uni ts ,  one o f  which i s  a f as t  mu l t i p l i e r .  The data 
storage (12 Kwords o f  16 b i t s )  works i n  a ping-pong fashion, whi le  the sequencer has a p r o g r a m  memory 
of 4 K ins t ruc t ions ,  128 b i t s  each. These are organized around 2 buses : the computing u n i t s  and the 
scratch-pad memories comunicate w i th  each other v ia  an in te rna l  bus ; the processor comunicates w i t h  
the outside world (acqu is i t ion  of s ignals t o  be processed, data from the c l u t t e r  map, in te r face  w i th  the 
post-processor, t es t  data) v ia the external bus. The MPTS module's processing power i s  o f  the order of 25 
MOPS. The MPTS module i s  contained w i t h i n  a s ing le  p r i n ted  c i r c u i t .  Figure 4.2. i s  a photograph o f  t h i s  
module. 

4.3. DATA PROCESSOR 

The Correlat ion. In te rpo la t ion  and t racking algori thms as wel l  as the weather channel post-processing 
algorithms are performed i n  a computer having a mult i-processor archi tecture.  The basic c e l l  consists of 
a powerful microprocessor (68000 fami ly) ,  f i t t e d  w i t h  a 512 Kbytes loca l  memory, a vectored mu l t i - l eve l  
i n t e r rup t  s t ruc tu re  and p a r a l l e l  l i nes  o f  conmunications w i th  other ce l l s .  Thus each c e l l  may be connec- 
ted t o  4 other ce l l s ,  forming a network of processors. The modular design o f  the processor i s  such as t o  
a l low f o r  the p o s s i b i l i t y  o f  adjust ing the conf igurat ion t o  the processing load and f o r  the memory t o  be 
sized f o r  a given appl icat ion.  A real-t ime, high-speed monitor adapted t o  the mu l t i -  processor s t ruc tu re  
was developed f o r  the computer. The PASCAL language i s  used fo r  app l i ca t ion  programing. A monitoring 
function i s  a lso incorporated. If anything goes wrong. i t  i s  capable of i n i t i a t i n g  se l f - t es t  p r o g r a m s  
i n  each o f  the processors which make up the computing un i t ,  so as t o  i s o l a t e  the f a i l e d  p r i n ted  c i r c u i t .  

4.4. REMOTE MAINTENANCE AND MONITORING (RMM) 

Each equipment of the radar chain i s  connected by a bus (IEEE 488) t o  a cen t ra l  computer i n  charge o f  
system survei l lance. Automatic b u i l t - i n  tes ts  have been designed i n  each u n i t  of the radar chain, t o  
detect and n o t i f y  the f au l t y  p r i n ted  c i r c u i t .  I f  a f a i l u r e  occurs i n  one o f  these elements, t h i s  
information i s  immediately remote-signalled through the s ta t i on ' s  RMM system. Thus maintenance involves 
merely replacing the fau l ty  cards and repa i r ing  them i n  a maintenance workshop. This p o s s i b i l i t y  o f  
remote maintenance and monitoring means the s ta t i on  may be unmanned. 

5. EXPERIMENTAL RESULTS 

5.1. OVERVIEW 

The prototype f o r  the MTD processing chain described hereabove was experimented i n  1984 and 1985. i n  
c lose par tnership w i t h  Technical Teams from the French A i r  Navigation Department, a t  the radar s t a t i on  
of Lyon Satolas. The radar i s  an L-band magnetron radar w i th  conventional MTI type processing. The main 
charac te r is t i cs  o f  the radar are : range : 120 NM, peak transmitted power : 2 MW, frequencies : 1346 MHz 
and 1304 MHz, r o t a t i o n  speed : 7.5 rpm, phase s t a b i l i t y  : 12 mrd. The s i t e  o f  Lyon Satolas i s  d i f f i c u l t  
on account of the quant i t y  and amplitude o f  ground echoes w i t h i n  the radar 's  coverage as i s  shown i n  
Figure 5.1. 

Experimentation was aimed a t  : 

a )  demonstrating the r e l i a b i l i t y  of an e n t i r e l y  programed processing, 

b) showing the improvement i n  q u a l i t y  of the synthetic p ic tu re  displayed t o  the operator w i th  the MTD 
processing chain, compared w i t h  t ha t  produced w i t h  a conventional MTI channel : detect ion improvement 
both i n  c lear  and c l u t t e r  zones, detect ion of tangent ia l  targets, be t t e r  accuracy i n  the ta rge t ' s  
posi t ion,  improvement a lso i n  the false alarm ra te  a t  the channel output, i n  pa r t  a t  l eas t  thanks t o  
the adaptive nature of the algori thms implemented. 

5.2. IMPROVEMENT IN DETECTION 

Figures 5.2 and 5.3 show p ic tu res  taken simultaneously a t  the MTI and MTD processing outputs. I t  i s  c lear  
t ha t  the detect ion q u a l i t y  i s  higher a t  the output o f  the MTD processing chain. The fact  t ha t  the Lyon 
Satolas s i t e  was d i f f i c u l t  has h ighl ighted the improvement i n  ta rge t  detect ion, introduced by an 8 - f i l t e r  
MTD type processing, espec ia l l y  when there i s  c l u t t e r .  

Figures 5.4 and 5.5 show on the one hand a photograph of the d isplay output by the MTI processing and on 
the other hand, a recorded p l o t  graphic a t  the output o f  the MTD processing, both representing the same 
Si tuat ion.  On t h i s  graphic, p lo ts  which are obtained by the zero ve loc i ty  f i l t e r  are marked w i th  the 
symbol 0 ; s i tua t ions  shown are cases where ta rge ts  are detected a t  n u l l  r a d i a l  speed and w i t h  ground 
c l u t t e r .  I t  i s  qu i t e  c lear  t ha t  the detect ion by MTD processing o f  a i r c r a f t  on tangent ia l  t r a j ec to r i es  i s  
more e f f i c i en t  than w i th  MTI processing. This i l l u s t r a t e s  the advantage o f  having a ZVF i n  the MTD 
system. 

5.3. EVALUATION OF THE PLOT POSITION ACCURACY 

A s t a t i s t i c a l  evaluation of the accuracy of the pos i t ion  (range and azimuth) of p lo ts  reconstructed wi th 
the MTD post-processing Corre lat ion and In te rpo la t ion  function has been car r ied  out  from recordings o f  
p lo ts .  For each target, the actual t r a j ec to r y  has been reconstructed by applying the  method o f  l eas t  
squares. The d i f fe rence between actual measured pos i t ion  and the reconstructed theore t i ca l  pos i t ion  has 
thus been calculated. 

Figures 5.6 and 5.7 show histograms of e r ro rs  which have occurred i n  range and i n  azimuth. The mean e r ro r  
i n  range and i n  azimuth i s  nu l l .  The range e r r o r  standard deviat ion has been calculated t o  be 0.017 NM. 
o r  14% of the pulse width, out of more than 10 000 measurements taken, for p l o t s  o f  signal-to-noise 
r a t i o  superior t o  20 dB. The azimuth e r ro r  standard deviat ion has been evaluated a t  0.13' o r  5.5% of the 
antenna lobe for p l o t s  of signal t o  noise r a t i o  superior t o  20 dB. This i s  less than the standard 
deviat ion of the azimuth quant izat ion introduced by the 8 recurrence burs t  processing mnde (0.20'). 



5.4. QUALITY OF THE EVALUATION OF THE TARGETS RADIAL VELOCITY 

The r a d i a l  v e l o c i t y  ca lcu la ted  by the MTD processing has been compared w i t h  the  ac tua l  r a d i a l  ve loc i t y ,  
ca lcu la ted  from reconstructed t r a j e c t o r i e s .  F igure 5.8 shows an example o f  the  r a d i a l  v e l o c i t y  values 
ca lcu la ted  and reconstructed f o r  each antenna scan, f o r  a t a r g e t  having a mean s ignal - to-noise r a t i o  of 
21 dB. The two v e l o c i t i e s  w i l l  be seen t o  match per fec t l y .  The standard dev ia t ion  o f  r a d i a l  v e l o c i t y  
e r r o r  has been evaluated a t  about 5 m/s (o r  7% of the  mean PRF). The q u a l i t y  of the  r a d i a l  v e l o c i t y  
es t imat ion  make i t  v i a b l e  i n  a lgor i thms f o r  the  e l i m i n a t i o n  of f a l s e  p l o t s  o r  f o r  t rack ing .  These sophis- 
t i c a t e d  a lgor i thms c o n t r i b u t e  t o  the low fa lse  alarm r a t e .  

6. CONCLUSION 

Results o f  experiments w i t h  the above-described processing system c l e a r l y  show t h a t  the MTD processing 
improves the f i n a l  p i c t u r e  q u a l i t y .  I n  p a r t i c u l a r ,  the  de tec t ion  p r o b a b i l i t y  i s  h igher  both i n  c l e a r  
zones and i n  c l u t t e r ,  wh i le  the f a l s e  alarm r a t e  remains low. I n  t h i s  respect, adaptive processing and 
a lgor i thms us ing the  est imated r a d i a l  v e l o c i t y  p lay  an important r o l e .  Another p o s i t i v e  p o i n t  i s  the 
accuracy i n  est imat ion o f  the a i r c r a f t  pos i t i ons .  The system produces a syn the t i c  p i c t u r e  where areas of 
dangerous meteorological occurrences a re  shown up, which i s  another va luable feature. The fac t  t h a t  
powerful  programnable processors are used t o  implement the  e n t i r e t y  o f  the processing provides great  
f l e x i b i l i t y  and enables t o  c a r r y  ou t  complex adaptive a lgor i thms.  Since t h e  processors used are modular. 
the  equipment m y  be s ized t o  the  amount o f  computation necessary f o r  a p a r t i c u l a r  app l i ca t ion .  The 
number o f  d i f f e r e n t  p r i n t e d  c i r c u i t  types making up t h e  equipment i s  l i m i t e d ,  which con t r ibu tes  t o  lessen 
maintenance costs  o f  the radar s ta t ion .  The l a t t e r  can be unmanned, thanks t o  the remote maintenance and 
mon i to r ing  system. 
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SUMMARY 

By definition of the International Civil Aviation Organization (ICAO) Standards and 
Recommended Practices (SARPS) the Time Reference Scanning Beam (TRSB) Microwave Landing 
System (MLS) will supplant the existing Instrument Landing System (ILS) as the 
recognized international standard as early as 1995. Among numerous other advantages, 
the MLS provides the ability to determine the aircraft's position in three dimensional 
space over a large coverage volume in the airport terminal area. The use of this 
capability to navigate and execute approaches throughout this volume of coverage 
results with the application of a technique known as Microwave Landing Sytem Area 
Navigation (MLS RNAV). Applications of MLS RNAV can be as simple as executing 
approaches offset from but parallel to the MLS 0' azimuth or as complex as 
multi-segment and curved path approaches. MLS RNAV is particularly adaptable to 
helicopter operations. It allows approaches to heliports located away from the main 
instrumented runway. In order to assess and further develop the potential capabilities 
of MLS RNAV, the FAA Technical Center has undertaken the task of performing analytical 
studies, as well as the development of a prototype MLS RNAV system. Application of 
this system to helicopter operations are particularly being emphasized. 

The unique feature of this work is that besides the onboard data acquisition systems, 
an independent source of position information was, at times, available for comparison. 
The source was independent position tracking in the form of laser or radar data. The 
work reviewed in this paper should have immediate application in the development of MLS 
RNAV Terminal Area Instrument Approach Procedures (TEKPS). It is also hoped that data 
gained in flying the system will be of use to standards setting organizations such as 
the Radio Technical Commission for Aeronautics in the United States and EUROCAE Working 
Group 27 in Europe. 
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INTRODUCTION 

BACKGROUND 

The Microwave Landing System (MLS) is current ly  being implemented in the United S ta tes .  
The ground equipment consis ts  of three navigation s ignal  source elements. Latera l  
guidance is provided by the azimuth (AZ) t r ansmi t t e r ,  v e r t i c a l  guidance by the 
elevation angle t ransmit ter  (EL), and distance information by precision dis tance  
measuring equipment (DMEJP). Airborne receivers have the b u i l t - i n  f l e x i b i l i t y  of 
having the p i l o t  s e l e c t  the approach azimuth and elevation angle within ce r t a in  l i m i t s .  
Basic MLS s ignal  coverage p$ovides azimuth guidance through an arc  of 120'. and 
e levat ion coverage from 0.9 t o  20' above the horizon. Ranging information in coverage 
is provided out to  a t  l e a s t  20 miles (32 km). MLS ground equipment transmits aux i l i a ry  
information in the form of data words. These data words can be interpreted by airborne 
receivers .  The words include information about the layout of the MLS ground equipment 
in r e l a t i o n  to  the primary instrument runway. 

The accuracy of the MLS is a s ign i f i can t  improvement over ILS component accuracies. 
This f a c t  coupled with the large  coverage volume of the MLS w i l l  permit increased 
u t i l i t y  of the MLS to  provide terminal area navigation and precision approach guidance. 
With the addi t ion of an airborne navigation computer, an area navigation methodology 
based on MLS guidance is achievable. In larger  a i r c r a f t  exis t ing navigation computers 
and automatic f l i g h t  control  systems (AFCS) could be coupled with the MLS airborne 
receiver  to  provide the MLS RNAV capabi l i ty .  One unique fea ture  of MLS RNAV i s  its 
a b i l i t y  to  provide precis ion RNAV guidance in a t  l e a s t  a portion of the MLS coverage 
volume. In order to  standardize the development of MLS RNAV and ident i fy  minimum 
equipment performance standards the Radio Technical Commmission fo r  Aeronautics (RTCA) 
has formed a spec ia l  committee. This committee is preparing a d ra f t  document out l in ing 
the minimum operating performance standards fo r  MLS RNAV equipment ( reference  1 ) .  

Draft  minimum performance standards have been developed f o r  three d i f fe ren t  l eve l s  of 
equipment. The most d is t inguishing fea ture  between the three levels  of equipment i s  
the  route construction capabi l i ty .  The l e a s t  capable l eve l  only has a s ingle  segment 
route construction capabi l i ty .  The next l eve l  has a multiple segment capabi l i ty .  The 
most advanced system can compute curved f l i g h t  path routes i n  both the horizontal  and 
v e r t i c a l  dimensions. Even with the l e a s t  capable l eve l  of equipment s ing le  segment MLS 
RNAV o f f e r s  many useful  extensions of MLS guidance fo r  many general avia t ion and 
hel icopter  operators.  These users ,  more than l i k e l y ,  do not have onboard navigation 
computers and a r e  not equipped with an AFCS. P a r a l l e l  o f f s e t  approaches provides one 
of the most useful  extensions of MLS guidance to  users equipped with MIS RNAV. Offset  
p a r a l l e l  precision approaches would permit the servicing of p a r a l l e l  runways with one 
MLS system. A t  severa l  locat ions  t e r r a i n  r e s t r i c t i o n s  w i l l  not permit the azimuth 
t r ansmi t t e r  to  be s i t e d  on the extended runway center l ine  1000 f e e t  beyond the stop end 
of the runway. Figure 1 depic ts  an example of an o f f s e t  approach. 
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FIGURE 1. EXAMPLE OF MLS RNAV OFFSET AZIMUTH COMPUTED CENTERLINE APPORACH. 



Hel i cop t e r  ope ra to r s  could b e n e f i t  from MLS RNAV i n  s e v e r a l  ways. A simple s i n g l e  
segment RNAV system could be used t o  provide guidance f o r  a  p a r a s i t e  approach t o  a  
h e l i p o r t  l oca t ed  w i th in  t h e  coverage volume of an e x i t i n g  MLS. This  same methodology 
could be used t o  permit  p r e c i s i o n  instrument  approaches by h e l i c o p t e r s  t o  po in t s  t h a t  
a r e  s epa ra t ed  from the  primary instrument runway. This  would reduce t r a f f i c  congest ion 
by removing t he  gene ra l l y  slower h e l i c o p t e r  from the  flow of t r a f f i c  t o  t he  primary 
instrument  runway. An example i s  presented i n  f i g u r e  2. Product ion MLS is scheduled 
t o  be implemented a t  s e v e r a l  h e l i p o r t s .  Te r r a in  r e s t r i c t i o n s  and o b s t a c l e s  around t he  
h e l i p o r t s  could reduce t he  e f f e c t i v e n e s s  of the  system. I n  urban a r e a s  h e l i p o r t s  a r e  
o f t e n  s i t e d  ad j acen t  t o  bodies of water  or  f lood  p l a i n s .  With a  s i n g l e  segment MIS 
RNAV it would be pos s ib l e  t o  cons t ruc t  a  po in t  i n  space p r ec i s i on  approach t o  a  po in t  
over  the  open a r ea .  This  could r e s u l t  i n  reduced approach minimums and i nc r ea se  t h e  
u t i l i t y  of the  MLS. Figure 3 p r e sen t s  an example of a  point  i n  space p r ec i s i on  
approach. 
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The RTCA Spec i a l  Committee is c u r r e n t l y  i n v e s t i g a t i n  s e v e r a l  i s s u e s .  These i s sue s  
inc lude  MLS RNAV accuracy and nav iga t i on  func t i on  an3  cockpi t  d i sp l ay  update  r a t e s .  
Other  i s s u e s  address  MLS RNAV p o s i t i o n  de te rmina t ion  methodology and d e f i n i t i o n  of the  
MLS RNAV coo rd ina t e  r e f e r ence  system. Analyses of some of t he se  i s sue s  have been 
conducted a t  t he  FAA Technical  Center  i n  A t l a n t i c  C i t y ,  New Je r s ey .  A simple s i n g l e  
segment p ro to type  MLS RNAV system w a s  b u i l t  a t  t he  FAA Technica l  Center .  This  system 
was used t o  demonstrate  t he  f e a s i b i l i t y  of applying MLS RNAV techniques  t o  s y t h e t i c a l l y  
compute an extended runway c e n t e r l i n e .  

MLS RNAV EQUIPMENT DESCRIPTION 

The p r i n c i p a l  c o n s t i t u e n t s  of our p ro to type  l e v e l  1 (RTCA def ined  l e a s t  capable)  
c a p a b i l i t y  equipment a r e  the  MLS ang l e  r e c e i v e r ,  UMEIP i n t e r r o g a t o r  and a Motorola 
68000 microprocessor  V M E ~ U S ~ ~  based computer. I n t e r f a c e s  and d i g i t a l  t o  analog 
conve r t e r s  a r e  needed t o  r o u t e  nav iga t ion  guidance information ob tpu t  from the  computer 
t o  e x i s t i n g  cockpi t  d i s p l a y s .  The MLS ang l e  r e c e i v e r  and ~ m '  i n t e r r o g a t o r  provide 
d i g i t a l  ou tpu t  of received azimuth ( 0 )  and e l e v a t i o n  (0 ang l e s ,  a long w i th  DMEIP 
d i g i t a l  range ( D ) .  These words a r e  t r an smi t t ed  t o  the  d i g i t a l  input  i n t e r f a c e s  i n  t he  
system card  cage. The computer u t i l i z e s  t h i s  input  a long wi th  cockpi t  d i sp l ay  and 
c o n t r o l  u n i t  input  provided by the  p i l o t .  The computer then ou tpu ts  t he  necessary  
n a v i g a t i o n a l  guidance and awareness information i n  d i g i t a l  form to  the  system o u t p u t  
i n t e r f a c e s .  These i n t e r f a c e s  supply t he  d a t a  t o  app rop r i a t e  d i g i t a l  t o  analog 
conve r t e r s  i n  t he  system card  cage. This  information is converted t o  provide a -150 t o  
+I50 microamp f u l l  s c a l e  analog s i g n a l  t o  d r i v e  s tandard  course  d e v i a t i o n  (CDI) and 
v e r t i c a l  d e v i a t i o n  i n d i c a t o r s  (VDI) i n  t he  cockpi t .  Awareness information such a s  
bea r i ng  and d i s t a n c e  t o  t he  azimuth u n i t  can a l s o  be presented using e x i s t i n g  cockpi t  
d i s p l a y s .  Watch dog t ime r s  a r e  employed t o  drop f a i l u r e l f a u l t  f l a g s  i f  guidance 
in format ion  is absen t  f o r  two o r  more seconds. The d i s p l a y  update  r a t e  of t he  
p ro to type  u n i t  i s  c u r r e n t l y  s e t  t o  5 Hertz  (Hz). A d e t a i l e d  hardware block diagram is 
shown i n  f i g u r e  4.  
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The a lgor i thms  used f o r  p o s i t i o n  de te rmina t ion  and guidance a r e  programmed i n  t he  
FORTRAN language. An overview of the  pro to type  system sof tware  design is shown i n  
f i g u r e  5. Algorithm input  comes from th r ee  sources .  The MLS coo rd ina t e  t r i p l e  ( e , +  , o )  
is provided by t he  MLS angle  r e ce ive r  and DMEIP i n t e r r o g a t o r .  The MLS ground equipment 
p rov ides  information t o  support  a i r bo rne  r e s o l u t i o n  of the  equipment s i t i n g  geometry. 
Cu r r en t l y ,  s t u d i e s  a r e  being conducted t o  determine i f  s i t i n g  d i f f e r e n c e s  i n  t h e  
z-plane must be i d e n t i f i e d .  Other  inf:rmation provided by t he  ground equipment 
i nc ludes  t he  magnetic bear ing of the  0 azimuth (9,) and l a t e r a l  course width 
s e n s i t i v i t y  information.  The f i n a l  source of input  t o  t he  a lgor i thms  i s  the  cockpi t  
en t e r ed  da t a .  This  inc ludes  t he  te rmina l  waypoint c a r t e s i a n  t r i p l e  (Xh,Yh.Zh), 
t h e  f i n a l  approach course (9  ) ,  and t he  g l i d e  path angle ( + i )  t o  be flown t o  t he  
te rmina l  waypoint.  The fina! approach segment l eng th  may a l s o  be i d e n t i f i e d  t o  suppor t  
course  width t a i l o r i n g  requirements .  Aux i l i a ry  a lgor i thm f e a t u r e s  support  
f a u l t l f a i l u r e  d e t e c t i o n  and coas t i ng  of d i s p l a y  p r e sen t a t i on  f o r  sho r t  time per iods .  

I VlOURE L MLB RNAV SOFTWARE 



ANALYTICAL STUDIES 

P r i o r  t o  implementation of the FAA prototype l eve l  1 MLS RNAV system in  f lyab le  
hardware form, extensive a n a l y t i c a l  s t u d i e s  were conducted. These s tud ie s  encompassed 
a number of funct ional  a reas  including:  

1 .  The de r iva t ion ,  progamming and t e s t i n g  of a comprehensive s e t  of algorithms 
f o r  transformation of the MLS coordinate t r i p l e  ( e . ( , ~ )  t o  Car tes ian  t r i p l e  (X,Y,Z). 
These algori thms a r e  ca l l ed  MLS recons t ruc t ion  algorithms. 

2. Assessment of the accuracy of the MLS recons t ruc t ion  algorithms through 
s imula t ion  and the use of l i v e  f l i g h t  data.  

3. The development, programming and t e s t i n g  of the complete MLS RNAV software 
package. 

Addi t ional ly ,  accuracy s t u d i e s  were conducted in  order  to quant i fy :  

1 .  The e f f e c t s  inducted by s igna l  source e r r o r s  in MLS RNAV p o s i t i o n  
determination.  

2 .  The e r r o r  i n  g l i d e  path angle r e s u l t i n g  from o f f s e t  approaches when e levat ion  
guidance is conic and not p lanar .  

MLS RECONSTRUCTION ALGORITHMS 

The th ree  ground based t r ansmi t t i ng  u n i t s ,  azimuth, e leva t ion  and prec is ion  d is tance  
measuring equipment def ine  a genera l ized  MLS coordin te  system with the t r i p l e  (o ,$ ,o ) .  
Knowing the t r i p l e  and the r e l a t i v e  pos i t ions  of the ground u n i t s ,  it is poss ib le  t o  
l o c a t e  the pos i t i on  of t he  a i r c r a f t  i n  space. 

With a t h ree  dimensional MLS XNAV it is poss ib le  t o  determine pos i t ion  independently of 
t he  conventional  MLS r a w  da ta  approach course. P r a c t i c a l i t y  and s impl i c i ty  d i c t a t e  
t h a t  a c a r t e s i a n  coordinate (X,Y,Z) re ference  sytem be employed. In our development 
t he  o r i g i n  of t h i s  coordinate system is placed a t o t h e  phase center  of the azimuth 
antenna. The y ax i s  is al igned p a r a l l e l  t o  t he  0 azimuth. In order  to obta in  
a i r c r a f t  pos i t i on  in t h i s  coordinate system it w a s  necessary to develop a s e t  of 
equations t o  convert  the coordinate t r i p l e  ( e , + , ~ )  i n t o  the new c a r t e s i a n  coordinate 
t r i p l e .  For obvious reasons t h i s  t ransformation must be unique in  the region of 
app l i ca t ion .  These equations when implemented on a d i g i t a l  computer, a r e  known as  the 
MLS recons t ruc t ion  algori thms.  These algori thms run the gamut from a simple exact  
so lu t ion  f o r  (X.Y.2) t o  a complex f u l l y  general  i t e r a t i v e  so lu t ion .  The degree of 
s o p h i s t i c a t i o n  is dependent on the ground u n i t  geometry, with most s o p h i s t i c a t i o n  
requi red  when the ground u n i t s  a r e  s i t e d  in  d i f f e r e n t  z-planes. Work is in  progress t o  
determine the  e f f e c t  on pos i t i on  determination when the s i t i n g  loca t ion  z coordinates 
a r e  unknown. Underlying the development of the recons t ruc t ion  algori thms is the 
concept of t he  i n t e r s e c t i o n  of l o c i  defined by the MLS ground u n i t s .  A s  shown i n  
f i g u r e  6 ,  the l o c i  of constant  DMEIP d i s t ance  (0)  defines a sphere with cen te r  located 
a t  t he  ground u n i t  s i t e  (Xd,Yd.Zd). The e levat ion  u n i t  def ines  a cone of 
e x t e r i o r  angle ( 0  centered a t  i t s  loca t ion  (Xe.Ye,Ze). The azimuth u n i t  defines 
a plane o r  cone of angle ( e )  r e l a t i v e  t o  t h e  X-Z plane depending on whether a planar  or  
conic azimuth s igna l  pa t t e rn  is used. The in t e r sec t ion  of these three  sur faces  defines 
the poss ib l e  loca t ions  of the a i r c r a f t  i n  space. Four poin ts  r e s u l t  from the 
i n t e r s e c t i o n  of the su r f aces ,  but the co r rec t  so lu t ion  can be chosen based on a p r i o r i  
knowledge of the geometry. A t o t a l  of twelve d i f f e r e n t  recons t ruc t ion  algorithms have 
been developed a t  t he  FAA Technical Center.  A desc r ip t ion  of the s i t i n g  geometry. the 
s i g n a l  propagation p a t t e r n  and the method of so lu t ion  of these algorithms a r e  contained 
in  t a b l e  1 .  

ALGORITHM TESTING 

The algori thms have been va l ida ted  through a v a r i e t y  of methods. The f i r s t  was a gr id  
t e s t  procedure. This e n t a i l s  i t e r a t i n g  through the poin ts  in (X.Y.2) space and 
synthes iz ing  the t r i p l e  ( e ,+ .o )  f o r  a given ground u n i t  ge0metf.y. The synthesized 
t r i p l e  is then input t o  the algori thms and the r e s u l t i n g  (X',Y Z compared with the  
o r i g i n a l  poin t  i n  c a r t e s i a n  th ree  space. Besides g r id  t e s t s  c e r t a i n  algori thms.  
notably cases 11 and 12 were t e s t ed  v i a  s imulat ion of s ing le  segment MLS RNAV rou te  
f l i g h t s .  Figures 7 .  8, and 9 dep ic t  the r e s u l t s  of t h i s  t e s t i ng .  In the example 
presented,  case  12 algori thms were used t o  recons t ruc t  a i r c r a f t  pos i t i on  along a route  
which b iases  t he  0' azimuth a t  a 10' angle .  The terminal  waypoint was located 3600 
f e e t  (1097m) in  f r o n t  of the e l eva t ion  antenna on the extended runway c e n t e r l i n e .  I n  
t he  f igu res  the along, c ross  t r ack  and he ight  e r r o r  along the KNAV segment a r e  depicted 
as funct ions  of t he  t r u e  s l a n t  range from t h e  UMEIP ground u n i t .  In a l l  dimensions the  
r e s u l t i n g  e r r o r s  were q u i t e  small.  The saw tooth  pa t t e rn  on f i g u r e  7 r e f l e c t s  the 
g r a n u l a r i t y  i n  the t e s t  procedure. Pos i t ion  determination was t e s t ed  every 100 f e e t  
(30 m) on the segment from 2.6 n a u t i c a l  miles (4.2 km) i n t o  the terminal  waypoint. 

Other i s sues  such as f l i g h t  dynamic e f f e c t s  on a lsor i thm performance and algori thm 
cycle  timing were a l s o  inves t iga ted .  The most complex forms of the algori thms (cases 
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11 and 1 2  were se l ec t ed  f o r  t e s t ing )  wi th  l i v e  f l i g h t  data.  This da ta  consisted of 
time or ien ted  t r i p l e s  ( e , ( , o )  recorded on tape in the course of executing conventional 
MLS approaches and depar tures  with the 5-76 he l i cop te r .  Independent t racking  of the 
he l i cop te r  while executing these p r o f i l e s  w a s  provided by the  Extended Area 
Instrumented Radar (EAIK) and/or l a s e r  t racking.  The f l i g h t  derived t r i p l e s  were input 
t o  the MLS recons t ruc t ion  algori thm which generated the (x.y.z) output .  These t r i p l e s  
were then compared with the independently obtained t racking  data using a time or ien ted  
da t a  merge procedure. I t  should be noted t h a t  d i f f e rences  obtained in  t h i s  comparison 
r e f l e c t  more than algorithm e r ro r .  Other e r r o r s  include s igna l  source e r r o r ,  rece iver  
performance, and s i t e  alignment e r r o r s .  Despite t h i s ,  exce l l en t  r e s u l t s  were obtained. 
Table 2 p re sen t s  the means and twice the s tandard devia t ions  of the d i f f e rences  between 
MLS KNAV pos i t i on  and the  indepedently tracked pos i t ion  f o r  each approach or  depar ture  
p r o f i l e  flown by the he l icopter .  Approaches were flown from approximately 4 miles  (6.5 
km) in to  a  spec i f i ed  decision he ight  (DH), on a spec i f i ed  g l i d e  path angle and the  0' 
azimuth. Departures were flown out to approximately 4 miles  and a spec i f i ed  a l t i t u d e  
without a  v e r t i c a l  guidance reference .  Departures were flown on t h e  20' l e f t  and the  
20' r i g h t  azimuth as  well  as the 0' azimuth. The excel len t  r e s u l t s  i n  t ab l e  2 a c t u a l l y  
represent  the equivalent  of navigat ion system e r r o r .  





SHREEVES ALGORITHM FILE: SOP8 
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An additional level of system simulation was performed by playing the HLS and DME/P 
data through the MLS RNAV system software depicted in figure 5 .  The Thedford 
algorithm. case 1 1 ,  was used for the transformation. The entire software suite was 
found to consume less then .02 seconds per update cycle. Iterative solution 
convergence were always satisfied. The timing analysis was accomplished on a qp 11/23 
minicomputer which is slower than the prototype system's Motorola 68000 VMEbus 
based computer. 

MLS RNAV CONCEPT ACCURACY ANALYSIS 

Simulation and accuracy tasks were initiated at the FAA Technical Center to determine 
the theoretical limits of performance of an MLS RNAV system. Regardless of how 
accurate MLS reconstruction a1 orithms are, other system limitations such as signal 
source error may limit the appfication of MLS RNAV techniques within the total volume 
of signal coverage. These limitations will influence the establishment of MLS RNAV 
TERYS procedures and approach minima. Analysis has focused on the most useful 
application of MLS RNAV, the parallel offset approach. 

Since the ( 0 ,  @, 0) to (X.Y ,Z) transformations are nonlinear transformations, no direct 
computational procedure existed for determination of signal source error impact on MLS 
RNAV position determination. Hence, anal sis of signal source error effects on 
position determination was accomplished tgrough the use of Monte Carlo simulation 
methods. Case 1 reconstruction algorithms were used since they represent the most 
common ground unit siting. The exact HLS coordinate triple (et.(t.~t) was 
obtained for a particular OH, elevation angle and offset magnitude combination. Using 
Monte Carlo methodology the triple (et.( .ot) was obtained for a particular DH, 
elevation angle and offset magnitude cornkination. The perturbed triple ( 8  .( .op) 
was input to the reconstruction algorithm. This procedure was replicated PO08 
times and the variation in the resulting cartesian triple was noted. Table 3 presents 
cross track error results when a 6' glide path angle is used to arrive at a 300' DH. 
The errors are presented as a function of tlie magnitude of offset of the approach being 
simulated and the along track distance between the azimuth and elevation units. Cross 
track error increases with increasing offset values. However, the cross track error 
decreases as the azimuth to elevation unit distance increases. 



TABLE 2. TOTAL SYSTEM ERROR IN POSITION DETERMINATION 

Another limitation which must be considered is the error in vertical position which 
results when the elevation angle signal pattern is conical. Table 4 presents this 
error as a function of elevation angle DH and magnitude of offset. Note that the 
vertical position error increases with increases in the elevation angle or magnitude of 
offset in the approach being simulated. Information in table 4 can be used to identify 
the amount of offset which can be tolerated without causing an increase in Catagory 1 
approach minima when uaing raw elevation guidance. Theoretically, Catagory I approach 
minima could be applied across larger offset magnitudes if the vertical position error 
was eliminated with computed glide path guidance. 

COMPUTED CENTERLINE EXPERIMENTS 

BACKGROUND 

Parallel offset approaches as alluded to previously, are among the w s t  useful 
applications of MLS RNAV. In many cases, geometry and obstructions will prevent the 
azimuth antenna from being sited conventionally on the extended runway centerline 1000 
feet beyond the stop end of the runway. The purpose of these experiments was to 
demonstrate the feasibility of conducting precision MLS RNAV approaches to Cata ory 1 
approach minima when the azimuth was offset. This capability of MLS is a significant 
enhancement over a conventional ILS which has an offset localizer. When the 
conventional ILS has the localizer offset the operator must pay a penalty in increased 
approach minima. Using a simple prototype MLS RNAV system installed in a Sikorsky S-76 
helicopter the FAA Technical Center conducted computed centerline experimentation at 
both the Atlantic City Airport and Washington National Airport. 
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6' GLIDe PAlM S I E  
A Z ~  m WATICN DWMEE (ET) 

30M) 3500 4000 4500 5000 5500 6000 6500 7MX) 7500 8000 8500 9000 9500 loo00 

3 3 3 3 3 2 2 2 2 2 2 2 2 2  I 
7 6 6 5 5 5 5 4 4 4 4 3 3 3  3 

3 0 0 1 0 9 9 8 8 7 7 6 6 6 6 5 5 5  5 
1 4 1 3 1 2 1 1 l 0 1 0  9 8 8 8 8 7 7 6 6 
17 16 14 13 13 12 1 1  10 10 9 9 9 9 8 7 
20 19 17 I6 15 14 13 I3 12 1 1  1 1  1 1  10 9 9 
23 23 20 19 17 17 15 15 14 13 I3 12 I2 1 1  I 1  
28 25 23 21 20 19 I8 17 I6 15 15 14 I3 I2 I2 
30 26 25 24 21 21 20 19 18 17 16 15 I5 14 14 
32 30 29 26 25 23 22 21 20 19 18 18 16 16 16 
37 33 31 29 28 25 24 33 22 20 20 18 18 18 I6 
39 38 35 31 29 27 26 26 24 23 21 21 20 19 18 
42 37 37 34 32 30 29 28 26 24 23 22 22 21 I8 
46 41 39 36 35 31 29 28 27 25 25 23 23 22 21 
49 46 41 40 37 33 31 31 29 29 27 26 24 23 22 
52 47 44 42 39 35 34 33 31 29 27 27 26 26 24 
53 50 46 43 42 38 34 34 32 31 30 30 27 27 26 
55 53 49 46 43 41 40 36 35 35 32 30 29 28 27 
59 56 53 48 45 43 41 38 36 36 34 32 30 30 29 
61 58 53 50 47 45 43 41 37 36 35 36 33 30 30 
65 63 54 53 50 46 43 42 37 37 37 35 34 31 30 
68 62 58 54 51 49 45 43 42 39 37 36 35 34 32 
70 65 59 56 52 51 48 45 45 41 40 40 36 35 33 
73 67 63 61 56 53 51 47 45 42 41 42 38 36 35 
73 70 65 61 57 55 51 50 47 46 42 41 40 38 37 

* 

O f f s e t  
(ft) 

100 
200 

400 
500 
600 
700 
800 
900 
1000 
I100 
1200 
1300 
1400 
1500 
1600 
17W 
1800 
I900 
2000 
2100 
2200 
2300 
2400 
2500 



GROUND EQUIPMENT 

As descr ibed  i n  r e f e r ence  3 ,  the  Bendix MLS system employed a t  Washington Na t i ona l  
a i r p o r t  c o n s i s t s  of an azimuth u n i t  which i s  o f f s e t  l a t e r a l l y  275 f z e t  (84m) from 
runway 33 c e n t e r l i n e .  I t  p rov ides  p ropo r t i ona l  guidance w i th in  +10 about  t he  ghase 
cen t e r  of t he  antenna.  F u l l  f l y  r i g h t  o r  f l y  l e f t  guidance is pFovided from 10 t o  40' 
on e i t h e r  s i d e  of t he  p ropo r t i ona l  coverage segment. A modified Cardion Corporat ion 
DMEIP u n i t  is co l l oca t ed  wi th  t he  azimuth antenna.  The e l e v a t i o n  antenna is l oca t ed  
258 f e e t  (7910) i n s i d e  t he  runway 33 th reshold  and 250 f e e t  (76m) l a t e r a l l y  from the  
runway c e n t e r l i n e .  P ropo r t i ona l  v e r t i c a l  guidance i s  provided between 1" and 15' above 
t h e  horizon.  The s i t i n g  con f igu ra t i on  f o r  Washington Na t i ona l  A i rpo r t  i s  i l l u s t r a t e d  
i n  f i g u r e  10. Th: c u r r e n t l y  char ted  procedure r equ i r e s  the  p i l o t  t o  f l y  t he  f i n a l  
approach on t he  2 l e f t  azimuth u n t i l  i n t e r c e p t i n g  t he  extended runway c e n t e r l i n e  2663 
f e e t  (812m) from the  runway theshold.  A t  t h a t  p o i n t ,  e i t h e r  v i s u a l  con t ac t  with t h e  
runway is made and t h e  approach completed by t u rn ing  l e f t  t o  a l i g n  t he  a i r c r a f t  with 
t he  runway c e n t e r l i n e  o r  a missed approach i s  executed. The l a r g e  d i s t a n c e  between t he  
i n t e r c e p t  and t h e  runway th reshold  r e s u l t s  i n  high approach minima, wel l  above ca tagory  
1 minima. 

FIGURE 10. WASHINGTON NATIONAL OFFSET AZIMUTH SITING 

AIRBORNE EQUIPMENT 

Using simple pro to type  MLS RNAV equipment t o  process  raw MLS r e c e i v e r  and DMEIP d a t a ,  a 
s y n t h e t i c  extended runway c e n t e r l i n e  was cons t ruc ted  and da t a  guidance presen ted  
r e l a t i v e  t o  t h a t  cons t ruc ted  path. Although e l eva t i on  information i s  requ i red  t o  
c o n s t r u c t  t he  extended runway c e n t e r l i n e  and de r i ve  l a t e r a l  guidance in format ion ,  only 
raw e l e v a t i o n  information was used t o  provide v e r t i c a l  guidance during t h e  approaches. 
The a i r b o r n e  equipment performed t he  d i g i t a l  t o  analog conversions and ou tpu t  of analog 
guidance inc lud ing  course  dev i a t i on  and v e r t i c a l  dev i a t i on  information on t he  p i l o t ' s  
h o r i z o n t a l  s i t u a t i o n  i nd i ca to r .  With the  pro to type  system the  fol lowing s p e c i f i c  
f u n c t i o n s  were performed wi th  sof tware:  

1 .  Coordinate  t rans format ion  us ing  ca se  1 a lgor i thms .  

2. Azimuth course  width t a i l o r i n g  t o  c o n t r o l  d i sp layed  guidance s e n s i t i v i t y .  

3. Coast ing of guidance ou tpu t  f o r  up t o  two seconds i n  absence of MLS d a t a  
input .  

4. Output of guidance s i g n a l s  and f a i l u r e l f a u l t  f l a g s  t o  cockpi t  d i sp l ays .  

The e n t i r e  system was clocked t o  run a t  a 4 Hz r a t e .  

COMPUTED CENTERLINE RESULTS 

I n  a d d i t i o n  t o  developmental f l i g h t s  a t  t he  A t l a n t i c  C i t y  A i r p o r t ,  n i ne  o f f s e t  computed 
c e n t e r l i n e  approaches were flown a t  Washington Nat iona l  A i rpo r t .  Tes t  run condi t ions  
f o r  each approach a r e  shown i n  t a b l e  5. The g l i d e  path used f o r  a l l  approaches was 
4.6'. Th is  is the  minimum cha r t ed  g l i d e  pa th  angle  f o r  runway 33 approaches. F i n a l  
approach segment a i r speeds  were i n d i c a t i v e  of approach ca tagory  A through C a i r c r a f t  
speeds. The f i n a l  approach a i r speeds  ranged from 80 t o  120 knots .  A l l  approaches were 
flown down t o  D H ' s  of a t  l e a s t  200 f e e t  with two approaches cont inu ing  t o  touchdown. 
For t h e  approaches flown t o  touchdown, l a t e r a l  and v e r t i c a l  guidance were followed t o  
touchdown. Both a proaches flown t o  touchdown r e s u l t e d  i n  t e rmina t ion  w i th in  4 f e e t  of 
t he  runway c e n t e r l f n e .  



TABLE 5. COMPUTED CENTEKLINE APPROACH CONDITIONS AT 
WASHINGTON NATIONAL AIKPOkT 

*Flown to Touchdown 

The course flyability, high accuracy and low dispersion afforded by this simple system 
are evidenced by the low means and standard deviations in the displayed CDI needle 
position in table 6. Composite plots of the cross track and vertical track deviations 
for all nine approaches are shown in figures 11 and 12. 

Run I 

1 

2 

3 

4 

5 

6 

7 

8* 

9* 

TABLE 6. FLIGHT TEST DATA STATISTICS 

Elev. 
(dea) 

4.6 

4.6 

4.6 

4.6 

4.6 

4.6 

4.6 

4.6 

4.6 

A/C 

N-38 

N-38 

N-38 

N-38 

N-38 

N-38 

N-38 

N-38 

N-38 

(I) Expressed as a percentage of 2 150 mtcroamps full scale current. 

Wind 
(ktsldeg) 

310108 

310108 

310108 

340106 

340/06 

340/06 

310113 

310/13 

310108 

Date 1985 

July 23 

July 23 

July 23 

July 23 

July 23 

July 23 

July 23 

July 23 

July 23 

i 

Bar0 
(In. Hg.l 

30.07 

30.07 

30.07 

30.07 

30.07 

30.07 

30.07 

30.07 

30.07 

Azimuth 
Standard 
Deviation (1) 

0.0635 

0.0739 

0.0747 

0.2293 

0.1126 

0.0810 

0.0927 

0.1096 

0.0925 

Equivalent 
4 

Crosstrack 
Displacement (ft) 
At DH At 3 mi. 

Indicated 
Airspeed 
(kts) 

80 

80 

100 

90 

90 

120 

90 

90 

90 

Azimuth 
Mean (I )  

-0.0242 

-0.0562 

-0.0140 

-0.0654 

-0.0173 

+O .0437 

-0.0276 

-0.0361 

-0.0258 

44 

52 

52 

160 

79 

57 

65 

77 

65 

DH 
(feet) 

200 

200 

200 

200 

200 

200 

200 

TD 

TD 

Velocity (kts 

80 

80 

100 

90 

90 

120 

90 

90 

90 

Run I 

1 

2 

3 

4 

5 

6 

7 

8 

9 

101 

118 

118 

314 

180 

130 

148 

175 

147 

Samples 

259 

227 

283 

239 

221 

127 

245 

301 

31 1 
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FIGUREH. RAW AZIMUTH, COMPUTED AZIMUTH AND CROSSTRACK DEVIATIONS 

Particularly noteworthy is the difference between the raw received azimuth and the CDI 
position maintained by the pilot. This identifies the performance of the pilot in 
maintaining the track along the computed centerline. 

Initial experimentation at Atlantic City identified problems with course width 
sensitivity. Sensitivity in the displayed offset parallel approach course is 
influenced by the amount of offset, the along track azimuth to elevation unit distance 
and the display update rate. Demonstration subject pilots had no difficulty in flying 
computed centerline approaches when the course width was tailored to provide +350 feet 
(107 m) full scaie cross track deviation sensitivity at the runway threshold and then 
splaying at 1.96 to 3 nautical miles $ 4 . 8  km) distance from the azimuth unit. Beyond 
this point course width splayed at 2.5 . Pocition determination and display update 
rates certainly influence system performance. Based on the Washington demonstration 
results, the 4 Hz rate was deemed the absolute minimum required for precision 
approaches. 



CONCLUSIONS 

Several relevant conclusions can be drawn from the analytical studies and computed 
centerline experimentation conducted by the FAA Technical Center. 

1. The feasibility of performing computed centerline approaches when a parallel 
offset precision approach course is synthesized has been demonstrated. With minimum 
capability MLS RNAV equipment. parallel offset approaches were easily and accurately 
flown. The range of offset magnitudes to which this technique can be applied and 
resulting approach minima which can be supported must be investigated. 

2. Course width sensitivity and tailoring required for precision MLS RNAV 
approaches are a function of several variables including system cycle rate, along track 
distance between the azimuth and elevation units. and approach path orientation. 
Course width sensitivity and tailoring must both permit adquate pilot performance 
(approach course flyability) and prevent excessive consumption of airspace when 
applying MLS RNAV techniques. 

3. The degree of sophistication of MLS reconstruction algorithms must be studied 
in more detail. Of particular importance is the impact which siting ground units in 
different z-planes may have on position determination. 

6 .  The influence of signal source error on reconstructed oosition reauires 
additional anal sis. The reiults of this analysis will scope the extent of' application 
of MLS RNAV teczniques in establishing approach procedures and minima. 

5. The interaction of factors such as system cycle rate, course width 
sensitivity, and ground equipment geometry must be studied in more detail prior to 
establishing MLS RNAV approach procedures and minima. 
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Summary: 

The ILS/MLS transition plan was developed by the COM/OPS Divisional Meeting of 
ICAO. It highlights the technical and operational problems to be solved with the imple- 
mentation of MLS. Taking into account present developments in guidance and control 
automation in the airplane cockpit as well as in ATC systems, the following aspects are 
analyzed and presented here: 

(1) Complexity of MLS approach procedures and function allocation to ATC and aircraft 

(2) Cockpit automation and presentation of MLS approach information 

(3) Aspects of all weather approach and landing with military aircraft. 

1. Introduction 

The MLS represents an all weather landing system with great advantages against 
the ILS. However, the MLS itself does not solve all the problems related to the goal of 
improved terminal operation under Categories I1 and I11 weather conditions. 

The MLS generates and transmits azimuth, elevation and ranging guidance data 
which provide accurate, continuous three-dimensional position information within the 
coverage envelope of the system as installed at the respective airport/airfield. The 
ranging element is generated within the PDME element installed with the MLS. 

Note that the MLS and DME ground equipment does provide the signals Only. The pro- 
cessing and the computing of the three-dimensional position relative to the runway is 
done in the airborne receiving and processing equipment. 

We are not going to reiterate the disadvantages of the ILS and the advantages of 
the MLS. This has been dealt with in many papers on various occasions. What we think 
being necessary is to demonstrate the operational restrictions still prevailing with 
MLS, and to discuss the problems to be solved to overcome these restrictions. 

As an introduction Fig. 1 shows the aummary of curved and close-in approaches 
made with the MLS equipped "Terminal Controlled Vehicle" (TCV) 8-737 airplane during 
the demonstration of the US Time Reference Scanning Beam (TRSB) MLS to the ICAO All 
Weather Operations Panel (AWOP) in the years 1976 and 77 / I / .  

Today the final centerline segment (FCLS) envisaged .for MLS approaches is still 3 
NU or more, depending on weather conditions and on type of approach flown. 

From this restriction we can conclude that the problems to be solved are quite 
complex. And they need concerted consideration of airport, ATC and airplane or user 
aspects and needs, before the technical benefits given with the MLS lead to the opera- 
tional benefits expected by the aviation community. 

2. ILS/MLS Transition Plan and its operational aspects 

The ILS/MLS transition plan was developed by the Comunications/Operations (COM/ 
OPS) Divisional Meeting of ICAO in Spetember 1985 /2/. Fig. 2 shows the operational as- 
pects of this transition plan. 

From Fig. 2 it can be seen, that the time schedule of the implementation of MLS 
as primary system meanwhile has slipped by 3 years from 1995 to 1998. 

The meeting realised and stated a number of operational problems existing related 
to the implementation of MLS. Priority 1 was given to those problems and procedure 
design considerations, which need an urgent solution for an early implementation during 
transition phase I. The list of items (after /3/1 considered by the COM/OPS Divisional 
Meeting is presented in /3/. In the following a few areas shall be discussed which - in 
our opinion - have to be tackled taking into account present developments in guidance 
and control automation in the airplane cockpit as well as in ATC systems. The problem 
areas dealt with in this paper are: 

(1) Complexity of MLS approach procedures and function allocation to ATC and Aircraft 



(2) Cockpit automation and presentation of MLS approach information 

( 3 )  Aspects of all weather approach and landing with military aircraft 

3. Complex MLS Approach Procedures 

The federal Aviation Agency (FAA) has recently launched a study aimed at develop- 
ing the MLS operational application /4/. 

Fig. 3 shows a plan view illustrating a typical "curved" and *segmented" approach 
procedure for category C transport aircraft. This looks very promising.However, it lea- 
ves the reader to interpret the difference between curved and segmented approach; and 
it leaves to answer some questions, and to solve some problems. 

Questions: 

0 why do we need 3.6 NM straight and level flight, when entering the MLS coverage 
area? - Possibly to allow time for ATC to compute the optimum conflict free ap- 
proach paths for each aircraft entering. 

0 why do we need a 3.0 NM common FCLS? - Possibly to provide buffer time/zone, re- 
ducing the load on ATC in case a missed approach clearance is required because of 
slowed down ground operations or other incidental conditions. 

An individual approach procedure can easily be established using the on-board 
computing capacity of modern flight control and navigation systems. This has been done 
during the TRSB-MLS demonstration flights with the TCV 8-737, summarized in Fig. 1. 

The problem is becoming highly complex, if the NASA goal is required to be 
achieved, which states 40 sec. t 5 separation of landing operations /5/. 

In Fig. 4 and 5 the traffic flow over a period of 10 minutes is demonstrated un- 
der (less demanding) 60 sec landing separation conditions. The underlying assumptions 
for this traffic flow are: 

0 Provide the shortest approach path from entering the MLS coverage to a point 3 NM 
from the threshold; turn radius of 1.5 NM applied. 

0 Final approach speed (or landing configuration) should be set as late as feasible 
before reaching the FCLS. 

0 In case of conflict the methods speed control or/and approach path control apply. 

Within this sampling period the first aircraft reaches the FCLS at 12:04 minutes. 
We have therefore to look at the time period from 12:04 to 12:lO for assessment of the 
control load for the ATC approach control sector. 

During this period the approach controller has to control 6 aircraft on a variety 
of curved approach paths, and 3 conflicts have to be dealt with. Every additional air- 
craft entering the MLS area, exceeding the 6 aircraft under control, would create an- 
other conflict. This control load can not be handled manually. The control task shows a 
great degree of difficulty because of the complexity of the traffic situation. Under 
these conditions the time budget of the approach controller would have been hopelessly 
overloaded. Every clearance being established must take into account a number of other 
aircraft flying on different radials or turning onto a new radial. 

Consequently more automation is required, if the goal of increasing flexibiity 
and approach traffic flow shall be realised. More automation is required in ATC, in the 
aircraft, and in the information exchange between the two. 

In reality there will be a number of initial approach fixes and a number of stan- 
dard curved or segmented approach procedures layed down for each airport. 

Every incoming airplane is assigned an approach procedure depending on its ar- 
rival route. The approach procedures can not be assigned arbitrarily. 

The basic separation for arriving aircraft has to be established before there en- 
try into the MLS coverage area. 

Even under these conditions the control task of establishing conflict free ap- 
proach paths for a greater number of aircraft, and the task of guiding them on their 
paths can no longer be performed manually. 

In the following the automation requirements for ATC, aircraft systems, and the 
communication link are stated: 

(1) Automation required in the ATC system 

o A data base of standard curved/segmented approach paths for defined entry 
points into the MLS coverage area 



o Algorithms to establish the clearances required to separate an airport demand 
dependent number of arrivals before their entry into the MLS coverage area 

o Algorithms to compute optimum conflict free approach paths and assigning a 
respective time/position slot for the incoming aircraft 

o Algorithms for the missed approach case 

The data needed from every aircraft include such as position, heading, track, 
speed, height, vertical speed, and possibly energy data as well. The latter could be 
used to monitor the accuracy of time/position slot keeping of the aircraft. 

In case more than one runway being served by one MLS, the number of approach 
paths increase. In case aircraft of different speed and glide slope capabilities are 
included, the complexity of the algorithms for computing the time/position slots in- 
creases considerably. 

( 2 )  Automation required in the aircraft systems 

o A data base containing the standard curved/segmented approach paths including 
missed approach procedures of the arrival airport and the alternates (in 
military operation) 

o Algorithms to compute curved/segmented approach paths based on azimuth, eleva- 
tion and distance to threshold transmitted from MLS 

o Algorithms to include time into the approach path computation to allow opera- 
tion within a time/position slot assigned by ATC. 

o A flight management system, which allow different auto approach modes to be 
applied: 

- standard approach paths, based on stored data, MLS data, and aircraft deriv- 
ed dynamic flight data 

- non-standard approach paths, based on stored runway data, MLS and flight 
data 

- time/position slot guided path, based on ATC derived slot data, MLS and 
flight data together with stored airport (runway) data 

In case the "ATC guided auto approach' mode (based on time/position slot) is se- 
lected, the flight management or flight control computer is engaged to accept auto ap- 
proach commands from the ATC computer. The flight safety and collision avoidance moni- 
toring tasks need further consideration and definition. There is no question that the 
related problems can be solved. However, it will take some time, until all aircraft are 
equipped with the respective flight management systems enabling to fly the "ATC guided 
auto approach mode". Without this mode, the MLS possibilities can hardly be turned into 
realities. 

( 3 )  Data Link requirement 

The concept for automation of the ATC - and the flight managment system illustra- 
tes that the conventional method of data and information exchange does no longer serve 
the purpose. 

At present the ATC receives limited aircraft and flight data via the transponder 
message. The guidance is still based on verbal communication. With MLS a data link is 
required that allows ATC to receive the flight data required from the aircraft and to 
transmit the control guidance data to the aircraft. 

4.  Cockpit automation and MLS approach information 

The flight management system of the aircraft must provide the display computa- 
tions for appropriate display of horizontal and vertical situation, and of director in- 
formation required to monitor on auto approach or even to fly it manually as applicab- 
le. 

Two displays are required, a horizontal display and an attitude/director display. 

( 1  Horizontal display for approach path planning and for navigation during the ini- 
tial and intermediate approach phase. Display parameters: 

o MLS coverage area 

o Terrain reference, runway and other airport relevant data 

o Standard approach paths or (if applicable) approach path assigned 

o Present position, time and other navigation information (to be defined) 



Approach mode: 

o MLS coverage and guidance information 

o Terrain reference information (from data base if available) 

o Assigned approach path 

o Time/position slot assigned 

o Present position with trend vector 

o Other flight and navigation data to be defined 

Symbology envisaged has been published by NASA /5 / ,  Fig. 6. 

(2 ) Attitude/director display 

A number of investigations have been performed resulting in a set of parameters 
to be displayed on the vertical situation or attitude and director display or on the 
head-up display (HUD). 

Fig. 7 presents a survey of three eources: 

o NASA used the BAD1 (electronic attitude director indicator) diaplay format 
shown in Fig. 8 and the integrated situation display format (Fig. 9) in con- 
junction with the development and the demonstration flights for ICAO MLS eva- 
luat ion. 

o The Royal Aircraft Establishment has performed fixed wing low visibility ap- 
proaches/landings using the HS 748 aircraft without and equipped with a Mono- 
HUD / 6 / .  

o Avions Marcel Dassault has performed a similar study, named "Research and De- 
velopment Program of Electronic Systems for the Display of Synthetized Infor- 
mations" (PERSEPOLIS) in 1979. Fig. 10 /7/. 

Besides the display parameters proposed in Fig. 7 information is required to 
signal to the pilot safety critical conditions: 

o slow airapeed/AOA too high 

o excessive deviation 

o go around command 

o system failure conditions as required 

These considerations illustrate that a certain degree of automation at the man- 
machine interface is required to enable the pilot to monitor an MLS auto approach under 
optimum situation awareness conditions. Only then can we expect the pilot to establish 
confidence into the system and to take over to manual control in case of failure. 

5. Aspects on all weather terminal operations with military aircraft 

The military all weather terminal operation scenario requires considerations, 
which are not based only on the civil approach comprising MLS, approach lighting and 
autoland technology and system improvements. 

These considerations for the 90ies should include the technology development of 
the airborne equipnent, and the use of limited ground equipment only. Position, track, 
and glide slope finding and keeping could be based on: 

o Sensor technology development (Radar, FLIR, INS) 

o c3 system development (GPS, ITIDS) 

o Integrated navigation, flight and thrust control technology development. 

o Terrain reference navigation 

If this is done, minimum ground installations are required only: 

o MLS, or Laser Beam (for ground guided operation) 

o Precision signal (radar) reflectors equipment for runway position and confi- 
guration (for aircraft guided operation) 

o Final approach path lighting (limited) 

o Runway lighting 



(1) Airborne radar guided CAT I1 approach 

The concept for the performance of airborne radar aided CAT I1 approach (ARCA) 
has been studied in more detail by the Radar-Division of the AEG Company /a/. It shows 
that the ARCA can be considered as supplementary method to MLS/PDME. With minimum 
ground equipment, not requiring fixed installations, great flexibility of operational 
applications can be achieved, such as use for minimum operating strip operation: use on 
motorway stretches and others. 

(2 ) Approach using GPS/INS/TRN information 

A Global Positioning System (GPS) is currently reported of having an update rate 
of 10 Hz with a 3 to 5 second restoration delay in the event of signal loss (compared 
with 1 second for the DME/P). At an approach speed of 200 kts. an unaided IN, with 
drift rate of 1 NM/hr, updated at 3 NM from the runway threshold will result in a 28 m 
path offset at touchdown. For an update at 1 NM the path offset will be 9.23 m. Studies 
carried out have shown that a GPS aided IN with Kalman filters can significantly im- 
prove the overall positional accuracy of the resultant data displays. 

A proposed operation of approach and landing is the useage of GPS position and 
velocity updates compared to a stored digital representation of the desired approach 
path. This path will have been computed from the desired approach profile and data 
specifying the exact location and orientation of the runway. The deviation from this 
desired path is computed for each update of actual position, and the resultant informa- 
tion is used as flight command data. The study assesses the accuracy of this system, 
with an update rate of one in 3 seconds and an approach speed of 100 kts, to be suf- 
ficient for Cat. I1 operation. 

Glossary 

AWOP All Weather Operations Panel 

COM/OPS Comrnunications/Operations 

EADI Electronic Attitude Director Information 

FAA Federal Aviation Agency 

FCLS Final Centerline Segment 

HUD Head up Display 

TCV Terminal configured vehicle 

TRSB Time reference scanning beam 
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Fig. 9 Integrated situation display format with 

calculated perspective runway /5/ 

Fig. 10 PERSEPOLIS MLS symbology on HUD /7/  
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SUMMARY 

The p r i n c i p a l  o p e r a t i o n a l  i m p r o v e m e n t s  d e s i r e d  by c o m m e r c i a l  a i r c r a f t  o p e r a t o r s  i n  
t h e  U n i t e d  S t a t e s  a r e  e f f i c i e n t  a i r c r a f t  o p e r a t i o n s  and d e l a y  r e d u c t i o n s  a t  t h e  m a j o r  
t e r m i n a l s .  T h i s  p a p e r  d e s c r i b e s  e f f o r t s  u n d e r w a y  w i t h i n  t h e  Advanced  T r a n s p o r t  O p e r a t i n g  
Sys tems P r o g r a m  a t  t h e  L a n g l e y  R e s e a r c h  C e n t e r  t o  p r o v i d e  a  t e c h n o l o g y  b a s i s  f o r  r e d u c i n g  
d e l a y  w h i l e  i m p r o v i n g  a i r c r a f t  e f f i c i e n c y .  The p r i n c i p a l  t h r u s t  i s  t h e  d e v e l o p m e n t  of 
t i m e - b a s e d  t r a f f i c  c o n t r o l  c o n c e p t s  w h i c h  c o u l d  be u s e d  w i t h i n  t h e  f r a m e w o r k  o f  t h e  
u p g r a d e d  N a t i o n a l  A i r s p a c e  Sys tem and w h i c h  w o u l d  a l l o w  c o n v e n t i o n a l l y  e q u i p p e d  a i r c r a f t  
t o  o p e r a t e  i n  a  manner  c o m p a t i b l e  w i t h  advanced  a i r c r a f t .  

The p r i n c i p a l  o p e r a t i o n a l  i m p r o v e m e n t s  d e s i r e d  b y  c o m m e r c i a l  a i r c r a f t  o p e r a t o r s  i n  
t h e  U n i t e d  S t a t e s  a r e  more  e f f i c i e n t  a i r c r a f t  o p e r a t i o n s  and d e l a y  r e d u c t i o n s  a t  t h e  m a j o r  
t e r m i n a l s .  Some i m p r o v e m e n t s  i n  a i r c r a f t  o p e r a t i o n a l  e f f i c i e n c y  t h r o u g h  t h e  u s e  o f  
a i r b o r n e  f l i g h t  management s y s t e m s  have  been  r e a l i z e d .  Those  i m p r o v e m e n t s ,  h o w e v e r  h a v e  
been  l i m i t e d  t o  d e p a r t u r e  o p e r a t i o n s  and t o  a r r i v a l s  d u r i n g  o f f - p e a k  h o u r s .  B e c a u s e  t h e  
p r e s e n t  A i r  T r a f f i c  C o n t r o l  (ATC) i s  a  t a c t i c a l  s y s t e m  t h a t  h a n d l e s  d e l a y s  t h r o u g h  a  
s e r i e s  o f  l o c a l  s e p a r a t i o n  a c t i o n s ,  t h e  o p p o r t u n i t y  t o  r e a l i z e  a r r i v a l  e f f i c i e n c y  i s  
s e v e r e l y  r e s t r i c t e d  d u r i n g  p e r i o d s  o f  h e a v y  t r a f f i c .  The o b j e c t i v e s  o f  s e p a r a t i o n  a n d  
e f f i c i e n c y  a r e  n o t  m u t u a l l y  e x c l u s i v e  b u t  r e q u i r e  a  s o p h i s t i c a t e d  g r o u n d l a i r b o r n e  
i n t e r a c t i v e  p r o c e s s  w h i c h  i s  s t r a t e g i c  i n  n a t u r e  t o  manage t h e  en r o u t e / t e r m i n a l  f l o w  
c o n t r o l  and s c h e d u l i n g  r e g i o n .  E a r l i e r  a c t i v i t i e s  o r i e n t e d  t o w a r d  t h a t  a p p r o a c h  a r e  
documented  i n  r e f e r e n c e s  1 and  2. 

I n  t h e  b r o a d  s e n s e  e f f i c i e n t  a i r c r a f t  o p e r a t i o n s  i n c l u d e  n o t  o n l y  t a k i n g  d e l a y s  
e f f i c i e n t l y  b u t  a l s o  r e d u c i n g  t h o s e  d e l a y s .  U n l e s s  c a p a c i t y  i s  i n c r e a s e d ,  t h e  a l r e a d y  
e x i s t i n g  d e l a y l c a p a c i t y  p r o b l e m  w i l l  o n l y  w o r s e n  as p r o j e c t e d  t r a f f i c  i n c r e a s e s  o c c u r .  
What i s  needed i s  an a p p r o a c h  t h a t  i s  b r o a d  enough  t o  s i m u l t a n e o u s l y  a d d r e s s  s e v e r a l  
i s s u e s .  How c a n  a i r c r a f t  o p e r a t i o n s  d u r i n g  peak  demand p e r i o d s  b e  i m p r o v e d ?  How c a n  ATC 
n o t  o n l y  accommodate a i r c r a f t  w i t h  a d v a n c e d  a v i o n i c s  b u t  go f u r t h e r  and t a k e  a d v a n t a g e  o f  
t h i s  c a p a b i l i t y  w h i l e  s t i l l  h a n d l i n g  c o n v e n t i o n a l l y  e q u i p p e d  t r a f f i c ?  What c a n  be done  t o  
{ m p r o v e  d e l i v e r y  p r e c i s i o n  and r e d u c e  i n t e r a r r i v a l  s e p a r a t i o n  s o  as t o  i n c r e a s e  
c a p a c i t y ?  The a n s w e r s  t o  t h e s e  i s s u e s  l i e  i n  t h e  a r e a s  o f  A T C l a i r c r a f t  i n t e r a c t i o n ,  
f l e x i b l e  f u e l - e f f i c i e n t  4-0 f l i g h t  management sys tems,  and a u t o m a t e d  c o n t r o l l e r  a i d s .  An 
i n t e g r a t e d  a p p r o a c h  t o  r e s o l v e  t h o s e  i s s u e s  w i l l  b e  p o s t u l a t e d  and some s u p p o r t i n g  
r e s e a r c h  w i l l  b e  p r e s e n t e d .  

1.1 APPROACH 

F u n d a m e n t a l  f a c t o r s  w h i c h  a f f e c t  d e l a y  and o p e r a t i o n a l  e f f i c i e n c y  w e r e  r e v i e w e d  i n  a  
r e c e n t  NASA p l a n n i n g  e x e r c i s e  t o  i d e n t i f y  m e t h o d s  t o  i m p r o v e  t h e  A T C I a i r c r a f t  s y s t e m  
p e r f o r m a n c e .  I t  was c o n c l u d e d  t h a t  c a p a c i t y  l i m i t a t i o n s  o f  t h e  U n i t e d  S t a t e s  N a t i o n a l  
A i r s p a c e  Sysem (NAS) was a  m a j o r  o b s t a c l e  t o  i m p r o v e d  o p e r a t i o n a l  e f f i c i e n c y .  T h i s  i s  a  
l o n g s t a n d i n g  p r o b l e m  w h i c h  h a s  b e e n  o b s c u r e d  b y  e v e n t s  s u c h  as t h e  c o n t r o l l e r s  s t r i k e  a n d  
d e r e g u l a t i o n  b u t  w h i c h  i s  a g a i n  c o m i n g  t o  t h e  f o r e  ( r e f e r e n c e  3 ) .  F u r t h e r m o r e ,  d e l a y  and  
i t s  a s s o c i a t e d  c o s t ,  a r e  m a g n i f i e d  b y  c a p a c i t y  l i m i t a t i o n s  as i n d i c a t e d  i n  f i g u r e  1 
( r e f e r e n c e  4 ) .  I n  a d d i t i o n  even  modes t  g r o w t h  p r e d i c t i o n s  e s t i m a t e  a  6 0  p e r c e n t  i n c r e a s e  
i n  c o m m e r c i a l  t r a f f i c  i n  t h e  U n i t e d  S t a t e s  b y  t h e  y e a r  2000  ( r e f e r e n c e s  3  and 5 ) .  Such a  
g r o w t h  c a n n o t  b e  accommodated w i t h o u t  m a j o r  i m p r o v e m e n t s .  I n  wha t  i s  p r e s e n t l y  an 
i n f o r m a l  w o r k i n g  r e l a t i o n s h i p ,  t h e  N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  (NASA) 
and  t h e  F e d e r a l  A v i a t i o n  A d m i n i s t r a t i o n  (FAA) a r e  e v a l u a t i n g  a  t i m e - b a s e d  t r a f f i c  manage- 
ement p r o c e s s  w h i c h  i s  a imed  a t  r e s o l v i n g  t h e  i s s u e s  r a i s e d  i n  t h e  I n t r o d u c t i o n .  S i n c e  
a i r  t r a f f i c  c o n t r o l  w i l l  r e m a i n  a  c e n t r a l i z e d ,  g r o u n d - b a s e d  p r o c e s s ,  a  p o r t i o n  o f  t h e  
a d v a n c e d  c a p a b i l i t y  w o u l d  b e  imbedded  i n  t h e  i n s t r u c t i o n s  g e n e r a t e d  on  t h e  g r o u n d  s o  t h a t  
a l l  a i r c r a f t  o p e r a t e  i n  a  s i m i l a r  f a s h i o n .  Such an a p p r o a c h  r e q u i r e s  c o n s i d e r a b l e  
s o p h i s t i c a t i o n  on  t h e  g r o u n d  i n  t h e  f o r m  of a u t o m a t i c a l l y  g e n e r a t e d  a d v i s o r i e s  f o r  t h e  a i r  
t r a f f i c  c o n t r o l l e r s  and an a t t e n d a n t  d e g r e e  o f  c o n f i d e n c e  i n  t h e  a d v i s o r i e s  by t h e  c o n -  
t r o l l e r s .  The g r o u n d  a u t o m a t i o n  i m p r o v e m e n t s  w i l l  be f e a s i b l e  as a  r e s u l t  of t h e  c o m p u t e r  
u p g r a d e  embod ied  i n  t h e  FAA's  N a t i o n a l  A i r s p a c e  Sys tem P l a n  w h i c h  i s  c o v e r e d  i n  s e p a r a t e  
p a p e r s  a t  t h i s  c o n f e r e n c e .  I t  i s  i m p o r t a n t  t h a t  t h e r e  a l s o  b e  an  i n t e g r a t e d  m a n l m a c h i n e  
d e v e l o p m e n t  e f f o r t  t o  i n s u r e  c o n t r o l l e r l a u t o m a t i o n  s y s t e m  p e r f o r m a n c e  i m p r o v e m e n t s .  



PRACTICAL THROUGH PUT 
CAPACITY CAPACITY 

F i g u r e  1. - R e l a t i o n s h i p  be tween C a p a c i t y  and D e l a y  

I n  r e c o g n i t i o n  of t h e  i s s u e s  d i s c u s s e d  above, t h e  NASA L a n g l e y  Research  C e n t e r  
Advanced T r a n s p o r t  O p e r a t i n g  Systems (ATOPS) Program O f f i c e  has p r e p a r e d  a  l o n g  range  p l a n  
t o  g u i d e  o u r  r e s e a r c h  i n  t h e  n e x t  decade as we e x p l o r e  t e c h n o l o g i c a l  S o l u t i o n S  t o  s a f e l y  
and e f f i c i e n t l y  i n c r e a s e  a i r p o r t  c a p a c i t y .  The p l a n  we have deve loped  has as i t s  goa l  t o  
i n c r e a s e  t h e  N a t i o n a l  A i r s p a c e  System (NAS) I n s t r u m e n t  M e t e o r o l o g i c a l  C o n d i t o n s  (IMC) 
t h r o u g h p u t  w h i l e  r e d u c i n g  a i r c r a f t  D i r e c t  O p e r a t i n g  Cos t  (DOC). T h i s  pape r  w i l l  f o c u s  on 
t h e  f i r s t  phase of t h e  p l a n  shown i n  t h e  t a b l e  and r e v i e w  two  a reas  of work a t  NASA 
L a n g l e y  t h a t  a r e  t h e  c o r n e r s t o n e s  t o  i m p r o v i n g  d e l i v e r y  p r e c i s i o n  and i n c r e a s i n g  a i r c r a f t  
o p e r a t i n g  e f f i c i e n c y .  

DELIVERY P R E C I S I O N  W l T H  I M P R O V E D  EFF IC IENCY 

JOINT EFFORT WlTH FAA 81 INDUSTRY 

ADAPTIVE TIME-CONTROL ATC CONCEPT 

AIRCRAFT EFFICIENCY EMBEDDED 

CONVENTIONAL & 4-D EQUIPPED AIC CONSIDERED 

PAYOFF: POTENTIAL FOR CAPACITY IMPROVEMENTS, 

REDUCTIONS IN DELAYS, FUEL USAGE, AND 

CONTROLLER WORKLOAD 



2. TIHE-BASED AIR TRAFFIC CONTROL 

2.1 A  Concept  f o r  t h e  E v o l u t i o n  of T ine-Based F l o w  C o n t r o l  

One o f  t h e  p r i n c i p a l  t h r u s t s  of t h e  ATOPS r e s e a r c h  program i s  t o  d e f i n e  and e v a l u a t e  
an e v o l u t i o n a r y  ATC concep t  wh i ch  wou ld  imp rove  t h e  c a p a c i t y ,  r e l i a b i l i t y ,  and economy o f  
ex tended  t e r m i n a l  f l o w  o p e r a t i o n s  ( e n  r o u t e  approach,  t r a n s i t i o n ,  and t e r m i n a l  f - l i g h t  t o  
t h e  runway)  when used w i t h  p r o j e c t e d  ground and a v i o n i c  ha rdware .  The c o n c e p t  wou ld  
a s s i s t  t h e  a i r  t r a f f i c  c o n t r o l l e r  w i t h  t r a f f i c  management i n  t h e  ex tended  t e r m i n a l  a r e a  
and i s  a  s t e p  i n  t h e  d i r e c t i o n  o f  u s i n g  computers  f o r  c o n t r o l  a s s i s t a n c e ,  n o t  j u s t  d a t a  
f o r m a t t i n g  and t r a n s f e r .  I t  i s  e v o l u t i o n a r y ,  accommodat ing t o d a y ' s  a i r c r a f t  as w e l l  as 4-  
D  equ ipped  advanced t e c h n o l o g y  a i r c r a f t .  The a l g o r i t h m ,  e m p l o y i n g  s i m p l i f i e d  a i r c r a f t  
pe r f o rmance  models,  i s  des igned  f o r  i n t e g r a t i o n  i n t o  t h e  manual, v o i c e - l i n k e d  ATC sys tem 
and w i l l  accommodate f u r t h e r  au toma t i on .  

The pr.oposed t ime -based  f l o w  c o n t r o l  sys tem was des igned  t o  b r i d g e  t h e  gap between 
t o d a y ' s  en r o u t e  t e r m i n a l  p r o c e s s  f o r  h a n d l i n g  a r r i v a l  t r a f f i c  a t  m a j o r  t e r m i n a l s  and t h e  
f u t u r e  s i t u a t i o n  where most  of t h e  a i r c r a f t  w i l l  have advanced 4-0 f l i g h t  management 
systems c a p a b l e  of d a t a  exchange w i t h  au tomated  ground equ ipment .  The c u r r e n t  En Route  
M e t e r i n g  (ERM) i s  c h a r a c t e r i z e d  by c o a r s e  p l a n n i n g  and l a c k  o f  c o u p l i n g  be tween t e r m i n a l  
and en r o u t e  c o n t r o l .  E R M  uses i n t e r a r r i v a l  t i m e  spac ings  based o n l y  an an ave rage  
a r r i v a l  r a t e  w i t h o u t  pe r f o rmance  m o d e l i n g  o r  c o n t r o l l e r  a i d s  t o  d e l i v e r  a i r c r a f t  a t  t h e  
d e s i r e d  t i m e s .  The t e r m i n a l  c o n t r o l  f a c i l i t y  o p e r a t e s  on t h e  o u t p u t  o f  t h e  ERM p r o c e s s  
w i t h o u t  knowing  i t s  i n t e n d e d  l a n d i n g  sequence o r  t a r g e t  t i m e s .  The t e r m i n a l  c o n t r o l  
p rocess  i s  c h a r a c t e r i z e d  by s e v e r a l  c o n t r o l l e r s  s o l v i n g  s u c c e s s i v e  l o c a l i z e d  merge and 
s e p a r a t i o n  p rob lems  ( t a c t i c a l  r a t h e r  t h a n  s t r a t e g i c  c o n t r o l ) .  

I n  essence t h e  p roposed  t ime -based  f l o w  c o n t r o l  sys tem i n t e g r a t e s  en r o u t e  m e t e r i n g .  
f u e l - e f f i c i e n t  p r o f i l e  d e s c e n t s  and t e r m i n a l  s e q u e n c i n g  and s p a c i n g  w i t h  compu te r -  
g e n e r a t e d  c o n t r o l l e r  a i d s  t o  f u l l y  use  runway c a p a c i t y  and imp rove  f l e e t  f u e l  
e f f i c i e n c y .  The p r i n c i p a l  f e a t u r e s  of t h e  concep t  a r e  shown i n  f i g u r e  2. The m a j o r  s t e p s  
i n  t h e  p roposed  sys tem 's  o p e r a t i o n  a r e  as f o l l o w s :  

1. Derandomize t h e  a i r c r a f t  a r r i v a l  s t r e a m  i n t o  t h e  ex tended  t e r m i n a l  a r e a  by 
e s t a b l i s h i n g  a  p roposed  a i r c r a f t  l a n d i n g  sequence and b u i l d i n g  a  l i s t  of a i r c r a f t  
t a r g e t  l a n d i n g  t i m e s  based on s a f e  s e p a r a t i o n .  The d e s i r e d  m e t e r  f i x  t i m e  as a  r e s u l t  
of t h e  a s s i g n e d  l a n d i n g  i s  a l s o  de te rm ined .  

2.  Nominal  e s t i m a t e d  t i m e  o f  a r r i v a l s  used i n  s t e p  1 a r e  based on f a i r l y  s i m p l e  y e t  
r e p r e s e n t a t i v e  a i r c r a f t  per fo rmance models.  Us ing  t h e s e  models, a  f u e l  e f f i c i e n t  
g round e x p e c t e d  t r a j e c t o r y  i s  computed t o  meet t h e  a i r c r a f t ' s  a s s i g n e d  t a r g e t  l a n d i n g  
t i m e .  

3. Compu te r -gene ra ted  a s s i s t a n c e  t o  h e l p  meet a i r c r a f t  t a r g e t  t i m e s  based on t h e  
t r a j e c t o r y  c a l c u l a t i o n s  i s  g i v e n  t o  t h e  c o n t r o l l e r .  

A d j u s t m e n t s  t o  t h e  t a r g e t  l a n d i n g  t i m e s  and pe rhaps  even changes i n  t h e  l a n d i n g  
sequence w i l l  be necessa ry  t o  accommodate e r r o r s  and u n c e r t a i n t i e s .  

The a i r c r a f t  t r a j e c t o r y  w i l l  be f i n e - t u n e d  i n  t h e  f i n a l  approach r e g i o n  t o  meet 
f i n a l  t a r g e t  l a n d i n g  t i m e  w i t h  l i m i t e d  u n c e r t a i n t y .  - - - -  
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F i g u r e  2 .  - T e r m i n a l j E n R o u t e  F low  C o n t r o l  System. 



The p roposed  e x t e n d e d  t e r m i n a l  t i m e - b a s e d  c o n c e p t  b r i e f l y  d e s c r i b e d  e a r l i e r  has 
s e v e r a l  p o t e n t i a l  b e n e f i t s .  The me te r f ng ,  sequenc ing ,  and s c h e d u l i n g  o f  a i r c r a f t  t o  t h e  
t e r m i n a l  t a k e s  p l a c e  e a r l y  enough i n  t h e  en r o u t e  a i r s p a c e  so most  of t h e  r e q u i r e d  d e l a y  
can  be  t a k e n  i n  a  more f u e l - e f f i c i e n t  manner. The en r o u t e  and t e r m i n a l  c o n t r o l  a r e  
i n t e g r a t e d  and c o u p l e d  s o  t h a t  t h e  s t r a t e g i c  f u e l - e f f i c i e n t  descen t  i s  c o n t i n u e d  i n t o  t h e  
t e r m i n a l  down t o  t h e  a im p o i n t  n e a r  t h e  f i n a l  approach r e g i o n ;  t hus ,  4-0 equ ipped  a i r c r a f t  
w i l l  be a l l o w e d  t o  u s e  and b e n e f i t  f r o m  t h e i r  c a p a b i l i t y .  The concep t  s e r v e s  b o t h  c u r r e n t  
and 4-0 equ ipped  a i r c r a f t  by u s i n g  g round -a ided  p r o f i l e  descen t  i n s t r u c t i o n s  f o r  
unequ ipped  a i r c r a f t  and t a r g e t  t i m e  o b j e c t i v e s  f o r  e q u i p p e d  t r a f f i c .  The Mach/CAS f l i g h t  
i d l e  t h r u s t  d e s c e n t  t y p e  o f  p r o f i l e s  c a l c u l a t e d  f o r  t h e  unequ ipped  a i r c r a f t  can be  f l o w n  
w i t h  t o d a y ' s  c o n v e n t i o n a l l y  i n s t r u m e n t e d  c o c k p i t .  

The t ime -based  concep t  c o u l d  be i n t e g r a t e d  i n t o  t h e  manual v o i c e - l i n k e d  ATC sys tem i n  
an e v o l u t i o n a r y  manner and l a t e r  accommodate N a t i o n a l  A i r s p a c e  System (NAS) f e a t u r e s  such  
as d a t a  l i n k  and f u r t h e r  g round a u t o m a t i o n .  T ime-based f l o w  c o n t r o l  w i l l  u l t i m a t e l y  be 
used  t o  i t s  f u l l e s t  p o t e n t i a l  when t h e  two  t i m e - b a s e d  phenomena t h a t  c u r r e n t l y  l i m i t  
l o n g i t u d i n a l  s e p a r a t i o n ,  runway occupancy and wake v o r t e x  decay t i m e ,  can be  
s a t i s f a c t o r i l y  m a n i p u l a t e d  and modeled.  Research  and deve lopment  i n  t h e  a reas  o f  runway 
gu idance ,  h i g h - s p e e d  t u r n o f f s ,  a c c u r a t e  wea the r  p r e d i c t i o n  and wake v o r t e x  m o d e l i n g  w i l l  
e v e n t u a l l y  p e r m i t  t h e  use  of v a r i a b l e  r educed  t i m e  s e p a r a t i o n  as a  f u n c t i o n  of w e a t h e r  
c o n d i t i o n s .  That  i s  t h e  u l t i m a t e  g o a l  t o w a r d  wh i ch  t h e  p roposed  concep t  i s  i n t e n d e d .  

2.2 Dynamic C o n t r o l  of A r r i v a l  T r a f f i c  

S t a r t i n g  a t  t h e  h o r i z o n  o f  c o n t r o l  boundary ,  t h e r e  i s  a  r ange  of minimum and maximum 
l a n d i n g  t i m e s  c o n s i d e r e d  by t h e  c u r r e n t  a l g o r i t h m  t h a t  t h e  a i r c r a f t  can a c h i e v e  b y  v a r y i n g  
i t s  speed be tween nom ina l  approach v a l u e s  and s l o w e r  speeds l i m i t e d  by pe r f o rmance  
c o n s i d e r a t i o n s .  If t h e  l a n d i n g  t i m e  a s s i g n e d  exceeds t h e  maximum speed c o n t r o l  t i m e  t h e n  
t h e  a d d i t i o n a l  d e l a y  must  be abso rbed  b y  p a t h  s t r e t c h i n g  o r  h o l d i n g .  F o r  t h e  sake  of 
d i s c u s s i o n ,  l e t  us  assume t h a t  t h e  s c h e d u l i n g  p r o c e s s  has a s s i g n e d  a  l a n d i n g  t i m e  w i t h i n  
t h e  range  a t t a i n a b l e  by speed c o n t r o l .  The t i m e  and d i s t a n c e  a s s o c i a t e d  w i t h  a l l  d e s c e n t  
and d e c e l e r a t i o n  segments a r e  c a l c u l a t e d  f r o m  p o i n t - m a s s  e q u a t i o n s  of m o t i o n  f o r  a  c l e a n -  
c o n f i g u r a t i o n  w i t h  f l i g h t  i d l e  t h r u s t  and u s i n g  p r e d i c t e d  w inds .  The d e t a i l s  of t h e  
t r a j e c t o r y  c a l c u l a t i o n  a r e  p r e s e n t e d  i n  r e f e r e n c e  6. As shown i n  f i g u r e  3 t h e  v e r t i c a l  
f l i g h t  p a t h  i s  d i v i d e d  i n t o  a  c r u i s e  segment and s e v e r a l  descen t  and l e v e l  d e c e l e r a t i o n  
segments.  An i t e r a t i v e  p r o c e s s  i s  used t o  d e t e r m f n e  t h e  r e q u i r e d  m e t e r i n g - f i x  a l t i t u d e  
and t i m e  once g i v e n  t h e  end o r  a i m  p o i n t ,  t h e  w i n d  and t h e  nom ina l  speeds f o r  t h e  segments 
i n s i d e  t h e  t e r m i n a l  a rea  f r o m  t h e  m e t e r  f i x .  A n o t h e r  i t e r a t i v e  p r o c e s s  c a l c u l a t e s  t h e  
c r u i s e  Mach, t h e  Mach/CAS descen t  t o  t h e  m e t e r i n g  f i x  and t i m e  t o  b e g i n  t h e  descen t  so 
t h a t  t h e  a i r c r a f t  a r r i v e s  a t  t h e  m e t e r i n g  f i x  a t  t h e  p r e s c r i b e d  t ime ,  a l t i t u d e  and speed. 

I 
I 

HORIZON OF 
CONTROL 

F i g u r e  3. - MachtCAS L e v e l  and F l i g h t  I d l e  Descent  
V e r t i c a l  F l i g h t  P a t h  Segments. 

L e t  us  f o l l o w  t h e  sequence o f  even t s ,  d e p i c t e d  i n  f f g u r e  4  as an a i r c r a f t  f l i e s  f r o m  
t h e  h o r i z o n  of c o n t r o l  t o  t h e  runway i n  t h e  p roposed  t i m e - b a s e d  f l o w  c o n t r o l  system. A t  
t h e  h o r i z o n  of c o n t r o l  boundary ,  t h e  g round sys tem b e g i n s  t h e  p r o c e s s  of d e t e r m i n i n g  t h e  
l a n d i n g  sequence.  The nom ina l  a r r i v a l  speeds and r o u t e  d i s t a n c e s  t o  t h e  runway a r e  used 
t o  d e t e r m i n e  a i r c r a f t  u n - d e l a y e d  ETA'S. I n i t i a l l y  t h e  sequenc ing  c r i t e r i a  used  i s  a  
p r o j e c t e d  f i r s t - t o - r e a c h  runway o r d e r i n g .  More advanced v e r s i o n s  c o u l d  employ sequenc ing  
a l g o r i t h m s  w h i c h  t a k e  advantage of t h e  v a r i a b l e  s p a c i n g  be tween c l a s s e s  of a i r c r a f t  t o  
s l i g h t l y  i n c r e a s e  t h e  runway t h r o u g h p u t  r a t e .  
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F i g u r e  4. - Sequence o f  E v e n t s .  

The t a r g e t  l a n d i n g  t i m e  f o r  o u r  example  a i r c r a f t  i s  d e t e r m i n e d  b y  t a k i n g  t h e  l a r g e r  
o f  t h e  f o l l o w i n g :  ( t h e  a i r c r a f t ' s  u n - d e l a y e d  e s t i m a t e d  l a n d i n g  t i m e )  o r  ( t h e  l a n d i n g  t i m e  
o f  t h e  p r e v i o u s l y  s c h e d u l e d  a i r c r a f t  + s e p a r a t i o n  c r i t e r i a  + b u f f e r  t i m e  t o  a c c o u n t  f o r  
s y s t e m  d e l i v e r y  u n c e r t a i n t y ) .  From t h e  t r a j e c t o r y  c a l c u l a t i o n s  b r i e f l y  d e s c r i b e d  e a r l i e r ,  
a  non 4 - 0  a i r c r a f t ' s  d e s i r e d  m e t e r  f i x  t i m e ,  t h e  Mach c r u i s e  and  t h e  t i m e  t o  b e g i n  as w e l l  
as t h e  HachICAS speed  t o  p e r f o r m  t h e  d e s c e n t  a r e  d i s p l a y e d  t o  t h e  c o n t r o l l e r .  U s i n g  t h i s  
i n f o r m a t i o n  t h e  c o n t r o l l e r  c a n  a s s i s t  t h e  non 4 -0  a i r c r a f t  t o  meet  i t s  s c h e d u l e  i n  a  f u e l -  
e f f i c i e n t  manner .  The 4-0 e q u i p p e d  a i r c r a f t  c o u l d  be g i v e n  e i t h e r  i t s  m e t e r  f i x  o r  a i m  
p o i n t  t i m e .  The q u e s t i o n  o f  how o f t e n  t h e  4 - 0  a i r c r a f t ' s  t i m e  s h o u l d  be  u p d a t e d  i s  an 
i s s u e  t h a t  w i l l  be s t u d i e d .  F i g u r e  5 g i v e s  examples  o f  t h e  t y p e  of c o n t r o l l e r  messages 
e n v i s i o n e d  f o r  b o t h  4 -0  and  non 4 - 0  t r a f f i c .  C o o r d i n a t i o n  and  i n t e r f a c i n g  b e t w e e n  g r o u n d  
s y s t e m  d e s i g n e r s  and  a i r b o r n e  f l i g h t  management b u i l d e r s  w i l l  be n e c e s s a r y  t o  i n s u r e  
c o m p a t a b i l l t y  b e t w e e n  t h e  p a t h s  f l o w n  b y  4 - 0  and  non  4 -0  a i r c r a f t .  T h i s  i s s u e  i s  
a d d r e s s e d  i n  s e c t i o n  3. I d e a l l y  t h e  o n l y  d i f f e r e n c e  w o u l d  be  t h e  g r e a t e r  p r e c i s i o n  
e x p e c t e d  f r o m  t h e  4 - 0  a i r c r a f t .  

F i g u r e  5. - Example T ime-Based F l o w  C o n t r o l  I n s t r u c t i o n s  f o r  
4-D and Non 4 - 0  E q u i p p e d  A i r c r a f t .  



The a i r c r a f t ' s  s c h e d u l e d  l a n d i n g  may be changed when i t  a r r i v e s  a t  t h e  m e t e r  f i x  
e i t h e r  because of t h e  a c t i o n  of p r e c e d i n g  t r a f f i c  o r  because of t h e  a i r c r a f t ' s  own m e t e r  
f i x  t i m e  e r r o r .  The t i m e - b a s e d  sys tem must  be  f l e x i b l e  enough t o  accommodate v a r i a b l e  
a i r c r a f t  t i m e  e r r o r s  p a r t i c u l a r l y  i n  t h e  i n i t i a l  i m p l e m e n t a t i o n  when a  l a r g e  p e r c e n t a g e  o f  
unequ ipped  a i r c r a f t  w i l l  be p r e s e n t .  Depend ing  on c i r c u m s t a n c e s  t h e  a i r c r a f t ' s  s c h e d u l e  
may be s l i p p e d  f o r w a r d  o r  backward,  and i t s  sequence may even be a l t e r e d  i f  t h e  s c h e d u l e  
s l i p p a g e  w a r r a n t s  such a c t f o n .  U s f n g  t h e  a i r c r a f t ' s  u p d a t e d  l a n d i n g  t i m e  based on  i t s  
a c t u a l  m e t e r  f i x  a r r i v a l ,  t h e  t r a j e c t o r y  c a l c u l a t i o n s  d e t e r m i n e  t h e  p r o f i l e  descen t  speeds 
needed t o  meet t h e  t a r  e t  l a n d i n g  t l m e .  Those speeds a r e  g i v e n  t o  t h e  unequ ipped  a l r c r a f t  
whereas t h e  a im  p o i n t  Qbot tom o f  runway p r o f i l e  d e s c e n t )  t i m e  i s  g i v e n  t o  t h e  4 - D  
a i r c r a f t .  Example c o n t r o l l e r  messages i n s i d e  t h e  m e t e r  f i x  a r e  a l s o  shown i n  f i g u r e  5. 

I n  t h e  f i n a l  approach r e g i o n  t h e r e  a r e  two  c o m p u t e r - a i d e d  f i n e - t u n i n g  maneuvers w h i c h  
a t t e m p t  t o  r educe  t h e  d e l i v e r y  e r r o r .  I n  k e e p i n g  w i t h  t h e  e v o l u t i o n a r y  approach,  t h e  
i n i t i a l  d e s i g n  was c o n f i g u r e d  t o  be s i m i l a r  t o  t h e  c o n v e n t i o n a l  approach pe formed t o d a y .  
F u t u r e  r e a l - t i m e  e x p e r i m e n t s  w i t h  b o t h  4 -0  equ ipped  and unequ ipped  c o c k p i t s  w i l l  e x p l o r e  
t h e  advan tages  o f  o t h e r  v e c t o r i n g  and geomet ry  schemes. The p r o c e s s  c u r r e n t l y  u n d e r  s t u d y  
i s  based on a  c o n t i n u a l l y  u p d a t e d  ETA c a l c u l a t i o n  w h i c h  d i s p l a y s  how e a r l y  t h e  a i r c r a f t  
wou ld  be if i t s  t u r n  i n s t r u c t i o n s  were i s s u e d  now. W i t h  e x p e c t e d  response  t i m e s  f a c t o r e d  
i n ,  t h e  d i s p l a y  i n d i c a t e s  when and t o  what  h e a d i n g  t h e  c o n t r o l l e r  s h o u l d  v e c t o r  t h e  
a l r c r a f t  f o r  t h e  base and c e n t e r l i n e  i n t e r c e p t  segments.  The f i n e - t u n i n g  r e g i o n  must  
accommodate m i n o r  s c h e d u l e  changes due t o  o t h e r  a i r c r a f t  e r r o r s ,  w ind  e s t i m a t e  e r r o r s  o r  
own a i r c r a f t  f l i g h t  e r r o r s  wh i ch  have accumu la ted  s i n c e  t h e  l a s t  speed c o n t r o l  p o i n t .  

2.3 H o r i z o n  o f  C o n t r o l  E f f e c t  

The e x t e n d e d  t e r m i n a l ,  t i m e - b a s e d  f l o w  c o n t r o l  concep t  has been d e v e l o p e d  and 
i n c o r p o r a t e d  i n t o  t h e  TAATM ( T e r m f n a l  Area  A i r - T r a f f i c  Mode l )  s i m u l a t i o n .  A f a s t - t i m e  
p a r a m e t r i c  s e n s i t i v i t y  e v a l u a t i o n  of t h e  b a s i c  ex tended  t e r m i n a l  a rea  f l o w  c o n t r o l s  
c o n c e p t  i s  underway u s i n g  TAATM i n  a  f o u r  c o r n e r - p o s t .  Denver runway 26L c o n f i g u r a t i o n  
w i t h  IFR a r r l v a l  commerc ia l  t r a f f i c .  One of t h e  v a r i a b l e s  c o n s i d e r e d  i s  t h e  h o r i z o n  o f  
c o n t r o l .  

A m a j o r  g o a l  o f  t h e  p roposed  sys tem i s  t o  me te r ,  sequence and i n i t i a l l y  s c h e d u l e  
a r r i v a l  a i r c r a f t  e a r l y  enough i n  t h e  approach so t h a t  t h e  r e q u i r e d  d e l a y s  needed t o  
de randomize  t h e  t r a f f i c  can  be  t a k e n  i n  a  f u e l  e f f i c i e n t  manner. The q u e s t i o n  i s  how 
e a r l y ?  F i g u r e  6 was p l o t t e d  t o  shed some l i g h t  on t h e  q u e s t i o n .  The e x p e c t e d  en r o u t e  
d e l a y  and i t s  s t a n d a r d  d e v i a t i o n  f o r  t h e  two  s e p a r a t i o n  s t a n d a r d s  a r e  shown f o r  v a r i o u s  
h o r i z o n s  o f  c o n t r o l  ( f l i g h t  t i m e  be tween s c h e d u l i n g  and m e t e r  f i x ) .  The d a t a  were  
o b t a i n e d  f r o m  a  s i m u l a t f o n  w i t h  a  s a t u r a t i o n  (35  a f r c r a f t  p e r  h o u r )  sample  of l a r g e  and 
heavy a l r c r a f t  u s i n g  IFR 31415 and 21314 n a u t i c a l  m i l e s  s e p a r a t i o n s  and a  m e t e r  f i x  
d e l i v e r y  e r r o r  s t a n d a r d  d e v i a t i o n  of 30 seconds.  A l s o  shown on t h e  p l o t  a r e  c o n t o u r s  of 
d e l a y  p o s s i b l e  by speed r e d u c t i o n  t o  Mach 0.67 f o r  a  range o f  i n i t i a l  c r u i s e  speeds. 
U s i n g  t h e  Mach 0.78 i n i t i a l  c r u i s e  speed and t h e  31415 n a u t i c a l  m i l e  s e p a r a t i o n  as an  
example  we see t h a t  a  h o r i z o n  o f  c o n t r o l  o f  27.5 m i n u t e s  f r o m  t h e  m e t e r  f i x  i s  enough s o  
t h a t  speed c o n t r o l  w i l l  h a n d l e  a l l  t h e  en r o u t e  d e l a y s  t h a t  a r e  l e s s  t h a n  t h e  e x p e c t e d  
d e l a y  p l u s  1 0 .  

F i g u r e  6 showed t h e  s l i g h t  en r o u t e  d e l a y  e f f e c t  wh i ch  r e s u l t s  f r o m  c h a n g i n g  t h e  
h o r i z o n  of c o n t r o l .  There  i s  a l s o  a  t e r m i n a l  e f f e c t  wh i ch  must  be c o n s i d e r e d .  From t h e  
moment an a i r c r a f t  i s  s c h e d u l e d  a t  t h e  h o r i z o n  of c o n t r o l  p p i n t  and b e g i n s  i t s  f l i g h t  
t o w a r d  t h e  m e t e r  f i x ,  t h e r e  a r e  s c h e d u l e  changes t h a t  o c c u r  as a  r e s u l t  o f  p r e c e d i n g  
t r a f f i c  m e t e r  f i x  t i m e  e r r o r s  and f l i g h t  e r r o r  i n s i d e  t h e  t e r m l n a l .  Consequen t l y ,  when an 
a i r c r a f t  a r r i v e s  a t  t h e  m e t e r  f i x  i t s  t a r g e t  t i m e  may have s h i f t e d  f r o m  t h a t  o r i g i n a l l y  
ass igned .  The l o n g e r  t h e  f l i g h t  t l m e  t h e  more t h e  s c h e d u l e  l a n d i n g  t l m e  i s  l i k e l y  t o  
change. F i g u r e  7  shows t h i s  e f f e c t .  The e x p e c t e d  t e r m l n a l  t i m e  d e l a y  p l u s  10 i s  shown 
as a  f u n c t i o n  of h o r i z o n  of c o n t r o l  f o r  t h e  31415 t r a f f i c  s e p a r a t i o n  s t a n d a r d s  and e r r o r  
c o n d i t i o n s  as e x i s t e d  i n  f i g u r e  6. A l s o  shown i s  an example  nom ina l  t e r m i n a l  speed d e l a y  
c o n t r o l  c a p a b i l i t y  boundary .  A  sys tem goa l  i s  t o  use  f u e l - e f f  l c i e n t  speed c o n t r o l  i n s i d e  
t h e  t e r m l n a l  as w e l l  as en r o u t e  w i t h o u t  r e s o r t i n g  t o  p a t h  s t r e t c h i n g .  What we seek i s  a  
h o r i z o n  of c o n t r o l  t h a t  i s  l a r g e  enough t o  h a n d l e  most  o f  t h e  e x p e c t e d  en r o u t e  d e l a y s  and 
y e t  does n o t  impose t e r m i n a l  d e l a y s  t h a t  exceed t h e  t e r m i n a l  r o f l l e  d e s c e n t  speed c o n t r o l  
c a p a b i l i t y .  F o r  t h e  s i m u l a t i o n  c o n d i t i o n s  g i v e n  ( .78  c r u i s e  Rach. 31415 s e p a r a t i o n )  t h e  
h o r i z o n  of c o n t r o l  window s h o u l d  be be tween 27.5 and 40.5 m i n u t e s  f r o m  t h e  m e t e r  f i x .  I t  
s h o u l d  be n o t e d  t h a t  s l o w e r  c r u i s e  Mach w i l l  n a r r o w  t h e  c o n t r o l  window o r  may r e q u i r e  p a t h  
s t r e t c h i n g .  

2.4 C l o s e - I n  D e l i v e r y  P r e c i s i o n  Performance 

L i k e  any ATC sys tem t h a t  must  keep v i o l a t i o n  of s p e c i f i e d  s e p a r a t i o n s  t o  a  l o w  
p r o b a b i l i t y  l e v e l ,  t h e  p roposed  t ime -based  sys tem c a p a c i t y  i s  s e n s i t i v e  t o  f i n a l  s ys tem 
d e l i v e r y  p r e c i s i o n .  T h i s  comes about  because a  d e l i v e r y  e r r o r  ( 0 )  dependent  i n t e r a r r i v a l  
t i m e  b u f f e r  must  be added t o  t h e  s e p a r a t i o n  t i m e  t o  p r e v e n t  a  s e p a r a t i o n  v i o l a t i o n .  
F i g u r e  8 shows an example of runway a r r i v a l  r a t e  f o r  t r a n s p o r t  a i r c r a f t  as a  f u n c t i o n  of 
s e p a r a t i o n  s t a n d a r d  and t h e  sys tem i n t e r a r r i v a l  e r r o r  s t a n d a r d  d e v i a t i o n  w h i c h  m a i n t a i n s  
t h e  same l ow  p r o b a b i l i t y  o f  v i o l a t i o n s .  A  key i s s u e  as r e l a t e d  t o  sys tem c a p a c i t y  becomes 
t h e  d e l i v e r y  p r e c i s i o n  o f  any p roposed  e v o l u t f o n a r y  t i m e - b a s e d  system. 
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F i g u r e  6 .  - H o r i z o n  o f  C O n t r o l  t o  E f f i c i e n t l y  A b s o r b  
D e l a y  f o r  Range o f  C r u i s e  Speeds .  
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F i g u r e  7 .  - H o r i z o n  o f  C o n t r o l  L i m i t s  t o  S t a y  W i t h i n  
t h e  T e r m i n a l  D e l a y  C a p a b i l i t y .  
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F i g u r e  8. - I m p a c t  o f  Runway I n t e r a r r i v a l  

E r r o r  on  A r r i v a l  Ra te .  

There  i s  r eason  t o  b e l i e v e  t h a t  a i r c r a f t  e q u i p p e d  w i t h  advanced f l i g h t  management 
sys tems w i t h  4-0 c o n t r o l  can a c h i e v e  l e s s  t h a n  5 seconds s t a n d a r d  d e v i a t i o n  ( r e f e r e n c e s  7 
t o  1 0 ) .  The p r i n c i p a l  c o n s t r a i n t  on t h e  sys tem w i l l  be t h e  accu racy  w i t h  w h i c h  non-4-0-  
e q u i p p e d  a i r c r a f t  a r e  hand led .  There  a r e  s i m u l a t e d  r e s u l t s  wh i ch  i n d i c a t e  what  t h e  a c t u a l  
sys tem pe r fo rmance  w i l l  be .  The f a s t - t i m e  s i m u l a t i o n  used  t o  o b t a i n  t h e  d a t a  of f i g u r e s  
6, 7, and 8  y i e l d e d  an i n t e r a r r i v a l  e r r o r  s t a n d a r d  d e v i a t i o n  of 6.5 seconds.  R e a l - t i m e  
p i l o t e d  c o c k p i t / c o n t r o l l e r  i n t e r a c t i o n  s t u d i e s  a r e  p l a n n e d  t o  v e r i f y  t h a t  f i n d i n g .  An 
e a r l i e r  s t u d y  t o  assess  n a v i g a t i o n  e f f e c t s ,  r e f e r e n c e  11, used t h e  same f a s t - t i m e  model .  
I n  t h a t  s t u d y  t h e  f a s t - t i m e  s i m u l a t i o n  p r e d i c t e d  i n t e r a r r i v a l  e r r o r  s t a n d a r d  d e v i a t i o n  of 
7.9 and 9.2 seconds f o r  two n a v i g a t i o n  systems.  P i l o t e d  s i m u l a t i o n  s t u d i e s  y i e l d i n g  
p a r a l l e l  f i n d i n g s  o f  5.3 and 10  seconds.  The r e s u l t s  of a  d i f f e r e n t  speed and v e c t o r i n g  
scheme i n  t h e  t e r m i n a l  ( r e f e r e n c e  12 )  i n d i c a t e d  a  s i n g l e  a i r c r a f t  d e l i v e r y  0 o f  9.4 
seconds wh i ch  t r a n s l a t e s  t o  abou t  13.3 seconds i n t e r a r r i v a l  . There  i s  r eason  t o  
h e l i e v e  t h a t  w i t h  c o n t r o l l e r  a i d i n g ,  t h e  i n t e r a r r i v a l  e r r o r  s t a n d a r d  d e v i a t i o n  f o r  
unequ ipped  t r a f f i c  can be reduced  t o  t h e  r e g i o n  o f  8  t o  12 seconds as compared t o  t h e  18 
t o  20 seconds  ( r e f e r e n c e  1 3 )  t y p i c a l  f o r  c u r r e n t  manual c o n t r o l  system. T h i s  wou ld  
t h e o r e t i c a l l y  y i e l d  an a r r i v a l  r a t e  i n c r e a s e  i n  t h e  range o f  8 t o  18 p e r c e n t  when 
o p e r a t i n g  u n d e r  U.S. I F R  wake v o r t e x  s e p a r a t i o n  r u l e s .  

3. SOME 4D-EQUIPPED AIRCRAFT AND SYSTEM REQUIREMENTS 

A p r i m a r y  r e q u i r e m e n t  f o r  t h e  e v o l v i n g  t i m e - b a s e d  ATC sys tem i s  t o  m i n i m i z e  c o s t s  
f o r  a i r c r a f t  o p e r a t o r s .  I n  o r d e r  t o  s a t i s f y  t h i s  r e q u i r e m e n t ,  c a r e f u l  c o n s i d e r a t i o n  must  
be g i v e n  t o  accommodat ing 40 -equ ipped  a i r c r a f t  p r e f e r r e d  f l i g h t  t r a j e c t o r i e s .  F u r t h e r .  
f l i g h t  t i m e  and speed p r o f i l e  s e l e c t i o n  f o r  a i r c r a f t  d u r i n g  heavy  demand s i t u a t i o n s  must  
a t t e m p t  t o  m i n i m i z e  o p e r a t i n g  c o s t s  f o r  each a i r p l a n e  w h i l e  r e d u c i n g  o v e r a l l  s ys tem 
d e l a y s .  I n  o r d e r  t o  a c c o m p l i s h  t h e s e  goa l s ,  knowledge of a i r p l a n e  o p e r a t i n g  c o s t  
s e n s i t i v i t y  t o  f l i g h t  t i m e  f o r  a  g i v e n  range must  be i n t e g r a t e d  i n t o  t h e  d e s i g n  of t h e  
g round  ATC s c h e d u l i n g  system. Requ i remen ts  f o r  a i r p l a n e  pe r f o rmance  mode ls  and 
a t m o s p h e r i c  v a r i a t i o n  e f f e c t s  must  a l s o  be de te rm ined .  

3.1 F l i g h t  T i n e  and Speed S e l e c t i o n  

F o r  a  g i v e n  range,  e v e r y  a i r p l a n e  has a  s p e c t r u m  o f  minimum f u e l  r e q u i r e d  f o r  f l i g h t  
t i m e s  s p a n n i n g  t h e  speed c a p a b i l i t i e s  of t h e  a i r p l a n e .  An example o f  f u e l  ve r sus  t i m e  
p e r f o r m a n c e  s p e c t r u m  f o r  a  t y p i c a l  t w i n - j e t  t r a n s p o r t  a i r p l a n e  i s  shown i n  f i g u r e  9. The 
maximum and minimum t i m e s  on t h e  p l o t  c o r r e s p o n d  t o  t h e  minimum and maximum o p e r a t i o n a l  
speeds f o r  t h i s  a i r p l a n e .  Some a d d i t i o n a l  speed c a p a b i l i t y  remains  a t  t h e s e  ex t remes ;  
however.  i t  i s  n o t  d e s i r a b l e  t o  s c h e d u l e  an a i r p l a n e  t o  f l y  a t  t h e  a b s o l u t e  a i r f r a m e  
l i m i t s .  The v a l u e s  of f u e l  f o r  t i m e s  between t h e  two  ex t remes  r e p r e s e n t  t h e  minimum f u e l  
t h e  a i r p l a n e  w o u l d  r e q u i r e  by f l y i n g  an o p t i m a l  speed s c h e d u l e  f o r  t h e  g i v e n  t i m e  and 
range .  A  t i m e  window o f  29 m i n u t e s  t o  36 m i n u t e s  i s  t h e r e f o r e  a v a i l a b l e  f o r  t h i s  a i r p l a n e  
t o  f l y  t h e  200 n a u t i c a l  m i l e  r ange  w i t h o u t  p a t h  changes o r  h o l d i n g  o p e r a t i o n s .  



F i g u r e  9. - Fue l -T ime  Per fo rmance Spec t rum f o r  a  T w i n  J e t  
T r a n s p o r t  (200 n.mi. range.  descend ing  f r o m  
FL350 t o  5000 ft. f o r  a  f l i g h t  t i m e  o f  31.5 m in . ) .  

3.1.1 Minimum c o s t  t i m e  s e l e c t i o n  

Cho i ce  o f  d e s i r e d  f l i g h t  t i m e  f o r  a  g i v e n  range  i s  a  f u n c t i o n  o f  o p e r a t o r  c o s t  o f  
t i m e  and f u e l .  A u s e f u l  pa rame te r  d e f i n i n g  a  c o s t  r a t i o  between t i m e  and f u e l  c o s t s  i s  
g i v e n  be low:  

c o s t  r a t i o  - C t / ( C t + C f )  

where, 

C t  = t i m e  c o s t ,  f l s e c  

C f  = f u e l  c o s t .  $ / l b  o f  f u e l  

When t i m e  c o s t s  a r e  t h e  o v e r r i d i n g  concern ,  t h e  c o s t  r a t i o  w i l l  app roach  1, c o r r e s p o n d i n g  
t o  t h e  minimum t i m e  p o i n t  on f i g u r e  9. F o r  minimum f u e l  o p e r a t i o n s  t h e  c o s t  r a t i o  w i l l  be 
n e a r  0, c o r r e s p o n d i n g  t o  t h e  t i m e  f o r  minimum f u e l  ( a p p r o x i m a t e l y  35 m i n u t e s  on  f i g u r e  
9 ) .  T y p i c a l  v a l u e s  o f  c o s t  r a t i o s  f o r  o p e r a t o r s  of t h e  t w i n - j e t  t r a n s p o r t  i n  t h e  U n i t e d  
S t a t e s  ranged between 0.4 and 0.6 d u r i n g  1985. 

The f u e l  v e r s u s  t i m e  per fo rmance s p e c t r u m  can  now be used t o  d e t e r m i n e  t h e  d e s i r e d  
f l i g h t  t i m e  f o r  a  p a r t i c u l a r  c o s t  r a t i o .  I n  a d d i t i o n ,  c o s t  p e n a l t i e s  f o r  t i m e s  o t h e r  t h a n  
t h e  d e s i r e d  t i m e  can be c a l c u l a t e d .  F i g u r e  10  i l l u s t r a t e s  t h e  c o s t  p e n a l t i e s  as a 
f u n c t i o n  of f l i g h t  t i m e  f o r  t h e  pe r f o rmance  spec t rum o f  f i g u r e  9 w i t h  a  0.5 c o s t  r t t i o .  
The d e s i r e d  t i m e  f o r  t h i s  p a r t i c u l a r  s i t u a t i o n  i s  31.2 m i n u t e s .  The l i n e  l a b e l e d  o p t i m a l  
p r o f i l e "  p r e s e n t s  t h e  c o s t  p e n a l t y  ( r e l a t i v e  t o  t h e  c o s t  f o r  31.2 m i n u t e s )  f o r  t i m e s  
a c h i e v e d  b y  f l y i n g  t h e  minimum f u e l  p r o f i l e s  d e f i n e d  i n  f i g u r e  9. T h i s  r e p r e s e n t s  t h e  
minimum c o s t  p e n a l t y  f o r  any g i v e n  f l i g h t  t i m e  f o r  a  0.5 c o s t  r a t i o .  A l s o  shown on t h e  
f i g u r e  a r e  c o s t  p e n a l t i e s  i n c u r r e d  i f  f l i g h t  t i m e s  g r e a t e r  t h a n  t h e  d e s i r e d  t i m e  o f  31.2 
m i n u t e s  a r e  abso rbed  by h o l d i n g  a t  c r u i s e  a l t i t u d e  r a t h e r  t h a n  a d j u s t i n g  t h e  speed 
p r o f i l e .  T h i s  c o r r e s p o n d s  t o  t h e  c u r r e n t  ATC p r a c t i c e  where t i m e  gu idance  i s  n o t  
a v a i l a b l e  t o  c o n t r o l l e r s  and h o l d i n g  p a t t e r n s  a r e  s t a n d a r d  methods f o r  a b s o r b i n g  d e l a y .  
S u b s t a n t i a l  a d d i t i o n a l  c o s t  p e n a l t i e s  r e s u l t  f r o m  t h i s  p r a c t i c e .  

C o n s i d e r i n g  t h e  o p t i m a l  p r o f i l e  d a t a  p r e s e n t e d  i n  f i g u r e  10, a u s e r - p r e f e r r e d  t i m e  
window of c o n t r o l l a b i l i t y  can be e s t a b l i s h e d .  The f u l l  7 m i n u t e  t i m e  window ( 2 9  t o  36 
m i n u t e s )  can r e s u l t  i n  c o s t  p e n a l t i e s  o f  6 p e r c e n t  a t  t h e  ex t remes .  I n  o r d e r  t o  keep 
p e n a l t i e s  t o  1 p e r c e n t  o r  l e s s ,  t h e  t i m e  window must  be reduced  t o  a p p r o x i m a t e l y  3  m i n u t e s  
( 3 0  t o  33 m i n u t e s  f l i g h t  t i m e ) .  I n  o t h e r  words, a  s i x - f o l d  improvement  i n  c o s t  s a v i n g s  
can  be a c h i e v e d  b y  r o u g h l y  h a l v i n g  t h e  t i m e  window. A i r p l a n e s  w i t h  d i f f e r e n t  c o s t  r a t i o s  
w i l l  have d i f f e r e n t  p r e f e r r e d  t i m e  windows, as shown i n  f i g u r e  11. I f  a c t u a l  c o s t  r a t i o  
i s  known f o r  a p a r t i c u l a r  a i r p l a n e ,  f l i g h t  t i m e s  c o u l d  be e s t a b l i s h e d  a c c o r d i n g l y .  An 
a l t e r n a t e  approach wou ld  be t o  e s t a b l i s h  a  na r row  t i m e  window d e f i n e d  by an o v e r l a p p i n g  
range  of c o s t  p e n a l t i e s  f o r  a  g i v e n  a i r p l a n e  t y p e .  F o r  example,  u s i n g  t h e  d a t a  i n  f i g u r e  
11, a  t i m e  window of 1.5 m i n u t e s  (30.5 t o  32  m i n u t e s )  wou ld  p r o v i d e  a l l  o p e r a t o r s  o f  t h i s  
t w i n - j e t  a i r p l a n e  w i t h  c o s t  p e n a l t i e s  o f  no more t h a n  1 p e r c e n t .  



Tlme, mlnutes 

F i g u r e  10 .  - F i x e d  T ime C o s t  P e n a l t y  f o r  a  T w i n  J e t  T r a n s p o r t  
( C o s t  R a t i o  = 0.5, 200 n.mi. r a n g e ,  d e s c e n d i n g  
f r o m  FL350 t o  5000 f t .). 

Tlme, mlnutea 

F i g u r e  11. - F i x e d  T ime C o s t  P e n a l t i e s  f o r  Two C o s t  R a t i o s  f o r  
a  T w i n  J e t  T r a n s p o r t  ( 200  n.mi. r ange ,  d e s c e n d i n g  
f r o m  FL350 t o  5000 ft.). 

Knowledge of a i r p l a n e  p e r f o r m a n c e  c h a r a c t e r i s t i c s ,  and p o s s i b l y  c o s t  r a t i o ,  can  
p r o v i d e  v a l u a b l e  g u i d e l i n e s  t o  ATC ass i gnmen t  o f  f l i g h t  t i m e s  d u r i n g  m o d e r a t e  t r a f f i c  
c o n d i t i o n s .  The a b i l i t y  t o  a s s i g n  e a r l y  as w e l l  as  l a t e  t i m e s  w i t h i n  a  r e a s o n a b l e  c o s t  
e n v e l o p  can  enhance t h e  h a n d l i n g  o f  m i xed  and dense  t r a f f i c  w i t h  random a r r i v a l  gaps.  
L a n d i n g  s l o t  t r a d e o f f s  be tween a i r c r a f t ,  based  on c o s t  p e n a l t y  t i m e  windows,  may p r o v i d e  
a d d i t i o n a l  g a i n s  i n  c a p a c i t y .  Under s a t u r a t e d  t r a f f i c  c o n d i t i o n s ,  however.  m i n i m i z a t i o n  
of t i m e  d e l a y s  w i l l  be  t h e  p r i m a r y  f u n c t i o n  o f  t i m e - b a s e d  ATC. 



3.1.2 P r o f i l e  C o m p a t i b i l i t y  

The p r e c e d i n g  d i s c u s s i o n  has assumed a  s i n g l e  op t imum speed p r o f i l e  e x i s t s  f o r  each  
p o i n t  on t h e  f u e l  ve r sus  t i m e  pe r f o rmance  spec t rum.  I n  r e a l i t y ,  t h e r e  i s  a  w ide  range o f  
speed p r o f i l e s  w h i c h  w i l l  p roduce  comparab le  f u e l  usage f o r  a  g i v e n  range  and f l i g h t  
t i m e .  T h i s  p r o v i d e s  f l e x i b i l i t y  i n  c h o o s i n g  speeds wh i ch  b o t h  m i n i m i z e  f u e l  and p r o v i d e  
t a c t i c a l  a i r p l a n e  s e p a r a t i o n  w h i l e  a c h i e v i n g  d e s i r e d  a r r i v a l  t i m e .  T h i s  same speed 
f l e x i b i l i t y  can  a l s o  l e a d  t o  i n c o m p a t i b i l i t i e s  between ground and a i r b o r n e  sys tems.  

The d e t e r m i n a t i o n  o f  a  speed p r o f i l e  f o r  a  g i v e n  t i m e  and range  can be a c c o m p l i s h e d  
u s i n g  a  v a r i e t y  o f  t e c h n i q u e s .  Depending on t h e  s t r a t e g y  employed by a  p a r t i c u l a r  
a l g o r i t h m .  a  s i g n i f i c a n t  v a r i a t i o n  i n  speeds a t  a  g i v e n  d i s t a n c e  f r o m  t h e  a i r p o r t  i s  
p o s s i b l e .  F o r  example, a  common o p e r a t i o n a l  s t r a t e g y  i s  t o  f l y  a  c o n s t a n t  Mach number i n  
c r u i s e ,  i n i t i a t e  descen t  a t  t h e  same Mach number and t r a n s i t i o n  t o  a  c o n s t a n t  c a l i b r a t e d  
a i r s p e e d  f o r  t h e  rema inde r  o f  t h e  descen t .  A w ide  range  o f  c r u i s e  Mach and f i n a l  d e s c e n t  
a i r s p e e d  c o m b i n a t i o n s  a r e  c a p a b l e  of p r o d u c i n g  t h e  same f l i g h t  t i m e .  F i g u r e  12 
i l l u s t r a t e s  t h e  speed c o m b i n a t i o n s  f o r  a  31.5 m i n u t e  f l i g h t  of t h e  t w i n - j e t  t r a n s p o r t  
c o v e r i n g  a  200 n a u t i c a l  m i l e  range.  The speed c o m b i n a t i o n  y i e l d i n g  t h e  minimum f u e l  f o r  
t h i s  f l i g h t  segment i s  g p p r o x i m a t e l y  a  .72 Mach c r u i s e  and 290 k n o t  descen t  c a l i h r a t e d  
a i r s p e e d .  As shown on t h e  f i g u r e ,  t h e r e  i s  a  w ide  band of speed c o m b i n a t i o n s  w h i c h  
a c h i e v e  t h e  same end c o n d i t i o n s  w i t h  no more t h a n  1 p e r c e n t  i n c r e a s e  i n  f u e l  o v e r  t h e  
minimum f u e l  speeds. 

The r e l a t i v e  i n s e n s i t i v i t y  o f  f u e l  usage as a f u n c t i o n  o f  speed p r o f  i l e  c a n  be  u s e d  
t o  advantage i n  t h e  ATC p rocess .  C r u i s e  speeds o f  a i r p l a n e s  can be a d j u s t e d  t o  a v o i d  
l o c a l  t r a f f i c  s e p a r a t i o n  p rob lems  w h i l e  m a i n t a i n i n g  a r r i v a l  t i m e  sequenc ing  and c a p a c i t y  
a t  t h e  a i r p o r t .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  when h a n d l i n g  a  m i x  of t r a f f i c  w i t h  
d i f f e r e n t  i nbound  c r u i s e  speeds. The f l e x i b i l i t y  o f  s e l e c t i n g  a l t e r n a t e  speed p r o f i l e s  t o  
a c h i e v e  f i x e d  f l i g h t  t i m e  may be r e q u i r e d  i n  o r d e r  t o  p r o v i d e  d e s i r e d  c a p a c i t y  l e v e l s  a t  
some a i r p o r t s .  T h i s  f l e x i b i l i t y  w i l l  a l s o  a l l e v i a t e  c o m p a t i b i l i t y  p rob lems  be tween 
p r o f i l e s  c a l c u l a t e d  by g round a l g o r i t h m s  and t h o s e  computed by a i r b o r n e  f l i g h t  management 
systems.  

D e a c e n i  c a l i b r a t e d  a l rapeed,  k n o t s  

F i g u r e  12. - F i x e d  Time Speed F l e x i b i l i t y  f o r  Twin  J e t  T r a n s p o r t  
( 200  n.mi. r ange ,  descend ing  f rom FL350 t o  5000 ft. 
f o r  a  f l i g h t  t i m e  o f  31.5 m i n u t e s ) .  

3.2 M o d e l i n g  Requ i remen ts  

B o t h  g round-based and a i r b o r n e  t r a j e c t o r y  g e n e r a t i o n  a l g o r i t h m s  r e q u i r e  a n a l y t i c a l  
mode ls  of t h e  a tmosphere  (w ind ,  t e m p e r a t u r e ,  and p r e s s u r e )  and a i r p l a n e  pe r f o rmance .  The 
s t r u c t u r e  and a t c u r a c y  of t h e s e  mode ls  can  be c r i t i c a l  t o  t h e  r e s u l t s  of t h e  a l g o r i t h m .  
Cho i ce  of model s t r u c t u r e  i s  l a r g e l y  d i c t a t e d  by t h e  f l i g h t  s t r a t e g y  employed by t h e  
a l g o r i t h m .  Model a c c u r a c y  r e q u i r e m e n t s  a r e  dependent  on t h e  l e v e l  of pe r f o rmance  
p e n a l t i e s  a s s o c i a t e d  w i t h  e r r o r s  i n  t h e  model .  P a r a m e t r i c  s e n s i t i v i t y  s t u d i e s  a r e  b e i n g  
conduc ted  t o  c h a r a c t e r i z e  and q u a n t i f y  t h e  p e n a l t i e s  due t o  mismode led  a t m o s p h e r i c  
c o n d i t i o n s  and a i r p l a n e  per fo rmance f o r  b o t h  t i m e - c o n s t r a i n e d  and u n c o n s t r a i n e d  
o p e r a t i o n s .  Of p a r t l c u l a r  i n t e r e s t  t o  t i m e - b a s e d  ATC deve lopment  i s  t h e  r e q u i r e d  a c c u r a c y  
of w i n d  and a t m o s p h e r i c  t e m p e r a t u r e  m o d e l i n g  f o r  c o s t  e f f e c t i v e  o p e r a t i o n .  



3.2.1 A t m o s p h e r i c  E f f e c t s  

A i r p l a n e  p e r f o r m a n c e  must  i n c o r p o r a t e  a t m o s p h e r i c  v a r f a t i o n s  i n  p r e s s u r e ,  t e m p e r a t u r e  
and w i n d  t o  g e n e r a t e  s a t i s f a c t o r y  f l i g h t  t r a j e c t o r i e s .  H i g h l y  v o l a t i l e  a t m o s p h e r i c  
v a r i a t i o n s  can  p r o d u c e  s i g n i f i c a n t  d i f f e r e n c e s  i n  p r e d i c t e d  and o b s e r v e d  c o n d i t i o n s .  
V a r i a t i o n s  i n  w i n d  soeed and d i r e c t i o n  w i l l  d i r e c t l v  a f f e c t  t h e  t i m e  r e o u f r e d  t o  f l v  a  
f i x e d  r a n g e .  change; i n  t e m p e r a t u r e  w i l l  a f f e c t  t h e  a i r s p e e d  and g e o m $ t r i c  a l t i t u d e  r a t e  
d u r i n g  c l i m b  and descen t .  

I n i t i a l  s e n s i t i v i t y  s t u d i e s  have documented t h e  c o s t  p e n a l t i e s  r e s u l t i n g  f r o m  w i n d  
e r r o r s  d u r i n g  a  c r u i s e / d e s c e n t  f l i g h t  segment f o r  a  t y p i c a l  t w i n - j e t  a i r p l a n e .  F i g u r e  13 
shows t h e  c o s t  p e n a l t y  f o r  f l y i n g  a  200 n a u t i c a l  m i l e  c r u i s e l d e s c e n t  f l i g h t  segment i n  
b o t h  known and unknown w inds  w i t h  t h e  same a r r i v a l  t i m e  r e q u i r e d  f o r  a l l  c o n d i t i o n s .  The 
c o s t  p e n a l t i e s  a r e  r e l a t f v e  t o  t h e  minimum c o s t  wh i ch  c o u l d  be  o b t a i n e d  f o r  t h e  g i v e n  w i n d  
c o n d i t i o n  i f  t i m e  were n o t  f i x e d .  The r e s u l t s  f o r  known w inds  t h e r e f o r e  r e f l e c t  t h e  
p e n a l t y  i n c u r r e d  b y  n o t  a d j u s t i n g  f l i g h t  t i m e  based on a c t u a l  w inds .  The p e n a l t i e s  f o r  
unknown w inds  i n c l u d e  t h e  e f f e c t  o f  n o t  c o m p u t i n g  t h e  f l i g h t  t r a j e c t o r y  based on a c t u a l  
w inds .  F o r  t h i s  p a r t i c u l a r  f l i g h t  segment, w inds  on t h e  o r d e r  o f  22 t o  25 k n o t s  ( headw ind  
t o  t a i l w i n d )  can be t o l e r a t e d  f o r  no more t h a n  a  one p e r c e n t  c o s t  p e n a l t y  if t h e y  a r e  
known t o  t h e  a i r p l a n e ' s  t r a j e c t o r y  g e n e r a t o r .  Unknown w inds  must  be no more t h a n  20 t o  15 
k n o t s  f o r  t h e  same one p e r c e n t  p e n a l t y ,  w i t h  t a i l w i n d s  b e i n g  more r e s t r i c t i v e .  These d a t a  
a r e  u s e f u l  b o t h  f o r  t h e  d e s i g n  o f  a i r b o r n e  w ind  mode ls  as w e l l  as f o r  d e t e r m i n i n g  
r e c o m p u t a t i o n  c r i t e r i a  and d a t a  u p d a t e  r e q u i r e m e n t s  f o r  advanced f l i g h t  management sys tems 
and g round  s c h e d u l i n g  a l g o r i t h m s .  

F i g u r e  13. - Wind E f f e c t  on  F i x e d  Time C o s t  P e n a l t y  f o r  Twin  J e t  
T r a n s p o r t  ( C o s t  r a t i o  = 0.5, 200 n.mi. r ange ,  FL330 
t o  loo00 f t . ) .  



4. C O N C L U O I I G  REMARKS 

The p r e v i o u s  two  s e c t i o n s  of t h i s  p a p e r  have  d e s c r i b e d  two  of t h e  c o r n e r s t o n e s  o f  o u r  
r e s e a r c h  t o  d e v e l o p  a  t e c h n o l o g y  f o u n d a t i o n  f o r  r e d u c i n g  t h e  a i r c r a f t  i n t e r a r r i v a l  t i m e  
e r r o r  a t  t h e  o u t e r  m a r k e r  w h i l e  i n c r e a s i n g  a i r c r a f t  e f f i c i e n c y .  F i g u r e  14 shows how t h i s  
r e s e a r c h  f i t s  t o g e t h e r  w i t h  o t h e r  c u r r e n t  and p r i o r  r e s e a r c h  f o c u s e d  on d e l i v e r  
p r e c i s i o n .  The ATOPS p rog ram w i t h  i t s  T r a n s p o r t  Systems Resea rch  V e h i c l e  (TSRVJ  a i r c r a f t  
i s  u n i q u e l y  c a p a b l e  of i n t e g r a t i n g  t h e s e  p i e c e s  i n t o  c o h e r e n t ,  c o o r d i n a t e d  e x p e r i m e n t s  
t h a t  a d d r e s s  e v e r y  f a c e t  of t h e  i s s u e .  An example  s e t  o f  e x p e r i m e n t s  t o  p r o v i d e  
d e f i n i t i o n  of some of t h e  o p t i o n s  and i s s u e s  i n  d e l i v e r y  p r e c i s i o n  i s  shown i n  f i g u r e  
15. The TSRV a i r c r a f t  w i l l  be f l o w n  w h i l e  embedded i n  a  g round -based  s i m u l a t i o n  w i t h  
c o m p u t e r - g e n e r a t e d  a i r c r a f t .  T h i s  e f f o r t  w i l l  e v a l u a t e  t h e  c o n t r o l l e r l p i l o t  i s s u e s .  
c a p a b i l i t i e s  of e q u i p p e d  and unequ ipped  a i r c r a f t ,  and d e f i n e  t h e  d e l i v e r y  p r e c i s i o n  
a t t a i n a b l e .  
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F i g u r e  15. - E x p e r i m e n t a l  E v a l u a t i o n  o f  D e l i v e r y  P r e c i s i o n  C a p a b i l i t y .  

Today t h e r e  i s  a  m a j o r  a i r p o r t  c a p a c i t y  p r o b l e m  i n  t h e  U n i t e d  S t a t e s ,  and i t  p r o m i s e s  
t o  g e t  s u b s t a n t i a l l y  worse  by  t h e  t u r n  o f  t h e  c e n t u r y .  T h i s  l a c k  o f  c a p a c i t y  r educes  t h e  
v i a b i l i t y  of a i r  t r a n s p o r t a t i o n  by  c a u s i n g  d e l a y s  and i n e f f i c i e n t  o p e r a t i o n  o f  a i r c r a f t .  
A number of t e c h n o l o g i c a l  deve lopmen ts  have  been i d e n t i f i e d  t h a t  o f f e r  t h e  p o t e n t i a l  f o r  
i n c r e a s i n g  a i r p o r t  c a p a c i t y  and t h e r e b y  r e d u c i n g  d e l a y s  w h i l e  i n c r e a s i n g  a i r c r a f t  
o p e r a t i n g  e f f i c i e n c y .  Research  d e s c r i b e d  i n  t h i s  p a p e r  i s  underway  as a  p a r t  o f  t h e  ATOPS 
l o n g  range  p l a n  m e n t i o n e d  i n  S e c t i o n  1.  
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SUMMARY 

This paper deals with the strategic control concept, intended as a new management philosophy that can improve efficiency of 
Air Traffic Control IATC) systems. After having introduced a classification of the different ATC functions. based on a multilevel 
scheme, strategic control is decomposed in a hierarchy of subfunctions. Subsequently, the "on-line strategic controi of flights" 
is considered and the mathematical aspects of this problem are illustrated. 

Then the structure of a real time solution algorithm, proposed in a previous work, and a possible scheme of routetime p re  
file generation are reported. Finally, computational efficiency of the proposed approach is dixu5sed. 

1. INTRODUCTION 

The current ATC systems are mainly conceived to ensure, with short period interventions, safe,ty of flights. In fact, today 
the air traffic controller uses radar to assess the traffic situation and speed, altitude and heading instructions to separate and space 
aircraft. This is a 'tactical" system using relativeposition separation in which the planning horizon is very short and the situation 
is allowed to develop before solutions are offered. 

The pilot does his own navigation only when there are no nearby aircraft. As the flight encounters traffic of increasing den- 
sity, ATC intervenes more and more until in a busy terminal area the controller is vectoring the airplane continuously in all three 
dimensions and in airspeed. This control system is manpower intensive, uses relatively inefficient flight paths to solve traffic situa- 
tions and is at or near its capacity in handling traffic and supporting increased runway operations. 

This management phylosophy, probably, will not be suitable in the future, when congestion phenomena will occur more 
often in the most important terminal areas. Therefore, i t  seems necessary to introduce in the future ATC systems not only more 
automated procedures to keep proper safety levels, but also planning functions to increase system capacity and reduce total cost. 
In this manner i t  is possible to improve system efficiency. Now, an effective planning action depends on the availability of long 
term accurate forecasts and adequate control techniques. 

In recent years. several scientists have carried out studies in these two directions; consequently, they have introduced a 
new control concept defined as 'strategic control". 

For example, the North Atlantic ATC operation can be considered as a strategic system in that, because ot a lack of radar. 
separation i s  planned for the total over ocean flight before an aircraft is put into the system. 

Nevertheless, different and, sometimes, contrasting meanings are assigned in literature to the above term. 
In [ I ]  a classification of different control functions is proposed: in particular "strategic control' is seen as a long term 

off-line planning of traffic flows andlor of single router On the contrary, 'tactical control" is a short term on-line action. This 
distinction is also taken up in (21 and, from a certain point of wiev, in 13). instead, in 141. [5] and [6] "strategic control' is not 
necessarily an off-line planning, but may also imply an on-line planning action. based on the knowledge of the current state of 
the system. A special concept of 'strategic control' is proposed in 17. 81, where this function is considered as the ability of defi- 
ning, for each plane, an optimal four-dimensional path. This route must be followed with such a precision to ensure the preser- 
vation of time and,distance standard separations. 

From another point of view, the strategic approach only prevents conflicts 191, while in 151 i t  could also improve system 
performance in terms of global economy. 

To overcome the difficulties caused by these different interpretations, the author and others, on the basis of a concept repor- 
ted in [ lo],  have proposed a representation of the ATC based on a multilevel scheme, where a well defined function is associated 
to each level [ I l l .  [12]. Moreover, a mathematical formulation of the "strategic control of flights" is provided[l l l  and a solution 
algorithm in the case of control on pre-assigned optimal routes is designed 1131. 

The following works 114. 151 deal also with the on-line control of flights, but without the hypothesis of space routes fixed 
as nominal ones. 

At  present, we feel that there is a general agreement on the soundness of introducing in ATC systems a somewhat planning 
function with effectiveness depends on developments of navigation techniques, air ground communication devices, new opportu- 
nities of data processing offered by modern computers and new perspectives open by expert systemsand decision support systems. 

Therefore, in this paper, on the basis of the mentioned researches. 'strategic control' is viewed as a hierarchy of different 
planning subfunctions, each one referring to a different time horizon. Then, particular attention is devoted to the on-line strategic 
control of flights because this function appears to be more critical to implement. For this reason, the possibility of real timesolu. 
tion of the mathematical problem and the design of route time profile generation system are also analized and discussed. 

2. A MULTILEVEL MODEL OF AIR TRAFFIC CONTROL 

The ATC problem isa typically large m l e  problem characterized by: 
high number of variables and constraints; 
numerous sub-systems and strong interactions; 



- numerous control objectives also conflicting; 
- limitations and complexity of models used to forecast the movement of airplanes and traffic evolution; 
- fast dynamics and real-time interventions: 
- presence of several human operators in the system (pilots, controllers, etc.), each having a certain in dependence or^ decision taking. 

To  approach this problem i t  seems f i t  to utilize appropriate decomposition criteria based on a hierarchy of control functions. 
each related to  a different time horizon. Fig. 1 represents a possible scheme where both the available resources and a long teml air 
traffic demand are supposed to  be known. 
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Fig. 1 - MULTILEVEL MODEL OF AIR TRAFFIC CONTROL 

The higher level is associated with the planning of the air space structure, routes and ATC proceduresand.generaIly.with the wolu- 
tion of the overall control systems. 

The second level represents the ~ lanning activity of flights carried out,within a time horizon of a few months,in connection with 
the estimated traffic demand. 

The level called "strategic control" represents a planning activity of medium-long term interventions to  organize traffic flows 
andlor define amendements to  single flight plans. Finally, tactical control is a real-time control action to satisfy short-term requi- 
rements and/or to solve emergency situations. 

At  present, the actions relative to the first two levels are not being carried out on the basis of optimization criteria. For example. 
in general, there is no coordination in the decision of the airlines; consequently, it is not possible to prevent the congestion situations. 

Available studies refer especially to the two lowest levels of the mentioned hierarchy or, moreprecisely.to sub-functionsof these 
levels In particular, strategic control, up to  now, has only been utilized in a partial and limited manner; in fact, the current ATC 
systems are still mainly based on tactical control actions. On the contrary, we feel that asystematic introduction of a strategic func- 
tion could constitute the most relevant and revolutionary innovations in air traffic control. In fact, this approach seems to be, in 
theory, the only one able to  minimize the operational cost and, at the same time, improve safety standards in ATC (see also Ref.7.8). 

In practice, the implementation of a control function that optimizes planning of flights, implies considerable difficulties depen- 
ding on the necessity of long-term right forecasts and inadequacy of the available methodologies to solve problems of such com- 
plexity. 

3. STRATEGIC CONTROL 

To simplify the previous problem i t  w m s  convenient to decompose, in its turn, the strategic control function on the basisof a 
multilevel model of distinct sub-functions. 



A first decomposition criterion could be a distinction between 'off-line' and "on-line" control. For off-line control we mean a 
planning activity carried out before interested planes enter the system (generally, before departure) and based exclusively on traffic 
forecasts. Instead, for on-line control we mean a control activity based mainly on observations of the current state of thesystem 
and worked out in a rather short period l in comparison with dynamics of flights) to allow subsequent interventions on the con- 
trolled traffic. 

A second criterion could be based on a distinction between control on aggregatevariables (trafficflows) and control on variables 
relative to single planes (flight plans). Fig. 2 represents a multilevel decomposition of strategic control corresponding to the above 
criteria. 
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To completely understand the meaning of this model, one must point out that the hierarchical order of the various levels refers 
mainly to the different time horizon and.generally. doesn't express a decisionai hierarchy in the control actions. More precisely, we 
can say that higher levels basically ought t d  simplify decisionai problem relative to the lower levels. 

In the following functions associated to each level and relative operations are illustrated. 
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3.1. Flow Planning 

The flow planning functidn should be carried out within a few hours, comparing the expected traffic demand with an estimate 
of the system capacity (airways, terminal areas). Then, a distribution of traflicflwvs in the airspace should be determined to relate 
the demand to the capacity. 
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3.2. Planning of Flighfo 

On the basis of flow planning and of the same time horizon, this off-line activity should determineamendments for the requested 
flight plans. These amendments should have the aim both of reducing the a priori conflict probability and satisfying a somewhat 
optimal criterion. 

We must also specify that many random factors affect the above process; so we reprasent the flights by utilizing a simplified 
model made up, for example, of passing timesand altitudesat the way-points of the planned route. 

STRATEGIC 

CONTROL OF 

FLIGHTS 
I I 
I 

I 
I 
I 
I 

8 

I 

I 
I 
I 



3.3. Flow Control 

The on.line flow control refers to a time horizon of about 1530 minutes and, in particular, i t  should forecast local and short- 
period traffic peaks and reduce possible effects on the system. This can occur both by imposing delays on the flows upstream of the 
traffic congestion and planning a different distribution of the traffic in adjacent sectors. 

3.4. Strategic Control of Flights (SCFI 

This function has the same time horizon as the on-line flow control. I t  should plan free conflict trajectories on the basis of ob- 
servation of the current state of the system in order to st isfy the constraints on the airplane performances, space structures and 
porsible flow limitations. 

In the following sections we consider,in detail, the on-line strategic control of flights, 

4. STRATEGIC CONTROLOF FLIGHTS 

As previously mentioned, the task of on-line SCF is to optimize flight plans of single airplanes in a prefixed region with a time 
horizon of about 1530 minuter 

The subsystem associated with the SCF function can be outlined as in fig. 3, where both inputsand outputsare indicated. The 
inputs are the flight plans of the airlines, the information relative to the state of the system and the limitations imposed by flow 
control. The outputs are the amendments to the flight plans that represent control interventions on the planes of the system and 
can be useful information for tactical control. 

Fig. 3 - REPRESENTATION OF THE SCF FUNCTION 
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More in detail, the requested flight plans should be optimal from the point of view of fuel andlor time consumption if each plane 
were alone in the system. Instead, information on the state of the system concerns radar data on the flights evolution, short and 
medium term meteorological forecasts and state of the ATC infrastructures. As for restrictions imposed by flow control. these 
limit the control action on the single plane according to the flow planning in the control region. In particular, such limitations can 
refer to the maintaining of appropriate separations when planes f ly over prefixed points of the controlled airspace. 

Finally, for amendments to flight plans we mean: 
- variationsof altitude levels in comparison with the nominal flight plans: 
- imposing route delays through the speed control; 
- imposing reroutings andlor holding patterns; 
- imposing departure delays. 

Now, to build a mathematical model of the SCF, we must first establish a control region, a time horizon and a representation 
of the airways network and the trajectories of planes; then we must define control variables, constraints and the objective function 
to optimize. 
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4.1. Control region 

The possibility to carry out a strategic action on the single plane dependsgreatly on the extent of the region where acoordinating 
intervention is possible. In fact. SCF,generally, aims to follow an efficient profile during all phases of the flight (takeoff, cruise, 
landing). Therefore, the more flight plans (compared with global traffic! refer to the prefixed control region, the moresignificant 
SCF is. Nevertheless, even not considering political, normative and organizational difficulties, an upper bound to the extent of the 
control region is derived because of the limited performances both of mathematical methodologies and real time computation sys- 
tems. 

In fact, the problem complexity increases when the dimensions of the control region increase. 

4.2. Time horizon 

The time horizon is mainly determined by the maximum time interval in which i t  is possible to accurately predict future traffic 
situation in the control region. 

At  present, the available models seem to be able to provide adequate forecasts for look-ahead times of about 1530 minutes. 
This limit could also bring to a spatial decomposition of the control action in the fixed region. 

4.3. Airspace and planes trajectories representation 

Given a control region R, the representation of the space and planned trajectories must be accurate enough to make a meaning- 
ful control action and, at the same time, simple enough to permit real-time data processing. 

To this end, in the following, airspace is described through a network representing both the airways and the terminal areas 
More in detail, the network nodes represent: 

- the intersection of the airways with the R boundary; 
- the intersection of the airways with the terminal areas boundary: 
- the intersection of two or more airways; 
- the waypointsfixed on each airway. 

Obviously, the arcs represent all posible connections of the nodes. 
A set of discrete altitude levels is also associated with each node so that constraints on vertical separation, imposed by safety r e  

quirements, are respected. 
As for the representation of flights, we utilize a discrete model whose trajectories are defined by the set of nodes subsequently 

crosed, by the corresponding altitude levels and by the pasing times on each node. 
In this model we don't consider the dynamics of flights between two following nodes and within the terminal area; nevertheless, 

the problm solutions are forced to be consistent with the performances of airplanes. 

5. MATHEMATICAL MODEL 

In this section, we summarize a possible mathematical formulation of SCF. The interested reader can find complete details in 
114. 151. 

In particular, the problem can he stated as an optimization problem with the hypothesis that the nodes subsequently crossed 
are fixed on the basis of the nominal flioht olan. In this framework one must determine altitude levels and oassino times on the " .  
trajector~es nodes, so that an appropriate constraints set 1s satisfied and a cost function is minimized. 

5.1. Altitude Constraints 

First of all, we must specify the set H: of altitude levels allowable for plane i in each node k of the trajectory. Then, we must 
consider that a meed range, consistent with the performances of plane i, correspond_r to each allowable level. 

In such a way, knowing the distance between two subsequent nodes k and k, we can determine, for each speed and for each 
levee h of k, the altitude levels reachable in k. Among theoe levels, we will only consider levels satisfying eventual control needs 
in k andlor limitations on the maximum shifting of the actual altitude level from the nominal one. Therefore, if we introduce 
binary variables, i t  is easy to expressin a mathematical form the two following constraints: 

plane i can occupy only one of the silowable levels of node k; (1) 

if plane i starts from a level h of k, it can occupy only one level of the set allowed in node (2) 

5.2. Transit time constraints 

As regards to transit time of plane i on node k, denoted with < . we must dis!inguish between constraints depending on planes 
oerformances and constraints related to nfetv standardsand oossible restrinctions of traffic flows on the airwws network. 

Constraints on planes performances imply that - 
the time intelval of plane i to transit from node k to node k hasa maximum and minimum value: (3) 

as regards to safety constraints and possible further restrictions caused by flow control, we can state that 

i f  two planes i, r cros subsequently.node k at the same level, they must have a minimum 
separation time AT?. 

An exact definition of transit times in each node can be meaningless, especially for those nodesfar from the initial one. To improve 
this model it can he convenient to aosociate a time window, consistent with plane performances and assigned standard separations, 
with each planeand each node instead of a transit time. 

In this case constraints (31 and (41 must ba formally modified. 



5.3. Objective function 

We may consider several objective functions The first possibility is to minimize total delay of planes in the control region. In 
this case the objective function can be expressed as 

where a' . are weight coefficients depending on the class of plane i and the terminal node k,. 
k: 

In particular, J, seems meaningful in the terminal area where, because of operationai reasons, the main objective is to minimize 
the final delay. 

When we consider larger airspace regions, we must also take into account the cost connected with deviations from the nominal 
flight profile. In this case, the objective function could be expressed as 

where 

i represents theset of indexes of flights in the region considered in the time interval [to, to + TI; 
K~ is the set of nominal path nodes crossed in R by plane i in the time interval [to, to + TI; 

q , L h  are bynary variables indicating i f  the piane i occupies or not the level h of node k.respectively,in the actual path and in 
the nominal path; 

i' 
k b j  

represents, for plane i, the transit time from level h of node k to level j of thesubsequent node following fuel minimum 
consumption profile; 

a t h j ,  @I are appropriate weight coefficients 

The first term of (6) represents the total shifting of transit times between couples of adjacent nodes from the corresponding 
times in the fuel minimum consumption profile; the second term represents the total deviation of altitude levels from the nominal 
ones. Therefore, J2 could be utilized as a cost index related to the total fuel consumption. 

In this model one must also notice that, if delay costs and deviation costs from the nominal flight profile were evaluable in ho- 
mogeneous quantitative terms, we could take as an objective function J, = J1 + Jp ,wherearrival timesandfuelconsumptions are 
simultaneously considered. 

On the basis of this model the minimization of whichever objective function, with the previous constraints, is a mixed variables 
non linear optimization problem. 

6. REAL TIME SOLUTION ALGORITHM 

The use of the general model above illustrated, involves several computational and operational difficulties. In fact, mathematical 
complexity increases with the number of planes to be controlled; moreover, the provided control methodology may conflict with 
current ATC procedures With regard to these problems, we must consider that the suggested control philosophy may require, for 
every new plane entering the control region, an intervention on ail planes previously planned. Consequently, this could involve 
heavy operational difficulties. 

To partially overcome these difficulties, in the following, we shall consider a simplified model of SCF based on the hypothesis 
that flights planning is carried out according to the FIFO (first in, first out) discipline. 

More in detail, we decide that planning action, for each new plane entering the control region is carried out assuming, as con- 
straints, the flight plans of airplanes still in the system. This hypothesis.obviously. reduces solution optimality, but i t  reduces also 
mathematical complexity (variables relative to only-one plane must be taken into account). Moreover, the suggested control method 
becomes consistent with the current ATC procedures. 

On this basis the mathematical model can be simplified by considering planning oniy one piane at a lime. 
Since minimization of J, = JI + Jp remains a problem which difficulty increases with the number of nodes of the trajectory. 

in the following, a decomposition algorithmic procedure of the control problem is illustrated. 
in such a way, in general, a suboptimal rolution of global problem can be obtained. More in detail thesolution method consists 

in two sequential steps: 

1) determine a solution satisfying constraints (11 + (4 )  and minimizing oniy deviations of altitude levels from the nominal ones; 

2) for the levels fixed in the first step, determine a solution satisfying constraints (3) and (4) and minimizing transit timesdevia- 
tions from the those relative to the nominal flight path (or delay on terminal node). 

Thus, we obtain two different subproblems that can be denoted, respectively, as 'altitude control' and ''speed control". For 
both these problems: details on mathematical models andsolutionalgorithms can be found in 114. 151. In the following we recall 
only the mathematical aspects of each problem and the techniques utilized to solve them. 

6.1. Altitude Control 

The "altitude control', corresponding to step I),  is an optimization problem with mixed variabies, levels h, and transittimes 
t,, where tk are not present in the objective function, but only in the constraints This problem can be suitably formulated and 
effectively solved by a branch and bound technique. In this step, corresponding to each feasible solution found, a sequence of con- 
sistent time windows (one for each level) is also determined. Thus, a sequence of transit times on fixednodes, satisfying all con- 
straints, can be easily defined. 



6.2. Speed Control 

This problem corresponds to the problem defined in step 2). In fact, since we suppose that the altitude levels are the nominal 
ones or thosecomputed in step l), the control action carried out in step 2)is equivalent to the control of the plarm speed. The pr* 
blem, thus stated, is a linear programming one with mixed variables. To solve i t  we have suggested a hybrid algorithm that utilizes 
dynamic programming and a branch and bound technique. Dynamic programming is used to transform a problem with mixed v b  
riables into a problem with only discrete variables, The latter is then solved by an enumerative procedure. 

An important aspect of this method is that, since no discretization of the continuous variable t, is necessary, the optimal solu- 
tion can be reached 

Fig. 4 represents the basic structure of the algorithm here illustrated, while in fig. 5 a complete scheme of routetime profile 
generation system is showed. 
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7. COMPUTATIONAL TESTS 

The algorithm previously described, has been implemented on a UNlVAC 1100182 computer and different series of tests have 
been performed. More in detail, in a first step, the altitude levels have been determined: subsequently, transit time on the prefixed 
nodes have been computed. 

With this approach the altitude levels and the consistent time windows, determined in the first step, are utilized as input data 
for the second. 

Numerical tests were carried out by considering an increasing number of nodes N = 5, 10, 15. 17, 20 for a total of 4M) tens. 
For each test the values of all parameters have been chosenuniformly distributed over fixed intervals, by imposing appropriate 

limits to ensure reciprocal consistency and operational meaningfulness The results are fully reported in Table 1 where, for each 
value of N, the most significant computation times are indicated. In particular, t. is the time required to determine altitudeand i t  
coincides with the time nec-ry to find the first global feasible solution; to is the time relative to the optimal solution and tl is 
the global computation time. 

Number of nodes 

Number of tests 

t. (secl 

to (mcl 

t, isec) 

5 10 15 17 20 

150 110 100 40 10 

,014 .27 6.2 17 102 

,014 .27 7.2 17 102 

,014 .37 7.4 19 112 



The results show that the suggested approach can be used to solve reel-time problems until the number of nodes of trajectory 
is less than 20. For N = 20 thealgorithm behaviour begins to look unsatisfactory. 

However, one must notice that computation times strongly depend both on the number of nodes N and on the number of feasi- 
ble windows corresponding to the various levels. This indicates that the tests mostly increasing the mean computation times, are 
those that simulate traffic congestion situations which happen only in special operational conditions 
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8. CONCLUSIONS 

To sum up we can say that, even if different meanings are associated with the term 'strategic control' and complete studies do 
not existothere is a general agreement on the necessity of introducing a planning function in ATC systems Presently, the main ad- 
vantages that can derive from a strategic control approach, are: 

- reduction in overall flightsdelay; 
- reduction in fuel consumption; 
- reduction in human workload; 
- increase in the use of system capacity; 
- increase in system safety. 

Regarding the first two issues it is useful to point out that the strategic function may allow more regular traffic flows and (ideally 
for all aircraft) more economic flight paths. Consequently, a reduction both in flight delay and in fuel consumptioncan be obtained. 
One must also observe that a significant fuel saving can result from a reduction in holding times. In fig. 6 some fuel consumptions 
figures related to  10-minutes holding are shown. Morevover we must also consider that, for a given delay, the related cost dimini- 
shes the more its forecasting isanticipated (see fig. 7). 

With regards to  human workload, strategic control can reduce the work of controllers and pilots. In fact, a better planning of 
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flights and the possibility of automatic generation of the flight profiles, should lead to a reduction in tactical interventions 
A better exploitation of system capacity is based on a more accurate traffic allotment due to strategic planning. Moreover, i t  is 

worthwhile remarking that all the described phenomena have, directly or indirectly, a positive effect on system safety. 
A quantitative evaluation of the whole economical advantages which can come from the introduction of strategic control has 

been made in (71 with reference to annual traffic of Los Angeles Airport. The estimation forecasts asaving from 40 million dollars 
11972) to 1,500 milliondollan in (1995). 
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Nevertheless, we must admit that the implementation of a strategic control function is not easy in that it depends on numerous 
political, technological and methodological conditions. 

In fact, a first consideration is that the effectiveness of planning action is as much significant as large is the region considered. 
From this follows that, generally, controlled air space interestsdifferent nations and requires a political and normative coordination 
taking into account different air space characteristic and traffic needs. 

With regard to the technological aspects, the possibility of implementing any kind of planning function in the ATC system, as 
already mentioned, depends on the development of the subsystems of navigation, communication, surveillance and information 
procesing. 

Finally, as far as the methodological aspects are concerned, we need to have both mathematical models, able to descrive more 
adequately the system behaviour, and reliable solution methods that use optimization techniques This work intends just t o  help 
in this last direction. However, a real use of the developed model and solution algorithm involves preliminarily an adequate testing 
in the operational environment and alsoacarefull evaluation of the human aspects in that strategic control involves modifications 
in the duties and responsibilities of the controllersand pilots 
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ABSTRACT 

This paper describes an automated air-traffic-management concept t h a t  has the  po ten t i a l  f o r  
s i gn i f i can t l y  increasing the e f f i c i ency  o f  t r a f f i c  flows i n  high-density terminal areas. The concept's 
implementation depends on techniques f o r  con t ro l l i ng  the landing t ime of a l l  a i r c r a f t  enter ing the 
terminal area, both those tha t  are equipped wi th on-board four-dimensiona'r(40) guidance systems as we l l  
as those a i r c r a f t  types tha t  are conventional ly equipped. The two major ground-based elements of the 
system are a scheduler which assigns con f l i c t - f r ee  landing times and a p r o f i l e  descent advisor. Landing 
times provided by the scheduler are upl inked t o  equipped a i r c r a f t  and t rans la ted  i n t o  the  appropriate 40 
t r a j ec to r y  by the on-board flight-management system. The con t ro l l e r  issues descent advisories t o  
unequipped a i r c r a f t  t o  help them achieve the assigned landing times. A i r  t r a f f i c  con t ro l  simulat ions 
have establ ished tha t  the concept provides an e f f i c i e n t  method fo r  con t ro l l i ng  various mixes o f  
40-equipped and unequipped, as we l l  as low- and high-perfotmance, a i r c ra f t .  P i l o t ed  simulat ions of 
p r o f i l e s  flown w i th  the a i d  of advisories have v e r i f i e d  the a b i l i t y  t o  meet speci f ied descent times w i th  
prescribed accuracy. 

1. INTRODUCTION 

After years of research, automation o f  a i r  t r a f f i c  con t ro l  (ATC) procedures remains a d i s t an t  
goal. While much progress has been made i n  the processing and d isp lay  of information fo r  contro l lers,  
the  major decis ion and cont ro l  funct ions involved i n  managing t r a f f i c  continue t o  be done i n  the 
t r a d i t i o n a l  way by teams of con t ro l le rs  who work without s ign i f i can t  computer assistance. This 
s i t ua t i on  contrasts sharply wi th the s i t u a t i o n  o f  the p i l o t  of a modern a i r c r a f t  who uses numerous 
automated systems f o r  guidance, contro l ,  and navigation, inc lud ing  automated f l i gh t -pa th  management. 

At f i r s t ,  problems i n  ATC automation o f ten  do no t  appear t o  be more d i f f i c u l t  than t yp i ca l  a i r c r a f t  
guidance and cont ro l  problems t ha t  have been successful ly solved. But then, a f te r  sane promising 
i n i t i a l  successes, unforeseen problems surface and reach unmanageable complexity as more and more 
p rac t i ca l  constra ints are included, leading t o  the eventual abandonment o f  the e f f o r t .  Yet the need t o  
increase safety, capacity, and f u e l  ef f ic iency,  and t o  reduce con t ro l l e r  workload i n  a per iod of r i s i n g  
t r a f f i c  densi ty  provides a continued impetus for developing p rac t i ca l  so lut ions t o  ATC automation 
problems. 

Much o f  the d i f f i c u l t y  i n  designing automated ATC systems stems from the complex and ever-changing 
a i r  t r a f f i c  environment. Whereas con t ro l le rs  usua l l y  can adapt t o  such an environment, automated 
systems have so f a r  lacked the  f l e x i b i l i t y  t o  adapt t o  it. For example, automated systems must be able 
t o  handle a range o f  a i r c r a f t  types, from high-performance j e t s  t o  low-performance, general-aviat ion 
a i r c ra f t .  Furthermore, the  systems must al low f u tu re  a i r c r a f t  equip ed wi th four-dimensional (40). 
flight-management systems t o  f l y  t h e i r  optimized f l i g h t  p r o f i l e s  whiye e f f i c i e n t l y  con t ro l l i ng  a i r c r a f t  
w i t h  conventional avionics ( re fe r red  t o  as unequipped a i rc ra f t ) .  F ina l l y ,  the  systems must provide an 
i n t e l l i g e n t  in te r face  so the decisions o f  the automated system can be supervised by the con t ro l le r .  

This paper describes an automated concept f o r  t r a f f i c  management i n  the  terminal area t ha t  has the 
po ten t i a l  f o r  meeting the design object ives and constra ints j u s t  discussed. The design evolved frm a 
series of studies i n  40 guidance and ATC simulat ions conducted a t  NASA Ames Research Center during the  
past 10 years. The v i a b i l i t y  o f  the concept hinges on techniques which accurately contro l  the landing 
times of all a i r c r a f t  enter ing the terminal area. no t  j u s t  4D-equipped a i r c ra f t .  The advantage of a 
system based on time cont ro l  i s  tha t  it provides a uni f ied framework fo r  automating flow cont ro l  and fo r  
scheduling and spacing a l l  types o f  t r a f f i c .  F u r t h e m r e ,  t h i s  time-based system i s  i d e a l l y  su i ted  t o  
exp lo i t  the t ime-control capab i l i t i e s  o f  f u t u re  4D-equipped a i rc ra f t ,  whose populat ion i n  the t r a f f i c  
mix i s  expected t o  increase steadi ly. 

The paper begins wi th an overview o f  the concept, fol lowed by a review of r esu l t s  fran con t ro l l e r -  
i n t e rac t i ve  simulat ions o f  an i n i t i a l  design. These simulat ions have shed l i g h t  on the question o f  how 
acceptable the  various automated procedures and computer aids are t o  con t ro l l e r s  and how su i tab le  t he  
concept i s  f o r  con t ro l l i ng  a mix o f  a i r c r a f t  (e.g., t ha t  are equipped and unequipped, high performance 
and/or low performance). F ina l l y ,  the design and the  p i lo ted-s imulator  evaluation w i l l  be described fo r  
an a lgor i thm f o r  con t ro l l i ng  the landing time o f  unequipped a i rc ra f t - -a  c ruc i a l  element o f  the concept. 

2. OVERVIEW OF TRAFFIC-MANAGEMENT SYSTEM 

Fig. 1 shows the major elements o f  the terminal-area-traffic-management system tha t  i s  bein 
studied a t  Ames Research Center. The two major ground-based elements of t h i s  system are pr imar i@y 
embodied i n  two computer algorithms re fe r red  t o  as the scheduler and the 40 p r o f i l e  descent advisor. 
The airborne elements are a i r c r a f t  equipped w i th  40 flight-management systems and unequipped a i r c ra f t .  

The scheduler generates t he  landing order and the  con f l i c t - f r ee  landing times f o r  a i r c ra f t .  
both 40-equipped and unequipped. Primary input  t o  the scheduler i s  the l i s t  of a r r i v a l s  and t h e i r  
estimated a r r i v a l  times a t  the en t r y  po in t  i n t o  the  extended terminal area. Entry points, a lso known as 
feeder fixes, general ly  are located near the  end o f  cru ise f l i g h t  j u s t  p r i o r  t o  the descent point,  which 
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Fig. 1. Terminal-area traffic management system. 

is about 120 n.mi. from the destination runway for conventional jet-transport aircraft. The most 
important factors considered by the scheduler in generating efficient landing times are the minimum 
separation times between aircraft and the landing-order criterion, as exemplified by the 
f irst-come-f irst-served rule. 

The minimum time separations between aircraft are derived fran the minimum-distance separation 
rules specified by the FAA and given in Table 1. These separation rules depend on aircraft weight class 
(small, lar e. and heavy) and the landin sequence. By combining the data in Table 1 with the known 
speed profifes of each aircraft weight c 9 ass along the common final-approach path, the matrix of minimum 
time separatlon (Table 1) can be calculated. If two consecutive aircraft are 40-equipped, the 
interarrival times given in Table 1 are used directly for scheduling purposes.. However, unequipped 
aircraft, which cannot achieve specified landing times as accurately as 40-equipped aircraft, are given 
additional time buffers to prevent separation-distance violations. Further discussion of this subject 
can be found in Ref. 1. 

The scheduler is designed as a real-time expert system that provides for efficient interaction with 
a human controller. The controller monitors the time assignments of the scheduler on a graphics 
terminal and can override its ordering and time-assignment decisions by using a small, but flexible, 
list of comnands. For example, controllers can delay traffic at the feeder fixes or increase the time 
separation if delays are being encountered in the terminal area. Also. they can overrule the built-in 
first-come-first-served rule to give landing time priority to a missed approach or emergency alrcraft 
(Ref. 2). 

The landing times generated by the scheduler are handled in one of two ways dependin on whether 9 the times apply to a 4D-equipped or unequipped aircraft. The times are assumed to be up1 nked auto- 
matically to equipped aircraft where the on-board 4 0  fli ht-management s stem translates time commands 
into the appropriate 40-trajectory comnands. The autopilot then flies tfe aircraft according to these 
comnands, achieving a landing-time accuracy of about 25 sec (Refs. 3.4). 

Table 1. Distance- and time-separation rules 

Trailing Aircraft 

3 3 3 98 74 74 
Large 4 3 3 74 74 I :s 6 5 4 114 94 

p~ - 

Minimum separation distance (n.m) 

Aircraft Type Small Large Heavy 

Minimum separation time ( s ~ c )  

Small Large Heavy 



The landing times f o r  the unequipped a i r c r a f t  cons t i tu te  the primary input  t o  the 40 p r o f i l e  
descent advisor whose algori thms res ide i n  the ATC host computer o r  i n  a minicomputer l inked t o  the 
host. By using ATC radar- t racking data, wind p r o f i l e s  and a i r c r a f t  performance models. the  descent 
advisor generates s imp l i f ied  40 t r a j ec to r y  comnands which are displayed on t he  a r r i v a l  con t ro l l e r ' s  
monitor as b r ie f  con t ro l l e r  advisories. The a r r i v a l  con t ro l l e r  then issues the advisories t o  the p i l o t  
o f  the unequipped a i rc ra f t .  When the p i l o t  proper ly  executes these advisories, the unequipped a i r c r a f t  
w i l l  a r r i ve  a t  the designated t ime-control po in t  w i t h i n  acceptable e r ro r  bounds. The ar r i va l - t ime 
accuracy o f  the unequipped a i r c r a f t  should be a reasonably small f rac t ion  of the  minimum i n t e r a i r c r a f t  
a r r i v a l  times given i n  Table 1 i n  order t ha t  the benefi ts of a time-based system be f u l l y  real ized. 
This requirement l ed  t o  the choice of 220 sec as the desired accuracy. 

3. ATC SIMULATIONS OF MIXED TRAFFIC 

The terminal-area traffic-management concept described i n  the previous section has been evaluated 
and i t s  design ref ined i n  a series of real-time, con t ro l le r - in te rac t i ve ,  ATC simulations. For t h i s  
purpose an extensive set of software too ls  and s imulat ion techniques were developed t o  permit the  study 
of time-based ATC concepts under reasonably r e a l i s t i c  conditions. Special features incorporated i n  the 
simulator include algorithms fo r  on-board. 4D-guidance and ground-based, speed-advisory systems and 
i n te rac t i ve  scheduling log ic  wi th associated graphics displays (Ref. 5). 

Examples of c r i t i c a l  issues t ha t  have been addressed i n  simulat ions are the  fol lowing: 1) E f fec t  
o f  percentage o f  4D-equipped a i r c r a f t  i n  the t r a f f i c  mix on con t ro l l e r  workload and landing rate; 2) 
effectiveness of speed advisories; 3) con t ro l l e r  procedures fo r  handling 4D-equipped a i r c r a f t ;  and 4) 
rescheduling of missed-approach a i rc ra f t .  A complete discussion of simulat ion resu l t s  can be found i n  
Refs. 2 and 6. The simulat ion scenario and con t ro l l e r  procedures w i l l  b r i e f l y  be described f i r s t .  

3.1 Scenario and Cont ro l le r  Procedures 

The terminal  area simulated i n  these studies i s  based on the  John F. Kennedy (JFK) In te rna t iona l  
A i rpor t  i n  New York. The route s t ruc tu re  and runway configurat ion together w i th  information used by the  
con t ro l le rs  are shown i n  Fig. 2. Two routes, E l l i s  from the  nor th and Sates from the south, are 
h igh-a l t i tude  routes flown by large o r  heavy je t - t ranspor t  a i r c ra f t .  Both 40-equipped and unequipped 
a i r c r a f t  on these routes f l y  profile-descent. fuel-conservative procedures, provid ing a mix o f  the  same 
speed class on the same route. Low-performance (general-aviat ion) a i r c r a f t  f l y  the Deerpark route from 
the  east, but  use the  same f i n a l  approach and land on the  same runway as the  j e t  t r a f f i c .  The Deerpark 
t r a f f i c  i s  unequipped and always const i tu tes 25% of the  t r a f f i c  mix. 

I n  these simulat ions a i r c r a f t  entered the  extended terminal area a t  the feeder f i x  po in ts  f l y i n g  a t  
cru ise speed and a l t i tude .  The t o t a l  distance t o  be flown by high-performance j e t s  was 120 n.mi. and 
t ha t  flown by low-performance a i r c r a f t  was 60 n.mi. Two a i r  t r a f f i c  con t ro l l e r  posi t ions were estab- 
lished, a r r i v a l  con t ro l  and f i n a l  control.  The a r r i v a l  con t ro l l e r  con t ro l  led  a i r c r a f t  f ran a l l  three 
feeder f ixes and transferred t r a f f i c  t o  the f i n a l  con t ro l l e r  a t  approximately 30 n.mi. fro. touchdown. 

\ ELLIS 
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ID TYPE RT STA DY CAS 

R1 4 SA 3700 0 

I1 H4 SA 3824 0 

L2 SU DP 4131 -50 115 

J1 U EL 4305 35 260 

T I  4 SA 4429 0 
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G2 H4 SA 5247 2849 

Fig. 2. Cont ro l le r  d isp lay  showing route s t ruc tu re  and f l igh t -da ta  table. 



Control procedures d i f fered f o r  40-equipped and -unequipped a i r c ra f t .  Contro l lers were ins t ruc ted  
t o  monitor the progress of 40-equipped a i r c r a f t  a f te r  the time assignment had been established. and t o  
overr ide the  autanated scheduler only i f  necessary t o  ensure safe separation. Any 40-equipped a i r c r a f t  
could a lso be con t ro l led  by conventional methods and t reated as unequipped. A l te rna t ive ly ,  a 40- 
equipped a i r c r a f t  which had been taken o f f  i t s  40 route and time schedule could be given a waypoint t o  
recapture a 40 route and be given a rev ised landing time. Unequipped a i r c r a f t  were considered t o  be 
navigating i n  the  conventional manner v i a  very-high-frequency omnidirect ional range procedures, w i th  
a l t i t u d e  clearances, radar vectors, and speed control.  

i den t i f i ca t i on ,  type, a l t i t ude ,  and 
po r t i on  of t h e d i s p l i y  i s  generated by the scheduler and speed advisory system. At the  top of the 
table. the t ime i s  shown i n  hours, minutes. and seconds. The f i r s t  column shows the a i r c r a f t  i d e n t i f i -  
catio;? (ID), such as " R l . "  The second column provides a i r c r a f t  type (TYPE) which includes 1)  weight 
category (small (5). large (blank), o r  heavy ( H I ) ;  and 2) 4D status (equipped (4) o r  unequipped (U) ) .  
The t h i r d  column provides the  assigned route (RT). The four th column i s  the  scheduled t ime o f  a r r i v a l  
(STA) a t  the runway i n  minutes and seconds. Thus. R 1  i s  scheduled t o  touch down a t  13:37:00. Note t h a t  
touchdown times are shown f o r  a l l  a i r c r a f t ,  whether they are 40-equipped o r  unequipped. For the  40- 
equipped a i r c ra f t ,  these times are assigned by the ground-based computer system. For the unequipped 
a i rc ra f t ,  the t ime assignments are not  given t o  the  p i l o t  d i r ec t l y ;  rather, the c o n t r o l l e r  uses speed 
advisories and the known-to-be-on-time pos i t ions  o f  4D-equipped a i r c r a f t  as they traverse t h e i r  routes 
t o  achieve touchdown a t  the times indicated. The next column i s  the  expected delay (DY) a t  touchdown i n  
seconds. I n  an e f f o r t  t o  simulate the charac te r is t i cs  o f  the current  en route ATC system, which does 
no t  provide accurate t ime contro l ,  the  unequipped a i r c r a f t  were assumed t o  depart t h e i r  feeder f ixes 
w i th  an i n i t i a l  t ime e r ro r  uni formly d i s t r i bu ted  i n  the range +I20 sec. This amount i s  considered 
ra ther  large even by today's c o n t r o l l e r  experience and certainTy w i l l  be less w i th  a f u tu re  en rou te  
metering system. Thus, i f  an a i r c ra f t  departed the feeder f i x  90 sec late. a DY of 90 would be 
displayed, ind ica t ing  t ha t  unless c o n t r o l l e r  act ion was taken, the  a i r c r a f t  would touch down 90 sec 
late.  Ea r l y  a r r i v a l s  were indicated by a negative value i n  the DY column, and l a t e  a r r i v a l s  by a 
pos i t i ve  value. A l l  4D-equipped a i r c r a f t  departed the  feeder f i x  a t  the scheduled departure time. I n  
f l i g h t  tests, it has been shown t h a t  4D-equipped a i r c r a f t  can meet time schedules w i t h i n  +5 sec; hence. 
these small e r ro rs  were neglected (Refs. 3.7). 

The data i n  the l a s t  column give the  ca l i b ra ted  airspeeds (CAS) i n  knots, computed by the  speed 
advisory system. These speed advisories, which are based on current  a i r c r a f t  posi t ion,  a l t i tude ,  and 
wind p r o f i l e ,  help the  c o n t r o l l e r  t o  cor rec t  the unequipped a i r c r a f t ' s  time er ro rs  shown i n  the DY 
column. The speed advisory i s  recomputed once per minute using the current  a i r c r a f t  pos i t i on  as long as 
the  delay remains la rger  than 20 sec. This feature gives the  a r r i v a l  con t ro l l e r  the freedan t o  issue 
the advisory a t  a convenient time. 

The speed advisory incorporated i n  the  ATC s imulat ion i s  a s imp l i f ied  ea r l y  version of the more 
recent ly  developed descent-advisor algorithm, which i s  de ta i led  i n  a l a t e r  section. It w i l l  be seen 
tha t  the  new algori thm also provides top-of-descent-point and Mach number advisories i n  addi t ion t o  the 
CAS advisory. However, fo r  inves t iga t ing  c o n t r o l l e r  response and other  ATC-related issues the speed 
advisory system used provides a s u f f i c i e n t l y  r e a l i s t i c  substi tute. 

F ina l l y ,  a i r c r a f t  below the dot ted l i n e  i n  Fig. 2 are a i r c r a f t  which w i l l  enter the simulated 
con t ro l  region a t  t h e i r  respective feeder f ixes w i t h i n  the next 5 min. The feeder-f ix s t a r t  times are 
given i n  minutes and seconds. 

3.2 Sunmary o f  Results 

The t r a f f i c  mixes examined i n  simulation runs, each l as t i ng  1.5 hr, were 0%. 25%. and 50% 40- 
equipped a i r c r a f t .  For each mix, the t o t a l  a r r i v a l  r a te  from the three approach routes was selected t o  
generate a f u l l  landing schedule w i th  no excess time gaps between touchdown. This cond i t ion  required 
a r r i v a l  ra tes  t ha t  var ied fran 30 a i r c ra f t / h r  for the  0% o r  basel ine mix t o  33 a i r c r a f t l h r  for the  50% 
mix. The va r i a t i on  i s  due t o  the  t ime separation bu f f e r s  added f o r  the  unequipped a i r c ra f t .  A l l  runs 
included the 920-sec  feeder- f ix  departure e r ro rs  fo r  unequipped a i rc ra f t .  

Contro l lers ra ted  a l l  mixes as having acceptable workload, bu t  considered the 25% mix without speed 
advisories the most d i f f i c u l t  t o  contro l .  This r e s u l t  was probably re la ted  t o  the con t ro l l e r  procedures 
adopted f o r  t h i s  experiment o f  not  d is rup t ing  the  planned 4D paths o f  the equipped a i r c r a f t  unless i t  
was necessary f o r  safety. As a consequence, the f i n a l  con t ro l l e r  occasional ly vectored an unequipped 
a i r c r a f t  t o  con t ro l  i t s  distance spacing fran an equipped a i r c r a f t  when he would have preferred under 
the circumstances t o  vector the equipped a i r c ra f t .  One so lu t ion  t o  t h i s  problem tha t  w i l l  be examined 
i n  future simulat ions i s  a re laxa t ion  of the "do no t  d is rup t "  ru le .  Then, a f te r  vector ing an equipped 
a i r c r a f t ,  the con t ro l l e r  would assign a new 40 route and landing time t o  tha t  a i rc ra f t .  Some experience 
w i th  t h i s  approach was recen t l y  obtained i n  handling missed approaches o f  equipped a i r c r a f t  (Ref. 2). 

Contro l lers regarded the basel ine mix of 0% as reasonable w i th  respect t o  con t ro l  d i f f i cu l t y ,  but  
no t  because o f  l ightened workload. Rather i t  was the  most f am i l i a r  mode of operation. The con t ro l l e r s  
regarded the 50% mix as easiest t o  control.  

Under a l l  mix conditions, con t ro l l e r s  found the  landing order provided by the f l i gh t -da ta  tab le  i n  
Fig. 2 t o  be helpfu l  and general ly  accepted the suggested ordering. But they d i d  not  make use of the 
numerical landing-time data. 

Further i ns i gh t  i n t o  the  s imulat ion resu l t s  can be obtained by examining the  composite p l o t  of 
a i r c r a f t  ground tracks generated dur lng a 1.5 h r  s imulat ion run. Such a p l o t  i s  shown i n  Fig. 3a fo r  
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Fig. 3. Composite trajectories from ATC simulation, 

the 25% mix without speed advisories. In the arrival sector, from the feeder fixes to the hand-off 
points, the flightpaths are largely undisturbed, indicating that the arrival controller acted primarily 
as a traffic monitor. After the hand-off points, the flightpaths spread into the broad envelope which 
characterizes manual vectoring. This spreading is the result of the final controller issuing heading 
vectors that cause unequipped aircraft merging f r m  the three routes to be properly spaced on final 
approach. Although the arrival controller had available the scheduled landing times for the unequipped 
traffic he could not use this information to correct spacing errors before the hand-off point. 
~videntl~, aircraft are still too far fran the merge point for the arrival controller to anticipate 
future spacing errors. As a result, control difficulty and workload were unevenly distributed between 
the two control positions. with the final control position requiring higher skill and greater workload 
than the approach control position. 

A composite plot for the 25%-mix condition, in which speed advisories were used, is shown in Fig. 
3b. The advisories were issued by the approach controller shortly after unequipped aircraft with time 
errors exceeding 20 sec departed the feeder fixes. Typically, only one advisory was issued per 
aircraft. The unequipped traffic was handed off to the final controller with significantly reduced time 
errors. As a consequence, the final controller needed to make only minor adjustments in the flightpaths 
to achieve the desired spacing. The resulting fmprovement in the traffic flow manifests itself as a 



reduction in the spread of flightpaths along all three routes. Furthermore, controllers comnented that 
speed advisories resulted in less bunching of traffic and fewer "ties' in the merging area. Traffic 
seemed to blend together smoothly and required fewer vectors, resulting in reduced complexity of control. 

The 50% mix with speed advisories was rated by controllers as providing the most desirable control 
environment of all conditions evaluated. The controllers c m e n t e d  that it was easy to fit the 
unequipped aircraft into their planned time slots by vectoring or speed control in the final control 
sector. One controller stated that he could work and stay on top of the traffic without being 
overtaxed. These favorable controller evaluations are reflected in the well-ordered and narrowly 
distributed composite-trajectory plots (Fig 3c) obtained for this simulation run. 

In conclusion, the procedures, computer assists, and information displays used in these simulations 
established a workable baseline configuration for efficiently controlling a mix of 4D-equipped and 
unequipped aircraft in a time-based environment. 

4. DESIGN AND SIMULATION OF 4D-PROFILE-DESCENT ADVISOR 

4.1 Selection of Descent Profiles 

The trajectories generated by the descent-advisor algorithm are based on models of fuel 
conservative procedures used in airline operations. In such procedures the pilot first selects the 
point of descent usin a simple rule of thumb to estimate the idle-thrust descent distance. A rule 
frequently used by pijots assumes 300-ft altitude loss/n.mi. Choosing the point of descent so as to 
minimize level flight at low altitude is probably the pilot's most important decision for optimizing 
fuel efficiency. At the point of descent, the pilot reduces thrust approximately to idle and at the 
Same time comnands a pitch-down attitude so as to hold Mach number fixed at the cruise value. Thrust 
may be kept slightly above the idle position if there is a requirement not to exceed a descent-rate 
limit, typically 3000 ft/min. During this constant Mach descent, CAS will increase steadily. When CAS 
has climbed to a desired value the pilot ceases holdfng the Mach number and begins tracking the desired 
CAS throuah aoorooriate adiustments to the oitch attitude. As the aircraft aooroaches an altitude of 
10,000 ft; the' pijot reduces the descent raie briefly to decelerate to 250 kibts calibrated airspeed 
(KCAS) as required by ATC regulation. If the initial descent point had been selected pro erly, the 7 aircraft will be 3 0  n.mi. from touchdorm at the end of the deceleration and the pilot wil resume the 
descent into the terminal area. 

The primary function of the descent-advisor algorithm is to select the speed profile that achieves 
the arrival time specified by the scheduler. A secondary function of the advisor is to provide an 
accurate estimate of the point of descent to optimize fuel efficiency. Later it will be seen that the 
algorithm accomplishes both functions in a unified computational procedure. 

The algorithm selects the speed profile with the help of a parameter. o . which determines a Mach 
number and CAS that falls within the speed envelope of the aircraft as follows: 

The family of speed profiles generated by Eqs. (1) and (2) are superimposed in Fig. 4 upon the speed 
envelope of a 727 aircraft. Note that the maximum-speed boundary contains a corner at 25,000 ft where 
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Fig. 4. Speed profiles for time control. 



the maximum Mach wmber and maximum CAS boundaries intersect. The family of speed profiles generated by 
Eqs. (1) and (2) converges into this corner as a approaches 1, thereby covering the full-speed 
envelope of the aircraft. 

The relationship between the parameter, a , and the arrival time at the 30 n.mi. fran touchdown 
point is not amenable to a closed-form solution, since there are complex aerodynamic. propulsion, and 
atmospheric models embedded in the relationships. Thus, a procedure that computes a iteratively has 
been developed. Initially, the procedure calculates the minimum and maximum arrival times by 
settin o to one and zero, respectively. If the specified time falls within the feasible t h e  range, 
iteratjon on o by a directed trial and error technique is begun and continues until the arrival-time 
error falls within acceptable bounds (for example, 2 sec). Experience has shown that five iterations 
are generally sufficient to achieve a 2-sec accuracy. The next section will describe the equations of 
motion that must be integrated for each iteration of o. (Ref. 4). 

For reasons of brevity, the speed-profile selection process just described has been considerably 
Simplified compared to the method actually implemented in the computer algorithm. The cmputer 
algorithm includes a more complicated mapping of o into profiles that provides an appropriate 
transition from the cruise Mach number to the descent Mach number. It also eliminates constant Mach 
segments in the speed profile if the descent CAS is less than the cruise CAS. 

4.2 Equations of Motion 

Numerical integration of a simplified set of point-mass equations of motion has been adopted as the 
basic method for calculating the descent trajectory and arrival time corresponding to a given speed 
profile. This method is canputationally intensive, but it is more flexible and more accurate than 
schemes that depend on analytical approximations or precomputations of trajectories. Here, no restric- 
tive assumptions on pilot procedures, wind profiles, or aircraft performance models need be made in 
calculating trajectories. Potentially, it would even be possible to include the preferred procedures of 
individual airlines in the calculations of the descent trajectories. 

To begin with, it is assumed that the aircraft is flying along a known horizontal path in space. 
Therefore, the problem simplifies to finding the vertical profile along the known horizontal path. 
Furthermore, the horizontal path is assumed to be a straight line, though it is easily modified to 
include curved segments. Using an Earth-fixed coordinate system with x as the horizontal axis 
pointing in the flight direction and h as the upward-pointing vertical axis, the components of 
inertial velocity u and w that must be integrated are 

where V, is the true airspeed, Y. the aerodynamic flightpath angle and u. the horizontal 
component of wind. The airspeed acceleration is calculated from the following equations: 

du dV~-U-g siny  -2 - - 
dt m a dt 

where T is thrust, 0 is drag, L is lift, m is aircraft mass, and g is acceleration of 
gravity. The approximation in Eq. (6) implies that accelerations normal to the flightpath are 
considered to have negligible effect on trajectory modeling for this application. This assumption is 
valid for the low-g maneuvers encountered in cornercial transport operations. The value of lift 
computed by solving the algebraic Eq. (6) couples into Eq. (5) through the dependence of drag on lift. 
The last t e n  in Eq. (5) reflects the influence of a time-dependent wind, also known as wind shear, on 
the airspeed acceleration. On the time and distance scale of a descent trajectory it is reasonable to 
assume that wind shear is only encountered during changes in altitude, implying the relationship 
u.(h). The drag coefficient involved in calculating the drag force was represented by seven 
fourth-order polynomial functions, each representing a different Mach number in small increments from 
Mach 0.6 to 0.9. Both tables and polynonial functions were used to m d e l  the thrust and the fuel flow 
as a function of engine-pressure ratio (EPR). Mach number, temperature, and pressure. Idle thrust and 
fuel flow were stored in separate tables indexed by Mach number and altitude. Such aircraft perfonance 
models must be developed for all major aircraft t k e s  that operate into the terminal area where the 
descent advisor is used to prpvide time control. 

Another important quantity that the descent advisor uses in computing trajectories is aircraft 
mass. An adequate estimate of mass can be calculated fran a knowledge of aircraft type, point of 
origin, and takeoff mass. Such infonation is generally contained in aircraft flight plans or can be 
obtained from the pilot at take-off time. 

4.3 Constant MachKonstant CAS Segments 

In modeling the speed profile it was shown that pilots maintain either a constant Mach number or a 
constant CAS during the majority of an aircraft's descent into the terminal area. This assumption can 



be used t o  reduce the  d i f f e r e n t i a l  equation fo r  airspeed. Eq. (5). t o  an algebraic re la t ion .  Conse- 
quently, only  the pos i t ion  rates, Eq. (3 )  and (4). need t o  be numerical ly in tegrated i n  such segments. 

Considering f i r s t  the constant Mach segment, one can w r i t e  from the  d e f i n i t i o n  o f  Mach number 

VT = a(h)M (7 )  

where a i s  the speed o f  sound, which i s  a function of a l t i t ude .  D i f f e ren t i a t i ng  t h i s  equation w i th  
respect t o  t ime and using the  f a c t  t ha t  M i s  constant, y i e l ds  

where use was made of Eq. (4) and s i n  Y, - Y,. After  replac ing the  l e f t  s ide of Eq. (5)  w i th  the  r i g h t  
s ide of Eq. ( 8 )  and ca lcu la t ing  the  wind shear term i n  Eq. (8) as du./dt = (du,ldh)~,v~, an 
e x p l i c i t  expression f o r  Y, i s  obtained as 

where the  m a l l  angle approximation, s i n  Y. I. Y, has been used. For a constant Mach segment a t  a 
known a l t i tude ,  a l l  quant i t ies  needed t o  canpute Y, are e i t h e r  known o r  measurable. The der iva t i ve  
da/dh must be computed by d i f f e ren t i a t i on  of the speed of sound function. If t h i s  func t ion  i s  obtained 
from a tab le  of the standard atmosphere, the  der iva t i ve  can be precomputed numerically, curve- f i t ted f o r  
the range o f  a l t i t udes  o f  in terest ,  and permanently stored fo r  use by the program. However, the most 
accurate resu l t s  w i l l  be obtained by ca lcu la t ing  the  speed of sound function frm the temperature 
p r o f i l e  measured a t  the time and loca t ion  o f  the descent. Calculat ion o f  the wind shear term. ' 

du,,/dh, depends on knowledge of the altitude-dependent wind p r o f i l e  i n  the  descent airspace. The 
descent advisor must compute the der iva t i ve  numerical ly and update the der iva t i ve  whenever the wind 
p r o f i l e  i s  updated. Thus, each terminal area where the  descent advisor i s  used w i l l  have t o  provide fo r  
measuring the wind p r o f i l e  a t  regular  i n t e r va l s  dur ing each day. Several technical means e x i s t  f o r  
measuring the wind p r o f i l e  inc luding the  use o f  conventional weather balloons. (Ref. 8). 

Considering next the  constant CAS segment, an expression f o r  Y, can be derived i n  a s im i l a r  
manner. One begins by w r i t i n g  the expression r e l a t i n g  t rue  airspeed and CAS 

The time der iva t i ve  of Eq. (10) y i e l d s  a r e l a t i o n  analogous t o  t ha t  f o r  the constant Mach case 

An e x p l i c i t  expression f o r  V,(Vc& .h) i n  terms o f  Vcs , the speed o f  sound, a, and the  atmo- 
spheric pressure, p, can be derived frm expressions found i n  standard textbooks on aerodynamics and 
f l i g h t  mechanics (Ref. 9)  

VT = a 'a i r  - I OSL 2 
"CAS + 

(12) 

where p, and P, are sea-level values of atmospheric pressure and a i r  density, respectively, 
and Y,#, i s  the  spec i f i c  heat o f  a i r .  Since atmospheric pressure, p, and speed of sound, a, are 
known functions o f  a l t i tude ,  h, the expression f o r  V, i n  Eq. 12 i s  i n  the form required b y  Eq. 
(10). However, the complexity o f  Eq. (12) makes it infeasib le t o  compute the der iva t i ve  of VT w i th  
respect t o  h a n a l y t i c a l l y  fo r  use i n  Eq. (11). Therefore, the der iva t i ve  i s  computed by a standard 
numerical technique. 

The expression f o r  the f l i g h t p a t h  angle i n  the constant CAS segment can now be obtained by 
combining Eq. (5)  and (11) 

- (v) ( dVT 1 ya lmS constant V T - + g + - V  dh dh T " ) 
The l a s t  question t o  be se t t l ed  i n  computing Y, i s  how t o  determine the  thrust, T, i n  the two 

expressions f o r  the f l i gh tpa th  angle. I n  a conventional ly equipped a i r c r a f t  p i l o t s  hold t h rus t  more o r  



less constant dur ing descent by keeping the t h r o t t l e  levers a t  t h e i r  i d l e  posi t ion.  However, i f  the 
i d l e  t h r o t t l e  pos i t i on  resu l t s  i n  an excessive descent r a t e  during a por t ion  of a descent, the p i l o t  
w i l l  adjust the  t h r o t t l e s  t o  maintain the descent r a t e  a t  a specif ied l i m i t .  Since both speci f led-  
th rus t  and specified-descent-rate segments can occur under appropriate conditions, both have been 
implemented and the  choice between them i s  determined by the  constra ints of the  descent. If t he  descent 
rate, 6 i s  specified. Y, i s  computed frw the r e l a t i o n  Y, - ~ / V T  and Eq. (9) and (13) are 
solved For the unknown thrust .  It should be noted here tha t  a p ~ l o t  cannot eas i l y  f l y  a comnanded value 
of Y, d i r e c t l y  because no readout of t h i s  quant i t y  i s  provided on conventional cockpi t  instruments. 

It i s  of i n t e res t  t o  evaluate the  effect of the windshear t e n .  (du,/dh).VT on the  descent 
p ro f i le .  For example, a decreasing t a i l  wind (du,/dh > 0) dur ing descent r esu l t s  i n  a Y. t ha t  i s  
shallower than t ha t  f o r  a constant wind. Thus, i n  t h i s  case, the  descent t r a j e c t o r y  experiences an 
expansion of the distance t o  descend frw cruise a l t i tude .  The opposite effect occurs fo r  a decreasin 
head wind. For a t yp i ca l  wind shear o f  2 knots/1000 ft, the calculated distance t o  descend from 35,00% 
ft t o  sea leve l  would be i n  e r ro r  by 5 n.mi. if t h i s  term were neglected. 

4.4 In tegra t ion  Algori thm 

A fourth-order Runge-Kutta scheme was adopted fo r  the  numerical i n t e  r a t i o n  of the t r a j e c t o r y  
equations (Ref. 10). This scheme gives accurate resu l t s  wi th r e l a t i v e l y  jarge step sizes and a lso does 
not  requ i re  evaluat ing der iva t i ves  of the complex functions appearing on the  r ight-hand sides of the 
equations being integrated. The l a t t e r  property  s imp l i f ies  the in tegra t ion  o f  functions speci f ied i n  
tabular  f o n .  For the constant Mach number and constant CAS segments which cons t i tu te  the  ma jo r i t y  of 
the descent, on ly  Eqs. (3) and (4) need t o  be integrated, as previousiy explained. L e t t i n g  A t  
represent the t ime increment, then the  states (x ,+~ . hltl ) a t  the  ( ~ + l ) ~ ~  time increment are 
determined from four sets o f  sequent ia l ly  computed s ta te  increments as fol lows: 

At the top and b o t t w  o f  the descents rap id  changes i n  speed occur, and ne i ther  Mach number nor CAS 
remain constant. During these accelerat ion o r  decelerat ion i n te r va l s  it i s  also necessary t o  in tegra te  
Eq. (5) representing r a t e  of change o f  airspeed. The incremental Eqs. (14) through (23) were augnented 
appropr iate ly  t o  in tegrate t h i s  equation. 



The i n t e g r a t i o n  t ime increment, At, was exper imenta l ly  se lected t o  be as la rge  as poss ib le  t o  
c o n s i s t e n t l y  g ive  accurate and numer ica l ly  s tab le resu l t s .  The optimum step s izes were 60 sec f o r  the  
constant Mach/constant CAS segments and 30 sec f o r  t h e  acceleration/deceleration segments. 

4.5 Example Descent P r o f i l e  

decelerat ion t o  250 knots. A descent t ime of 985 sec. measured from the  150 n.mi. s t a r t i n s  p o i n t  t o  t h e  
end o f  the  decelerat ion, i s  specified. The wind i s  assumed t o  be zero throughout the  descint.  

The synthesfzed t r a j e c t o r y  cons is ts  of four segrnents whose parameters are given i n  Table 2. The 
f i r s t  segment i s  a l e v e l - f l i g h t  segment leading from the  s t a r t i n g  p o i n t  t o  the  p o i n t  of descent a t  98 
n.mi. from touchdown. The second segment i s  a Mach 0.8 descent w i t h  EPR, which con t ro ls  th rus t ,  s e t  t o  
near i d l e  (approximately 1). The t h i r d  segment begins a t  27,603 ft where Mach 0.8 corresponds t o  a CAS 
o f  320 knots. I n  t h i s  constant CAS segment, t h r u s t  i s  h e l d  a t  i d l e .  The four th  segment consis ts  of 
decelerat ion from 320 t o  250 knots a t  10,000 ft. The l a s t  l i n e  o f  data i n  the  f o u r t h  segment shows t h a t  
the  t ime and t h e  d is tance t o  touchdown c l o s e l y  match the  spec f f ied  values. Various o ther  parameters 
r e l a t i n g  t o  t h e  t r a j e c t o r y  synthesis such as the number of i n t e g r a t i o n  steps i n  each segment and the  
f u e l  consumed are a lso inc luded i n  t h e  table. 

I n  a d d i t i o n  t o  achieving t h e  spec i f i ed  descent time, t h e  synthesized t r a j e c t o r y  i s  a lso r e l a t i v e l y  
f u e l  e f f i c ien t .  r e q u i r i n g  o n l y  1208 l b  f o r  a l l  four segments. Good fue l  e f f i c iency  i s  assured by the  
combined bene f i t s  of an i d l e - t h r u s t  descent and t h e  choice of descent p o i n t  t h a t  r e s u l t s  i n  t h e  
te rm ina t ion  o f  the  t r a j e c t o r y  e x a c t l y  a t  the  spec i f i ed  a l t i t u d e  and d is tance frm touchdown. 

4.6 P i l o t e d  Simulator Evaluat ion: Experimental Setup 

An eva lua t ion  of the  descent advisor concept was conducted on a so-ca l led phase I 1  s imulator  of a 
727-200 a i r c r a f t  located i n  t h e  Man-Vehicle Systems Research F a c i l i t y  a t  Ames Research Center. This  

Table 2. Example of synthesized p r o f i l e  

Oist. Alt i tude Thrust Fuel A l t  Rate 
Cannents 

I 

Cruise, tw integration steps 

step size - 500 sec I 0.0 150.0 35000 0.80 461 272 1.95 9824 0 0 
Capture = 98.4 n. m i  402.5 98.4 35OW 0.80 461 272 1.95 9824 867 0 

Constant Mach. four integrat ion steps 

Step size - 60 sec 
Mach, constant 
Vert ical speed, constant 
Capture - 320 KCAS 

402.5 98.4 35000 0.80 461 272 1.06 1597 867 0 
462.5 90.6 3 2 W  0.80 467 291 1.09 2173 906 -3000 
522.5 82.8 29WO 0.80 473 310 1.13 2945 954 -30W 
550.4 79.1 27603 0.80 476 319 1.14 3363 981 -3000 

Step size - €4 sec 
CAS. constant 
EPR, constant 
Capture - 10.000 ft. a l t .  

Constant CAS, nine integration steps 

550.4 79.1 27603 0.80 476 319 1.00 73 981 -3000 
610.4 71.4 24665 0.76 455 319 1.00 -148 1M)I) -2912 
670.4 63.9 21781 0.72 436 319 1.00 -301 1035 -2854 
730.4 56.8 18952 0.68 418 319 1.00 -377 1063 -2807 
790.4 50.0 16172 0.64 402 319 1.00 -353 1092 -2752 
850.4 43.4 13448 0.61 346 319 1.00 -316 1124 -2693 
910.4 37.1 10785 0.58 372 319 1.00 -297 1160 -2637 
928.4 35.2 9999 0.58 367 319 1.00 -299 1172 -2621 

Bottom-of-Descent Deceleration, three integration steps 

Step size - 30 sec 
Mach. CAS not constant 
Vertical speed. constant 
EPR, constant 
Capture - 250 KCAS 

928.4 35.2 9999 0.58 367 319 1.00 -299 1172 0 
958.4 32.3 9999 0.51 324 281 1.00 -125 1191 0 
986.5 30.0 9999 0.45 288 249 1.00 17 1208 0 



simulator, manufactured by Singer-Link, i s  widely used by a i r l i n e s  f o r  crew t ra in ing.  The simulator i s  
equipped wi th a six-degree-of-freedom motion system and a night/dusk v is ion  system. Computer-generated 
imagery of the n igh t  o r  dusk scene i s  displayed i n  f r o n t  of the cockpit  windows by four  pro jectors which 
give a wide, high-resolut ion f i e l d  o f  view t o  the p i l o t  and copi lo t .  

Each simulated f l i g h t  consisted o f  a ' s t r a i gh t - i n  approach beginning 150 n.mi. from the runway 
threshold a t  an a l t i t u d e  of 35,000 ft and a speed o f  Mach 0.8. I n  a l l  f l i g h t s  a t a i l  wind o f  70 knots 
a t  35,000 ft decreasing l i n e a r i l y  t o  zero a t  the runway was simulated. Simulated weather condit ions 
consisted o f  a v i s i b i l i t y  c e i l i n g  o f  1000 ft above the  runway, wi th tops a t  5000 f t  and l i g h t  turbulence 
a t  a l l  a l t i tudes.  P i l o t s  were b r ie fed  on wind and weather condit ions p r i o r  t o  the s imulat ion runs. 

Test subjects were three current  727 p i l o t s ,  one each f ran three major U.S. a i r l i nes .  I n i t i a l l y ,  
each p i l o t  was asked t o  f l y  h i s  own airline-recomnended descent p ro f i le ,  which w i l l  be referred t o  as 
the basel ine p ro f i le .  The three p i l o t s  chose essent ia l l y  the same baseline p ro f i le ,  consist ing of a 
Mach-0.8/280-KCAS descent. Each p i l o t  also estimated h i s  top-of-descent po in t  using the 300 f t / m i  r u l e  
o f  thumb mentioned ear l ie r .  Range t o  touchdown was provided by a standard cockpi t  readout of distance 
measuring equipment (DME) range from a s ta t i on  located a t  the dest inat ion a i rpor t .  A l l  basel ine 
p r o f i l e s  were flown without ATC advisories. 

After completing the basel ine descents, the p i l o t s  f lew three types o f  contro l ler-assis ted descents 
re fe r red  as nominal, slow, and fast  wi th speed p ro f i l e s  o f  Mach 0.8/320 KCAS, 230 KCAS, and Mach 
0.85/350 KCAS, respectively. Note t ha t  the slow and fas t  p ro f i l e s  fol low the  l i m i t s  of the speed 
envelope f o r  t h i s  a i r c ra f t  (Fig. 4). 

Before f l y i n g  these p r o f i l e s  i n  the simulator, p i l o t s  received b r i e f ,  w r i t t en  ins t ruc t ions  on 
operational techniques t o  be used: 

1) Thrust Manaqement. - The f l i g h t  i d l e  pos i t ion  i s  t o  be used i n  t rack ing the  speed p r o f i l e  
unless the descent r a te  exceeds 3000 ft/min. I f  such i s  the case, add only su f f i c ien t  th rus t  
t o  keep the  descent r a te  f ran exceeding 3000 ft/min. 

2) Deceleration a t  the Top (Slow P ro f i l e ) .  - F i r s t ,  reduce t h rus t  t o  i d l e  a t  the descent- 
procedure s t a r t  point;  second, maintain leve l  f l i g h t  (zero descent ra te )  whi le  decelerat ing t o  
the speci f ied CAS; and th i rd ,  begin the descent as the specif ied CAS i s  approached. 

3)  Accelerat ion a t  the  Toe (Fast Pro f i le ) .  - At  the descent-procedure s t a r t  po in t  ( the  top of 
descent po in t  i n  t h i s  case) i n i t i a t e  a pitch-down maneuver t o  achieve a 3000-ft/min descent 
rate.  Then, maintain cru ise t h rus t  whi le  accelerating; as the  speci f ied Mach number i s  
approached, reduce th rus t  according t o  1). 

4)  Deceleration a t  the  Bottom of Descent (Nominal and Fast Pro f i les ) .  - As the  a i r c r a f t  
approaches 10.000-ft a l t i tude ,  decelerate t o  250 KCAS i n  leve l  f l i g h t  and w i th  t h rus t  s t i l l  a t  
i d l e ;  resume descent a t  the 30 n.mi. t o  the  touchdown point.  

The descent advisories were issued dur ing the s imulat ion by a pseudo-controller located a t  the 
engineer's pos i t i on  i n  the cockpit .  The advisories were issued only once approximately a minute before 
the s t a r t  po in t  of the procedures and specif ied the DME range of the s t a r t  po in t  and the speed pro f i le .  
Calculated o f f - l i n e  by !he previously described computer program, the advisories t y p i c a l l y  contained the 
fo l lowing information, Begin descent procedure a t  108 ME; fo l low a Mach 0.81320 speed p r o f i l e  using 
i d l e  thrust." 

Each type of contro l ler-assis ted descent was f lown four t o  s ix  times. These few s imulat ion runs 
are bel ieved t o  provide su f f i c ien t  information t o  determine the f e a s i b i l i t y  of the concept. However. 
they are too few i n  number t o  warrant extensive s t a t i s t i c a l  analysis of the resul ts .  

4.7 Discussion o f  Results 

Errors i n  the predicted time o f  descent measured a t  the t ime-control po in t  were the p r i nc i pa l  
c r i t e r i o n  f o r  evaluating the effect iveness of the contro l ler-assis ted (and computer- enerated) p r o f i l e  
descent advisories. Also the instantaneous-alt i tude and t ime-tracking e r ro rs  as w e l l  as the f ue l  
e f f i c iency  o f  the descents provide important measures o f  effectiveness. F ina l l y ,  the p i l o t s  
p a r t i c i p a t i n  i n  the simulat ion were asked t o  comnent on the value and acceptab i l i t y  o f  the advisories. 
This simulatqon focused on i s o l a t i n g  e r ro rs  a t t r i bu tab le  t o  p i l o t  technique. Errors caused by other 
sources such as wind and aircraft-model uncerta int ies can be determined more e f f i c i e n t l y  by analysis and 
fast-t ime simulation, and therefore are not addressed here. 

The resu l t s  f o r  the various types o f  descents are given i n  Figs. 5 through 8 as composite p l o t s  of 
t ime and a l t i t u d e  versus range t o  touchdown. Figure 5 shows the composite p l o t s  f o r  four  basel ine 
descents. Although a l l  p i l o t s  presumably used the same procedure t o  f l y  t h e i r  p ro f i l e s ,  the data 
revealed s ign i f i can t  time and a l t i t u d e  var ia t ions  between prof i les,  r e f l ec t i ng  dif ferences i n  ind iv idua l  
p i l o t  technique. At  30 n.mi. from touchdown t ime-control point ,  the v a r i a b i l i t y  i n  time i s  1% sec. 
Here, v a r i a b i l i t y  i s  defined as the d i f ference between the e a r l i e s t  and l a t e s t  a r r i v a l  time fo r  a l l  
p ro f i l e s  of a pa r t i cu l a r  type and i s  used as a conservative subs t i tu te  for standard deviation. 

Since the t yp i ca l  landing-time i n te r va l  between a i r c ra f t  i s  approximately 100 sec (Table I ) ,  a 
196-sec e r ro r  range implies d i f f i c u l t i e s  i n  achieving e f f i c i e n t  t r a f f i c  f low a t  terminal areas where two 
o r  more streams of a i r c r a f t  f l y i n g  unaided p r o f i l e  descents are merged. Thus, unaided a i r c r a f t  assigned 
conf l i c t - f ree  time s l o t s  a t  the top o f  descent by an en-route metering system would accumulate 
unacceptable time er ro rs  during the descent. and would therefore not be c o n f l i c t  f ree a t  the merge 
point.  As a resu l t ,  the con t ro l l e r  would f requent ly  have t o  i n t e r rup t  the p r o f i l e  descents t o  resolve 
po ten t ia l  c o n f l i c t s  and ensure e f f i c i en t  t r a f f i c  flow. Such problems have indeed been experienced i n  



Fig. 5. Basellne descents. Flg. 6. Nominal descents: 0.8/320. 

Fig. 7. Fast descents: 0.84/350. Flg. 8. Slow descents: 230. 

ATC simulations of unaided profile descents (Ref. 11) and are also evident in the results of the ATC 
simulations discussed earlier. 

As s h w n  in the composite plots in Fig. 6, the time variability of the naninal profile descents, 
f l o w  with the aid of the descent advisories, is reduced from 196 sec for the baseline descents to only 
35 sec. Furthemore, the scatter in the altitude profiles is significantly reduced throughout the 
descent. The predicted trajectory with an arrival time of 893 sec at 30 n.mi. is also plotted in Fig. 
6, but is difficult to distinguish from the simulated trajectories because of crowding of the plots. 
These improvements in accuracy clearly demonstrate the advantage of using the advisories. Wlth the 
top-of-descent point Specified, pilots could concentrate on tracking the speed profile and needed to pay 
little attention to thrust and altitude management. Without advisories! pilots often cross-check 
altitude and range and then readjust the thrust so as to minlmize anticipated altitude errors at the 
bottan of the descent. With the advisorles, pilots could maintain thrust at ldle throughout, and yet be 
confident that the altltude target at 30 n.mi. would be achieved. 

As seen in the canposite plots, Figs. 7 and 8, the time variability and the altitude scatter of the 
fast and s l w  profiles are even lower than those of the nuninal proflle. In fact, the slow profiles 
have the unusually low variability of only 7 sec, which one would expect to obtain only frun a 
closed-loop 40 guidance system. This high accuracy is probably related to the fact that they are 



simpler t o  f ly  than the other twu types of p ro f i les .  The slow p r o f i l e s  are flown a t  a constant CAS and 
do not  contain a constant Mach segment. Furthermore, they can be f lown e n t i r e l y  a t  i d l e  thrust ,  since 
they never exceed the 3.000-ft/min descent r a te  as the other two do dur ing por t ions o f  t h e i r  descent. 
Another s imp l i f i ca t i on  i s  the  absence o f  a decelerat ion segment a t  the bottom o f  the descent. One can 
conclude from these resu l t s  t ha t  procedural complexity has a strong impact on t ime-control accuracy and 
should be care fu l l y  considered i n  choosing the descent p ro f i les .  

Time accuracy and fuel  ef f ic iency of the predicted and simulated pro f i les  a t  the 30 n.mi. po in t  are 
sumnarized i n  Table 3. By canparing the f i r s t  and second columns it can be seen t h a t  a l l  predicted 
times f a l l  w i t h i n  the corresponding t ime ranges of the simulated pro f i les .  This canparison indicates 
tha t  there i s  no s ign i f i can t  b ias between the predicted and simulated data. 

The averge fuel-consumption data given i n  Table 3 show tha t  the  slow p r o f i l e  i s  the  most fuel 
e f f i c i e n t  and the f a s t  p r o f i l e  the leas t  f u e l  e f f i c i e n t .  The nominal p ro f i l e .  though considerably fas te r  
than the basel ine p ro f i l e ,  consumes only s l i g h t l y  nore f ue l  (17 l b )  on averge than the basel ine does. 
Thus, the trade o f f  between t ime and fue l ,  so important i n  a i r l i n e  operattons, favors choosing the 
naninal p ro f i l e .  However, the p r o f i l e  ac tua l l y  ass1 ned t o  an a i r c ra f t  by the a i r  t r a f f i c  scheduler 
w i l l  depend on the a v a i l a b i l i t y  of a con f l i c t - f ree  tyme s l o t  a t  the time of descent. 

I n  add i t ion  t o  t es t s  of the ta i l -w ind  condi t ion reported herein. head-wind and zero-wind condit ions 
have recent ly  a lso been tested. Prel iminary analysis i s  y i e l d i ng  resu l t s  t ha t  are general ly  consistent 
w i th  the  ta i l -w ind  conditions. Also, the t ime v a r i a b i l i t y  between the 30-n.mi. po in t  and touchdown was 
invest igated f o r  both a s t ra igh t - in  and a standard-approach pattern, the l a t t e r  consist ing o f  downwind. 
base, and f i n a l  segments. Analysis o f  r esu l t s  fo r  these condit ions i s  s t i l l  i n  progress. 

P i l o t s  pa r t i c i pa t i ng  i n  the  s imulat ion general ly  reacted favorably toward the prof i le-descent  
advisory concept. The p i l o t s  c i t e d  as the primary benef i t  the accurate spec i f i ca t ion  of the top-of- 
descent po in t  i n  the presence of complex altitude-dependent wind pro f i les .  Moreover, the p i l o t s  
considered the  advisories as unobtrusive and a l l  p r o f i l e s  as comfortable t o  f l y .  

The experience of t h i s  study has i d e n t i f i e d  the fo l low ing  three guidel ines fo r  achieving accurate 
t ime control.  F i r s t ,  descent procedures provided by advisories should be simple t o  execute and f a m i l i a r  
t o  p i l o t s .  Second, a i r c r a f t  performance and atmospheric condit ions should be accurately represented i n  
the advisor algorithm. Third, p i l o t s  should be br ie fed  on the charac te r is t i cs  o f  the advisories and the  
requirement t o  execute them accurately. 

The time accuracies achieved i n  the simulat ion would be adeouate f o r  a time-based ATC svstem i f  
~ -.....- ~ -... ~ .. ~ ~ . - ~  -.- - ~ 

they could be dupl icated i n  pract ice. However, uncerta inty i n  the knowledge o f  the actual wind p r o f i l e  
and inev i tab le  lapses i n  p i l o t  a t ten t ion  t o  the p r o f i l e  t rack ing  task w i l l  r e s u l t  i n  la rger  e r ro r s  than 
obtained i n  the simulation. One can attempt t o  estimate such time er ro rs  frm analysis o f  ATC radar 
t rack ing data during an a i r c r a f t ' s  descent. Then, an updated speed advisory can be issued near the 
midpoint o f  the descent t o  minimize these errors. With the addi t ion o f  such a midpoint advisory. 
con t ro l  o f  a r r i v a l  t ime w i t h i n  220 sec appears t o  be feasible. 

Table 3. Sumnary o f  simulat ion resul ts ,  time (sec) and f u e l  ( I b )  
t o  30 n.mi. t o  touchdown po in t  

- - -  ~~~p ~~p ~- ~ ~ 

Time Range o f  Range of 
Predicted by Times; Time Average Fuel Use; Fuel 

Type of P r o f i l e  Algorithm V a r i a b i l i t y  ( ) Fuel Use V a r i a b i l i t y  

Baseline 
M 0.81280 KCAS 
without p r o f i l e  
advisories 

Nominal 
M 0.8/320 KCAS 
top of descent: 
108 n.mi. 

Fast 
M 0.84/350 KCAS 863 
top of descent: 
107 n. m i .  

Slow 
230 KCAS 1104 
top of descent: 
133 n.mi. 



5. CONCLUDING REMARKS 

Studies completed t o  date indicate the essent ia l  f e a s i b i l i t y  o f  achieving the major performance 
object ives o f  a time-based, traffic-management concept. A i r  t r a f f i c  con t ro l  simulations have 
demonstrated t ha t  a time-based system used i n  conjunction w i th  appropriate procedures, computer aids, 
and information displays provides an e f f i c i e n t  method for con t ro l l i ng  a complex mix of t r a f f i c .  
inc luding both high- and low-performance a i r c r a f t  as wel l  as various percentages o f  4D-equipped a i r c ra f t .  

Time cont ro l  o f f e r s  s i gn i f i can t  benef i ts  even a t  low-percentage mixes of equipped a i r c r a f t  by using 
advisories t o  help maintain unequipped a i r c r a f t  on an accurate t ime schedule. Thus, t r a f f i c  i n  the 
canplex f ina l -con t ro l  sector f l o w  more order ly  and i s  easier t o  contro l  when time contro l  methods are 
i n  use. Al :  though the system operates i n t e r n a l l y  i n  a time-based mode, con t ro l le rs  need not  be aware of 
t h i s  s i t ua t i on  and r e t a i n  the a b i l i t y  t o  operate i n  t h e i r  t r a d i t i o n a l  distance-spacing mode. 

P i l o t ed  simulat ions have demonstrated the effect iveness o f  prof i le-descent  advisories t o  contro l  
the descent time o f  unequipped a i r c r a f t .  An accuracy a t  the t ime-control po in t  of 220 sec, which a 
time-based system needs t o  be e f fec t i ve .  appears a t ta inab le  w i th  the descent advisor designed according 
t o  the methods ou t l ined  i n  the paper. 

A combined ATC and p i lo ted-s imulat ion t e s t  o f  the concept i s  planned f o r  1987. If these tes ts  
confirm performance predict ions, the FAR and NASA plan j o i n t l y  t o  conduct operational evaluations o f  the 
concevt a t  the Denver En-Route A i r  T r a f f i c  Control Center. 
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This paper sumarizes tne object ives o f  tne U.S. program for applying automation 
W i r a f f i c  contro l  systems, progress tnus fa r ,  and plans f o r  the future. 

Int roduct ion 

Since tne time i n  1958 when computers were f i r s t  used t o  p r i n t  f l i g h t  s t r i p s  i n  tne  United States a t  
a small number o f  A i r  T ra f f i c  Control (ATC) centers, it nas been a cont inuing ob jec t i ve  t o  
cap i t a l i ze  on tne rap id l y  evolving computer tecnnologies t o  improve tne ATC system. Our spec i f i c  
Objectives have been t o  apply computers and the associated a u t m t i o n  functions to :  

- improve safety of ATC operations 

- increase tne e f f i c iency  o f  t r a f f i c  management, and 

- increase tne p roduc t iv i t y  o f  ATC cont ro l le rs .  

Tne basic pnilosopny underlying our plans f o r  applying automation t o  tne ATC system nas been t o  move 
as rap id l y  as p rac t i ca l ,  but t o  acknowledge t n a t  tne evolut ion o f  ATC au tma t i on  functions w i l l  be 
paced by: 

- tne capacity l im i t a t i ons  of ATC computers already i n s t a l l e d  i n  tne f i e l d ,  u n t i l  tney can be 
replaced w i tn  nigher capacity macnines 

- tne q u a l i t y  and accuracy of inpu t  data sucn as radar, winds a l o f t ,  and severe weather areas 

- tne nonuniform and r e l a t i v e l y  slow ra te  o f  equippage of a i r c r a f t  w i tn  advanced avionics 
sucn as Mode S transponders, data l i n k ,  microwave landing systems, and f l i g n t  management 
computers, and 

- tne complexity of tne design and develowent process f o r  advanced l eve l s  o f  automation 
wnicn s i g n i f i c a n t l y  a l t e r  tne work environment and functional r espons ib i l i t y  of con t ro l le rs .  

Tne pace o f  automation appl icat ions nas been slower tnan many would wish; bu t  t h i s  does n o t  d imin ish 
tne expectations t ha t  i n  tne long term, tne ground-based ATC computers w i l l  assume a greater 
r espons ib i l i t y  f o r  t r a f f i c  flow planning, t r a f f i c  management, and assurance o f  safety. I n  our view, 
i t  i s  inev i tab le  t na t  tne ground-based ATC system computers w i l l  eventual ly be l i nked  t o  the 
airborne computers v ia  data l i n k  t o  accomplisn tne information t ransfers on f l i g n t  planning, t r a f f i c  
advisories, and ATC clearances. 

Steqs Tnus Far i n  ATC Automation in-tne U. S. -- ---- 
Tne review of tne progress t o  date of ATC automation i n  tne United States i l l u s t r a t e s  a p a r t i a l  
acnievement of our object ives. 

Tne i n i t i a l  use o f  computers i n  tne l a t e  1950's and ea r l y  1960's was t o  process and d i s t r i b u t e  
f l l g n t  plan data among contro l  centers. Tnls step subs tan t ia l l y  reduced tne manpower required f o r  
t h i s  function and, i n  addi t ion,  improved tne accuracy and t imeliness o f  f l i g n t  plan data 
d i s t r i bu t i on .  

Tne next major step i n  tne mid-1970's was t o  process and t rack  d i g i t i z e d  radar inpu t  data, and 
d isp lay  a i r c r a f t  locat ions w i th  i d e n t i t y  tags on con t ro l le rs  radar displays. Conformance o f  
con t ro l led  a l r c r a f t  w i th  t n e i r  f l i g n t  plans was monitored automatical ly. Furtner, f l i g h t  plan data 
were processed and f l i g n t  progress s t r i p s  were d i s t r i bu ted  automat ical ly  t o  radar contro l  
posit ions. Tne resu l t i ng  improvement i n  con t ro l l e r  p roduc t iv i t y  was estimated t o  be approximately 
10-15 percent and tne safety improvements were substantial  due t o  pos i t i ve  i d e n t i f i c a t i o n  and 
accuracy of displayed a l r c r a f t  t rack information. 

Addit ional safety improvements came i n  tne l a t e  1970's w i t n  track-based automated c o n f l i c t  a l e r t  and 
minimum safe a l t i t u d e  warning. Tnese functions nave contr ibuted grea t ly  t o  increased safety. 

Wnen tne cost  o f  fuel increased dramat ical ly  i n  tne ea r l y  1980's. empnasis i n  automation developnent 
sni f ted t o  tne national flow contro l  system. Improvements were made i n  tne automation functions 
wnicn ca lcu la te  expected demand f o r  congested a i rpor ts ,  establ lsn a r r i v a l  sequences and scnedules 
for a r r i v i n g  a i r c r a f t ,  and s h i f t  necessary delays fmm airborne nolds t o  ground nolds a t  departure 
a i rpor ts .  E f f i c iency  as measured by reduced airborne delays and fuel consumption was s ign i f i can t .  



By tne mld-1980's development of add i t iona l  safety re la ted  automation functions was completed. but  
tne computer capacity l i m i t i t a t i o n s  o f  tne i n s t a l l e d  en route computers prevented implementation. 
Tnese automated functions are: 

- c o n f l i c t  a l e r t  f o r  encounters between Mode C-equipped VFR a l r c r a f t  and con t ro l led  IFR 
a i r c ra f t ,  and 

automatic generation o f  c o n f l i c t  reso lu t ion  advisories t o  con t ro l le rs  f o r  c o n f l i c t s  whlcn 
nad been detected by tne computers. 

Tne replacement o f  the 1BM 9020 computers i n  our en route centers by IBM 3083's i n  the l a t e  1980's 
w i l l  remove tne  computational constra ints,  and implementation of these added safety functions can 
tnen proceed. 

S imi la r l y ,  capacity l i m i t s  of tne present National T ra f f i c  Management Computer, wnlcn i s  a lso 
scneduled t o  be replaced i n  tne l a t e  1980's. nas prevented implementation of automation improvements 
f o r  nat ional  flow contro l .  namely: 

- inc lus ion  o f  f l i g h t  plan data f o r  nonscheduled a l r c r a f t  i n  tne demand calculat ions for 
congested a i rpor ts ,  and 

- use o f  computer-generated progress reports  for a l l  con t ro l led  a i r c r a f t  f o r  cen t ra l i zed  
ca lcu la t ion  o f  an t i c ipa ted  en route sector and f i x  loadings. 

Improved accuracy o f  tnese loading estimates i s  very important t o  tne e f f i c i e n t  cen t ra l i zed  
management o f  t r a f f i c  flows tnrougn congested airspace and i n t o  tne nigh densi ty  terminals. 

Future Plans 

Tne major advance planned f o r  ATC automation i n  tne ea r l y  1990's i s  tne Advanced Automation System, 
wnlcn w i l l  include a set  o f  automation capab i l i t i e s  ca l l ed  Automated En route A i r  T ra f f i c  Control 
(AERA) I. Tne AERA I functions include: 

- ca lcu la t ion  of f l i g h t  patns i n  four dimensions ( l a t i t ude ,  longitude, a1 t i tude ,  and t ime) 

- c o n f l i c t  probe o f  planned four-dimensional f l i g h t  patns 15-20 minutes i n t o  the fu tu re  t o  
provide e a r l i e r  detect ion o f  f l i g h t  plan c o n f l i c t s  and enable more o rder ly  t r a f f i c  flow and 
reduction of con t ro l l e r  workload 

- detect ion of f l i g n t  plan con f l i c t s  w i th  time-dependent, r e s t r i c t e d  airspace f o r  tne route 
of f l  i gnt 

- detect ion of flow and metering r e s t r i c t i o n s  

This i s  expected t o  r e s u l t  i n  a fa r  greater capab i l i t y  for a l lowing user a i r c r a f t  t o  f l y  t n e i r  
preferred d i r e c t  routes and a l t i t u d e  p ro f i l e s  tnan a t  tne present time. 

A follow-on automation step, ca l l ed  AERA 11, w i l l  automatical ly ca lcu la te  candidate solut ions t o  
detected con f l i c t s  which w i l l :  

- resolve fu tu re  f l i g h t  plan c o n f l i c t s  and perform any coordination necessary a t  Other 
affected sectors, and 

- present p r i o r i t i z e d  a l te rna t ives  i n  clearance format. 

The cont ro l le rs  w i l l  have tne opt ion t o  de l i ver  these computer-generated clearances and advisor ies 
by vofce o r  by data l i n k  t o  proper ly  equipped a i r c ra f t .  

Advances beyond the leve l  of automation i n  AERA I 1  w i l l  l i k e l y  involve a quantum change i n  the ATC 
system procedures. To achieve our announced goal o f  doubling con t ro l l e r  p roduc t iv i t y ,  it w l l l  be 
necessary t o  delegate t o  tne ATC computers some aspects of tne con t ro l l e r s  present r espons ib i l i t i e s  
f o r  d i r e c t  contro l  o f  a i r c r a f t .  Tnis w i l l  requi re a c lear  and Unambiguous demarcation between 
respons ib i l i t i e s  retained by the con t ro l l e r  and tnose delegated t o  the ATC computer. Another 
obvious requirement i s  f o r  a d i r e c t  communications l i n k  between tne ground ATC computers and 
airborne computers i n  con t ro l led  a i r c r a f t .  

m e  a l t e rna t i ve  concepts include: 

- automatic computer contro l  o f  a l l  a l r c r a f t  i n  designated nlgn a l t i t u d e  regimes 

- automatic computer contro l  of a l l  a i r c r a f t  whlcn are equipped w i tn  advanced avionics (data 
l i n k  and f l i g h t  management computers) and wnlcn f l y  through speci f ied airspace regimes 

- tne ATC computer perfoms the separation functions f o r  a l l  con t ro l led  a l r c r a f t  i n  en toUte 
airspace, whi le  tne c o n t r o l l e r  uses computer aids t o  perform c o n f l i c t  free f l i g h t  planning 

A great deal of research remains t o  be done before tnese advanced concepts can be f u l l y  developed. 
Complexities der ive from tne: 

- d i v i s i on  of r espons ib i l i t i e s  between the con t ro l le rs  and computers, and the man-macnine 
in te r face  design 



- tne var ie ty  and mix o f  avionics and performance capab i l i t i e s  o f  con t ro l led  a i r c r a f t  

- d i f f i c u l t i e s  i n  handling unanticipated perturbations i n  t r a f f i c  f low due t o  winds. severe 
weather, and equipment outages 

Final ly ,  before any step can be tanen beyond tne current  nmde wnere ATC computers provide automation 
aids t o  con t ro l l e r s  wno r e t a i n  tne unequivocal r espons ib i l i t y  for contro l  of a i r c r a f t ,  f u l l  and 
complete confidence o f  con t ro l le rs ,  p i l o t s ,  and tne publ ic  must be acnieved i n  not  only tne 
funct ional  capab i l i t i e s  of advanced automation equipment, bu t  also i t s  absolute protect ton against 
equipnent failures. 
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Surnnary 

In a joint project carried out by DFVLR and BFS (the German Federal Air Navigation Services) the 
COMPAS-system (Computer Oriented Metering Planning and Advisory S stem) has been developed at the 
DFVLR-Institutefor F l i g m  Guidanc:. It has been tested and evaluged at the institute's air traffic 
simulation facility, using traffic scenarios of Frankfurt airport with upto 52 aircraft movements 
simultaneously. 

The operational objectives of the COMPAS-system are with regard to Frankfurt airport to achieve the 
best possible usage of the available but limited runway landing capacity, to avoid unnecessary delays and 
to apply economic approach profiles whenever possible. The planning functions which today are still 
carried out by human controllers will be transferred to a computer. It generates a comprehensive plan for 
a best overall arrival sequence and schedule. The execution of this plan, however, intentionally remains 
the task of hhe human controllers. They are provided with all data necessary to control the approaching 
aircraft. 

The systems concept, the dynamic planning algorithms as well as the operational concept for computer 
assistance and the man-machine interface are presented. Some preliminary results of the experiments and 
evaluation will be reported. 

1. Introduction 

Planning and control of a safe, regular and efficient flow of air traffic at high density airports is 
an extremely difficult task for Air Traffic Control (ATC). The increasing number of additional 
requirenents that have to be met by ATC, such as: fuel efficiency, noise abatement procedures, wake vortex 
separation, capacity usage demands have made this task even more complex and challenging. 

In a joint project carried out by DFVLR and BFS (the German Federal Air Navi ation Services) the 

now under evaluTtion at U'FVLR. 
9 CWPAS-System (Ccinputer Oriented Metering Planning and Advisory lystem) has been deve oped, tested and is 

The operational objectives of the COMPAS-system are (with regard to Frankfurt Airport) to achieve 
best possible usage of the available, but limited runway landing capacity, to avoid unnecessary delays and 
to apply economic approach profiles whenever possible. The planning functions which nowadays are still 
carried out by human controllers will be performed by a computer. It generates and suggests a 
comprehensive plan for a best overall arrival sequence and schedule. The execution of this plan however 
intentionally remains the task of the human controllers. They are therefore provided with all necessary 
data to control the approaching aircraft. 

The project objective is to obtain solutions and experience in the layout and application of computer 
assisted systems in Air Traffic Control. 

The design of a semi-automated subsystem necessitates in particular careful and feasible solutions 
both for the, transfer of human planning and decision making functions to a cmputer and for the the 
distribution of authority between computer and controller. 

2. Arrival Planning in Air Traffic Control 

2.1 Hunlan Planning in todays system 

An important task in Air Traffic Control is to merge several converging streams of aircraft from 
different approach directions on the runway centerline (Fig. 11. On major, often congested airports this 
is a challenging and complex task. Although the average arrival rate may not exceed the average landing 
capacity, it cannot be avoided that (despite all long-term flight plan coordination and medium-term flow 
control) the arrivals are randomly distributed. 

This would lead to 

o arrival peaks (with res~lting delay), 
o arrival gaps (resultin in un~sed capacity), 
0 uneffective wake turbuyence sequencing (capacity reduction) or 
o uneconomic flight profiles 

if no appropriate planning and control actions would be taken by air traffic controllers in order to 
establish a safe, smoth and efficient flow of traffic. The actions should be taken in due time outside 
the terminal area, to avoid congestion and holding procedures in the narrow terminal area, and to allow 
the application of economic, idle-descent profiles. 



2 i l l u s t r a t e s  i n  a schematic way the extended approach area o f  F rank fu r t  A i rpor t .  A t yp i ca l  
approac + camences i n  the v i c i n i t y  o f  a so-cal led "Entry F ix "  some 70-100 nm d i s tan t  from the a i r p o r t  a t  
f l i g h t  leve ls  between 150 and 280. The d i f f e r e n t  Standard A r r i v a l  Routes are converging a t  three Main 
Navigation Aids (Clearance L im i t s )  the so-cal led "Metering-Fixes". 

The intermediate approach legs from those three d i rec t ions  f i n a l l y  are mer ed on the extended runway 
center l i n e  fo r  f i n a l  approach. Normally the landln sequence should be estab ished a t  leas t  some 10 nm 9 from the  runway threshold. This assumed po in t  i s  c a l  ed "Gate". 

7 
Today the  a r r i v a l  planning and cont rb l  .process i s  performed by several contro l  uni ts ,  some of them 

assigned the Area Control Center ( un i t s  Ci and Bi) others t o  A r r i va l  Control and Local Control (Ai). 

The shortcomings o f  todays s i t ua t i on  can be described as fol lows: 
o The overal l -p lanning task i s  d i s t r i bu ted  t o  several con t ro l  un i ts .  

o A r r i va l  planning i s  performed "stepwise" from the  "outer" u n i t s  (Ci t o  Bi) t o  the  " inner" u n i t s  
(Ai). 

o Some k i n d  of t a c t i c a l l a d  hoc/local planning p reva i l s  i n  each con t ro l  u n i t  and must be coordinated 
w i t h  other un i ts .  

o The app l i ca t ion  o f  one overa l l  planning c r i t e r i o n  and concerted con t ro l  ac t ion  i s  very d i f f i c u l t  t o  
achieve, because o f m e  very h igh coordinat ion ef for t .  

o The in tegra t ion  of a va r i e t y  of data from many d i f f e ren t  sources has t o  be performed mainly i n  the 
head of the  human con t ro l l e r s .  

This leads t o  extremely h igh work load and even small d is turbat ions which could not  be matched, may 
r e s u l t  i n  a t r a f f i c  congestion. 

Sp l i t t ing-up  and d i s t r i b u t i n g  t h i s  task t o  more con t ro l  u n i t s  would requ i re  even nore coordinat ion 
e f f o r t .  

Therefore i t  was envisaged t o  t rans fe r  a t  leas t  par ts  o f  the human planning and cont ro l  functions t o  
a computer. 

2.2 Computer-based a r r i v a l  p lanning 

Based upon studies a t  F rank fu r t  Ai rpor t ,  a concept f o r  a computer based planning system (COMPAS), 
aiming t o  ass i s t  con t ro l l e r s  i n  the  ccmprehensive planning of a r r i v i n g  a i r c r a f t  was developed and i s  now 
being tested and evaluated by the  DFVLR I n s t i t u t e  f o r  F l i g h t  Guidance i n  cooperation w i th  BFS - the German 
ATC-Authority. 

The essent ia l  design p r i nc i p l es  o f  the  COMPAS-system can be described as fo l lows:  

o The stepwise d i s t r i bu ted  planning o f  the con t ro l l e r s  i s  subst i tu ted by one, comprehensive, overa l l  
computer planning. 

o The computer planning function an t ic ipa tes  the t r a f f i c  development f o r  the  next 30 minutes and uses 
one s ing le  c r i t e r i on ,  c o m n  fo r  a l l  un i ts .  

o Besides the  "usual" data such as radar pos i t ion  information and fli h t  p lan data, many other data 
are included i n  the computer planning functions, (i.e. t r a f f i c  yoad i n  sub-sectors, a i r c r a f t  
performance and economy, actual  airspace-structure etc.). The computer in tegrates these data and 
generates concentrated planning resu l ts .  

o Each cont ro l  u n i t  involved i s  provided w i t h  i t s  spec i f i c  planning resu l ts ,  necessary t o  car ry  out 
con t ro l  and t o  p lay i t s  p a r t  i n  the  ove ra l l  plan. 

o The con t ro l l e r s  stay f u l l y  i n  the  loop and keep t h e i r  executive function. I n  general the computer 
generated p lan i s  acceptable t o  the con t ro l le rs .  However, it i s  possib le f o r  the con t ro l le rs  t o  
i n t e rac t  w i th  the ccmputer i n  order t o  modify the  plan. 

The basic s t ruc tu re  o f  the COMPAS-system i s  shown i n  Fig.. The operational object ives of the 
COMPAS-system are w i th  regard t o  the Frankfurt s i tua t ion :  

o best usage of runway landing capacity, 

o delay reduct ion f o r  a r r i va l s ,  

o t o  apply econcmic descent p ro f i les ,  if possible. 

4 shows how the COMPAS-system w i l l  be in tegrated i n t o  the ex i s t i ng  ATC-system. COMPAS i s  
des i g k  o work i n  the  present ATC-environment. But beyond t h a t  actual radar-data and f l ight-p lan-data 
are fed on- l ine i n t o  the COMPAS-DP-system v i a  special in ter faces.  Taking i n t o  considerat ion a set o f  other 
information ( a i r c r a f t  performance, airspace st ructure,  wind etc.) COMPAS generates a plan and d isplays i t  
t o  the con t ro l l e r s .  The con t ro l l e r  may use these COMPAS-proposals, bu t  i s  not  obl iged t o  use the  system. 
However, if he does work w i t h  it, the  resu l t s  should be so reasonable and convincing, t ha t  he e a s i l y  can 
adopt these proposals f o r  h i s  con t ro l  actions. Under normal condit ions no controller-computer i n t e rac t i on  
i s  required. However i n t e rac t i on  i s  possible, i f  the con t ro l l e r  wants t o  modify the p lan o r  if it i s  
necessary t o  cope w i t h  unforeseen events. 



A successful application of a system like this, where automated and human functions are closely 
interrelated, strongly depends on the development of feasible solutions for 

o the structure of the planning process, 
o the distribution of authority between controller and computer. 

These topics will be discussed in more detail in the following chapters. 

3. Dynamic Arrival Planning 

3.1 Planning functions 

The overall goal of the computer based arrival planning is to generate a plan, giving the "best" 
sequence and schedule and to provide information how to fulfil this plan. To work out a plan dynamically 
in real time in a real environment, large quantities of data are necessary. They consist of three types of 
data: 

1. Fundawntal data and models which are "static" and do not change during the planning process, i.e. 
o aircraft performance data; 
o airspace structure; 
o approach procedures; 
o separation values; 
o wind model. 

2. Event-oriented data, which change with "low frequency", i.e. 
o aircraft entering or leaving the system; 
o callsign, type of aircraft; 
o flight plan data (route, way-points, estimated times); 
o wind data (force, direction). 

3. Dynamic data, changing with "high frequency", i.e. 
o actual flight condition (position, speed, altitude, deceleration rate, descent rate). 

shows the main data-processing functions which are carried out in real-time. 

An overview on the various sub-tasks which have to be performed for the planning is listed below. 
Most of them can be regarded as "auxiliary" functions for the intrinsic planning core: the sequencing and 
scheduling function, which will be described in Inore detail. 

o System monitoring and control 

- Automated DP-controller 
- Pre-processing of inputs to change basic-data; 

sector allocation etc. 
- Processing of DP-errors 

o Data Conpilation 

- Radar target recognition, extraction - Flight plan data selection - CodeICallsign assignment 
- File inauguration and data procurement 

o Forecast 

- Speed calculation frotn radar tracking 
- Flight path assessment - Time-to-fly calculation - Arrival time prediction 

o Sequencing and schedulinq 

- Merging of new arrivals into existing sequence and schedule - Time-conf lict detection - Time-conflict resolution with "Branch & Bound" algorithm 

o Update and Fixinq 

- Update of Sequence and Schedule - Assessment of final sequence - Release of unnecessary "time-tension" 
- "Freezing" of final schedule and sequence 

o Input/Output Control 

- Controller-Computer-Interaction procedures 
0 Input-Processing 

- Processing of controller modifications - Processing and storage of parameter alterations 



o Output-Processing 

- Continuous processing and d isplay o f  r esu l t s  - Processing and d isp lay  o f  data on request 

o Basic-Data-Management 

- Storage, mod i f i ca t ion  and prov is ion  of the  v a l i d  a i r  space structure, landing d i rect ion,  landing 
rate,  separation, type-speci f ic  performance, p r o f i l e  mde ls ,  wind m d e l s  etc. 

3 . 2  The Planning Algori thm 

The core o f  the a r r i v a l  planning function i s  an a lgor i thm which consists o f  three major elements: 

1. Pred ic t ion  and i n i t i a l  scheduling 
2. Time-confl i c t  detect ion 
3.  Time-confl ict reso lu t ion  

The a lgor i thm i s  ac t i va ted  every t i n e  when a new a i r c r a f t  enters the system. 

3.2.1 Pred ic t ion  and I n i t i a l  Scheduling 

When a new a i r c r a f t  a r r i ves  a t  an "Entry" F ix " ,  the a r r i v a l  t ime pred ic t ion  i s  made f o r  the "GATE". 
Two a r r i v a l  times are calculated: 

1. The Estimated Tin= Over Gate (ETOGT) based upon the  p re fe ren t i a l  p r o f i l e  ( i .e. i d l e  t h rus t  descent) and 
a l l  other actual  condit ions o f  the  f l i g h t .  

2. The Estimated E a r l i e s t  Time Over Gate (EETOGT) tak ing  i n t o  account a l l  measures t o  advance the  a r r i v a l  
w i t h i n  the performance margins of the  a i r c r a f t  and possible short-cuts o f  the  f l i g h t  path. 

The "ea r l i es t "  a r r i v a l  t ime i s  used for  the i n i t a l  planning i n  order t o  keep the systen under "t ime 
pressure" and t o  advance and expedite the  t r a f f i c  f low. With i t s  EETOGT a new a i r c r a f t  i s  inser ted i n t o  
the  ex i s t i ng  a i r c r a f t  sequence and schedule fo r  the GATE. The r e s u l t  i s  the  i n i t i a l  Ian. g i v i ng  a 
t en ta t i ve  schedule and landing order. Then the  t ime-conf l i c t  detect ing func t ion  is& 

3.2 .2  Time-conf l i c t  detect ion 

The t ime-conf l i c t  detector  i s  searching the  e n t i r e  landing order f o r  infringements o f  the minimum 
permi t ted time-separation between pa i rs  o f  two successive a i r c r a f t  a t  the GATE. 

It uses a data table, the so-cal led separation matr ix  (Fig. 6) which gives the minilnum permitted 
time-separation between any combination of leading and t r a i l i n g  a i r c r a f t  according t o  t h e i r  
wake-vortex-class. 

If there i s  no t ime-conf l i c t  detected over the GATE, i.e. i f  the time-separation between any 
preceeding and fo l low ing  a i r c r a f t  i s  equal o r  greater than the respect ive minimum separation the  planning 
process i s  f in ished.  

However, i f  a t ime-conf l i c t  between two o r  more a i r c r a f t  i s  detected, the con f l i c t  reso lu t ion  
function comes i n t o  e f f ec t .  

3.2 .3  Tine-conf l i c t  Resolut ion 

The t ime-conf l i c t  a lgor i thm works as fo l lows:  

1. It consideres the  e a r l i e s t  t ime-conf l i c t  i n  the i n i t i a l  plan. I f  one o f  the  two a i r c r a f t  involved i n  
t h i s  c o n f l i c t  has i t s  status "frozen" ( i . e . i t s  pos i t i on  i n  the planned sequence over the Gate cannot be 
changed anynore), then the "non-frozen" a i r c r a f t  i s  put  behind the "frozen" one according t o  the 
s e ~ a 6 a t i o n ~ m a t r i x  i n  Fig.6. If both a i r c r a f t  have the "non-frozen" status, there are two p o s s i b i l i t i e s  
f ir the  sequence: 

- a i r c r a f t  i behind a i r c r a f t  j 
- a i r c ra f t  j behind a i r c ra f t  i. 

Both p o s s i b i l i t i e s  have a given delay t ime f o r  the postponed a i r c r a f t .  The t ime-conf l i c t  a lgor i thm now 
f i r s t  evaluates the  so lu t ion  w i t h  the smaller delay- t ine t o  form the  rev ised plan (which i s  
characterized by t h i s  delay-time). 

2.  I n  t h i s  rev ised plan, again the e a r l i e s t  t ime-conf l i c t  i s  considered ( i f  there i s  one remaining). 
Repeating step 1, t h i s  c o n f l i c t  i s  resolved w i t h  the  penalty of an add i t iona l  delay time. This c o n f l i c t  
reso lu t ion  process continues u n t i l  a con f l i c t - f r ee  rev ised plan has been found (w i t h  a ce r t a i n  t o t a l  
delay-time). 

3. I n  a back-tracking procedure, the  a lgor i thm has now t o  check a l l  the  solut ions o f  step 1, which have 
been neglected i n  the f i r s t  attempt. For each o f  these solut ions the c o n f l i c t  so lu t ion  process o f  step 
2 has t o  be car r ied  out u n t i l :  



- either another conflict-free plan with a smaller total delay-ti~ne as that of the previous 
revised conflict-free plan has been found, 

- or the total delay-time exceeds that of the previous conflict-free plan. 
4. This back-tracking procedure is carried out for all neglected conflict solutions of step 1 and 2. The 

procedure terminates with a conflict-free plan with the minimum possible delay-time. 

The time conflict resolution algorith. is governed by the strategy to minimize the total aircraft 
delay-time, according to the overall goal of the COMPAS project, to maximize the aircraft throughput. 
Other strategies are thinkable, e.g. to minimize the total number of time-conflicts to be resolved, 
thus reducing controller workload. 

The described algorithm is a type of branch & bound-algorithm, which can be visualized as a 
heuristic-directed search in a tree, using a cost function (the total delay-time). Nodes represent 
plans and are labeled with the earliest time-conflict to be resolved. The arcs represent the conflict 
solution procedures "i before j" and "j before i", as discussed in step 1 above. The tree is developed, 
using the heuristics "to solve the earliest conflict in the plan first" (Step 1). The total delay-time 
is sunned up along the branches, until a conflict-free plan is reached (Step 2).The value of the cost 
function for the first conflict-free plan is called "first bound". The back-tracking procedure (Step 3)  
leads to another branch of the search-tree, which is either closed, when its total delay-time exceeds 
the value of the first bound, or when a new conflict-free plan is reached with a smaller delay-tine 
(Step 4). The result of this search procedure is a conflict-free plan with minimum delay-time. The 
procedure is illustrated in w. 

The algorithm tries to resolve the earliest conflict first, i.e. the conflict between aircraft B an 
D .  If one of these two aircraft has already been"frozenU, in this case aircraft 8, the "non-frozen" 
aircraft D is put behind the leading one. In the next step the algorithm checks if the delay for D has 
created a new conlict or if other conflicts still exist. Again the earliest conflict is selected, in the 
example the newly created conflict between D and E.  If both sequences D-E or E-D are possible, either D or 
E may be delayed. The algorithm selects that sequence, where the total delay is minimum. This process is 
repeated until all time-conflicts have been resolved, giving a first solution for the sequence (1.branch) 
and the first value of the cost function (I .bound). 

4. Computer-Controller Interface 

The layout of the man-machine interface is of very great importance for the practicability and 
acceptance of a computer assisted function. The guidelines for the layout of the COMPAS-system were: 

o to keep the controller in the loop (i.e. to give him the plan, but to leave the verification of the 
plan to his experience, skill and flexibility); 

o to display just the necessary data, in a clear and understandable form; 

o to minimize the need for keyboard entries. 

These user requirements led to questions and proper solutions for the 

o distribution of authority between controller and computer 

o design of displays and controls and operational procedures. 

4.1 Distribution of Authority between Controller and Computer 

The requirement was to keep the controller in the loop. This led to a solution where the automated 
planner permanently carries out the planning functions, with the results (the overall-plan or a sub-plan) 
being displayed to the respective radar controllers. In the "norml" case, the plan should be reasonable 
and acceptable and no controller-computer interaction, not even the confirmation of receipt is required. 

This means that the control authority fully remains with the controllers. The cmputer simply takes 
over the complex planning procedure and makes proposals to the controllers. Assuming that these proposals 
are compatible with the intentions of the controller and the "behaviour" of the aircraft, the controllers 
will readily accept the su gested plan, transform it into appropriate control actions, which then are 
carried out by the aircrajt. The traffic situation will then further develop as anticipated by the 
automated planner. As the controller does not Yinform" the cmputer about his control actions (via data 
inputs), the computer does have no direct feedback from the controllers. but only mnitors and 
recalculates the development of the traffic situation. Only if mdifications are fed in, the cMRputer will 
react to controller inputs (w). 

The planning function can be classified as "loose, open loop-planning", with - by intention - low 
accuracy, leaving much responsibility but also flexibility to the human controllers. 

Other concepts with a m r e  "tight,.closed-loop-planning", are conceivable, however they require even 
more data, m r e  data-processing capability, m r e  intelligent algorithms and a higher degree of autanation. 

In real world operation, however, deviations and disturbances frequently occur and have also to be 
delt with. So, if the controller has to maintain full control authority, he must be permitted and able to 
"override" or modify the computer generated plan. In the COMPAS-system this can be done with sane function 
keys. Table 1 shows the operational capabilities of the COMPAS-system without and with controller 
interaction. 



Distributing the authority between controllers and computer causes another problem. In a 
computer-based system one automated planner generates one overall plan, which then is divided into several 
sub-plans and d i s t r i b u m  to the respective controllersn the different sub-sectors (u). 

This means the computer has and generates some kind of "master-plan". If this overall-plan is not 
apparent in the sub-plans, the sub-plans might not be transparent, understandable and acceptable to the 
controllers. Therefore it is important to provide information on the overall-plan, be it "on-request" or 
permanently. 

Another problem resulting from the distribution of sub-plans is, that plan modifications may 
originate at different places. This leads to questions of priority, of conflicting interactions and of 
deterioration of the general goal of the planner, and as well to the stability of the planning process. 
For the COMPAS experimental system with a limited number of controller working stations satisfying 
solutions have been worked out. In an operational system application with a great number of controller 
working stations this problem has to be resolved carefully. 

4.2 Displays and Controls 

As mentioned above the user requirements are: 

- to display just the necessary data, in a clear and understandable form, 

- to minimize the need for keyboard inputs. 

This led to simple, but very clear displays and functions keys. 

A coloured display is used. The basic version of the display for the arrival controllers is shown in 
.The display shows at top right: 

- the landing direction in use; (25) 

- the airport acceptance rate; (Flow 3.0 means: unrestricted flow, with 3 nm minimum separation 
when permitted). 

The left part of the display shows a time-scale for the next 20 minutes, with the actual time 
(10.17h) at the bottom. The expected arrivals in this sector are displayed with their call-sign and 
wake-vortex-class ( H ) .  The leading aircraft is at the bottom (according to the typical a r r a n g m n t  of the 
flight-progress-strips on the strip-holder-board). The small box on the bottom left represents the GATE, 
giving the indication that, e.g. the JU 358 should be over the GATE right at lo.17h. followed by the AY 
821 about 85 sec later, a.s.0.. 

The letters left of the time-scale give a rough indication of the suggested control action. Four 
qualitative suggestions are made to the controllers in order to establish a smooth, dense landing stream: 

" X M  - expedite (30 sec up to 2 minutes), 
"0" - no action (t 30 sec), 
"R' - reduce (TO sec up to 3 minutes delay), 
"H" - hold (more than 3 minutes delay). 

As an example: the LH 880 should arrive at the GATE at about 10:26 and it should be reduced. Because 
the LH880 is a HEAVY-type aircraft, increased wake-turbulence-separation is planned for the succeeding 
JU350, which has to be expedited in order to catch its landing slot. 

There is no proposal for the specific control command. Whether speed control, delay vectors or a 
combination of both is to be applied, is left to the judgement and experience of the controller, who will 
consider the entire traffic situation. 

The displays for the sector controllers are configured accordingly. However, the bottom box then 
corresponds to the "Time over the Metering Fix". Displayed is the whole sequence, i.e. the sequence to be 
merged from all approach directions. According to the colour of the stripholders used in the different 
approach sectors the labels are presented in the respective colours, giving the controller a clear 
indication from which direction an aircraft could be expected and giving a hint for what reasons the 
computer possibly has made a. different proposal than the human controller would have done with his limited 
knowledge of the overall situation. 

In case of higher degrees of automation or in case even more sophisticated "intelligent" planning 
algorithms are applied, the questions of transparency and understanding become even more important, as the 
controller lnust be able to fully mnitor the automated control process and to take over control at any 
time, in case of emergency. 

In this application of a semi-automated sub-system the solutions provided for transparency and 
acceptance were worked out in close cooperation with the users. 

As mentioned above, the controller is allowed to rmdify the computer generated plan if he desires or 
if unforeseen events have to be matched. 

Fi .ll shows the small functions-keyboard which is used for controller-computer-interaction. There 
spare) function-keys to activate the operational interventions described above. In addition there are 8+ 

are "ClearM- and "Execute"-keys and the so-called "-/+"-keys which are used either: 



o to rove a cursor down or up the time-scale, in order to identify or modify the plan of a specific 
aircraft, for example for a sequence change; 

o* -. 
o to increase or decrease arameter values; e.g. if the flow rate shall be changed: after pressing 
the FLOW-key, first the 'valid value is displayed on the input-control-line Lbottom-right). It then 
can be increased or decreased with the "-/+"-keys. The desired value is activated with the 
EXECUTE-key . 

All input procedures are performed in this same manner. 

Although much rore sophisticated displays and controls are conceivable and feasible from an 
engineering point of view (as much more information is available in the computer) the COMPAS development 
strictly adhered to the design-requirement of keeping the man-machine-interface as simple and clear as 
possible. 

The first trials with controllers from Frankfurt are very promising with regard to acceptance and 
operational feasibility. 

5. Conclusions 

The described computer-based planning system has been developed in all its elements at the 
DFVLR-Institute for Flight Guidance. It has been tested and evaluated at the institute's air traffic 
simulation facility, using traffic scenarios of Frankfurt Airport in real-time simulations, with up to 52 
aircraft movements simultaneously. 

The dynamic planning algorithm as well as the operational concept for computer assistance and the 
man-machine interface not only proved to be feasible, but were also readily accepted by more than 30 air 
traffic controllers from the Frankfurt Air Traffic Control Center, who took part in the tests and 
evaluaLions. 

Thus a first step towards the introduction of intelligent computer assistance for the controllers has 
been successfully achieved. It is however quite obvious, that this step of transferring human planning and 
decision making functions to a computer is still limited, with respect to the operational requirements of 
the user. A next step to go ahead with, is to implement some human controller heuristics in a rule-based 
system, which will then be coupled with the described algorithm. Essential for any operational application 
however are not only appropriate models and suitable computer capabilities, but in particular the careful 
design of elements and procedures for the man-machine interface. 

COMPAS experimental system 
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Figure 1: Radar tracks of arriving aircraft in a 90-min peak period 

Figure 2: Structure of the Frankfurt Approach Area 
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Figure 5: COMPAS data-processing funct ions 
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Assistance automatique a* dialogue contrdleurlpilote 
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t o u t  en t i e r  - pernmttm d 'd tubl i r  l 'heure d 'arriuie e t  d8 @part pour choque ae'mnaf e n t m n t  dans M i t e  
rigion, tou t  en fipUrt t e e  p inc ipa l ee  carnctg'riatiquee dee t r a j e o t d r e e  de vo t  correspondnntee. D'autw 
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1. INTRODUCTION 

Dans lea snn6ea 1 venir, la densite du trafic eerien connaltra probablement une augmntation continue, 
bien qu'il n'existe pour 1'Europe occidentale aucun projet de grande envergure en matilre de canstruetion 
de nouveaux grands aeroporta ou d'autres grades aires d'atterrissage. Les consequences de ce double pro- 
nostic, qui ne date pas d'aujourd'hui. ant d€j1 St€ debattuerr lors de precedents colloques de 1'AGAP.D. 
L'analyee qui en s 6t6 faite portait Bur lea retards (ref. 1, 1972). aur la rapidit6 et l'efficacit6 de 
1'6coulement du trafic (ref. 2, 1975) et Bur 1es poasibilit6s d'6conomie, notamment de carburant (ref. 3, 
1979 ; ref. 4, 1982). alors qu'il aemble sujourd'hui que ce soit la capacite de priee en charge des systl- 
mes qui repasse au premier rang des pr6occupations (ref. 5, 1984 ; ref. 6, 1986). 

La Direction technique de l'orgsnisation europ6enne pour la Securit6 de la Navigation aerienne EUROCONTROL 
a p i s  au point une methode pour la gestion efficsca de 1s circulation aerienne et le eontr8le precis de 
chaque vol dans une region de grande €tendue englobant une zone terminale importante et €ventuellement 
pluaieurs aeroporta secondaires. region denommCe Zone de Convergence. Ce eystlme comporte deux el6ments 
essentiels, Stroitement interdependants : 

(a) D'une part, un systlme de gestion du trafic appele "Systlme regional d'ordonnaneement-regulation des 
vola" ("Regional Organisstion of the Sequencing and Scheduling of Aircraft System - ROSAS"). 

(b) D'autre part, la r€gulation precise, dans lea quatre dimensions, de chaque vol present dsna 1s zone 
consid6r€e, en conformit6 dee directives etabliee pour la gestion du trafic. Ce deuxihe el€ment eat 
eonnu eous l'appellation "Ugulatioo individuelle des trajectoires d'arrivee" (Control of lnbouod 
Trajectories of Individual Aircraft - CINTIA). 

Le eystke ROSAS/CINTIA est e o n p  pour r6pondre 1 un triple imperatif : economie de vol. rapidit6 d'ache- 
minement du trafie, capacite optimale du aystlme de eontr8le. I1 aati~fait a m  erigencea des compagniea 
aeriennes en ce qu'il rMuit 1 un minimum lee Searta par rapport au profil de vitesse ideal pour lea phe- 
ses de mutee, de croisilre et de deseente, ceci meme en direct a la demnde des pilotes. En outre, la 
situation de trafic qu'il praduit offre une seeurite accrue, le nombre &en conflits potentiela €taut 
nettement rMuit par rapport aur eituetions actuellement observ€es (r6fLrences 7 et 8). L'€l&ent ROSAS 
defioit int6gralemant la trajectoire de chaque vol depuis l'entree dans la region jusqu'au toucher des 
roues. Lt&l€ment ClNTIA petmet au contr8leur de la circulation a€rienne d'assurer pour chscun des aeronefa 
presents dans la rone un guidage conforme aux directives de 1'616ment gearion (ROSAS) mlgre l'aetiom de 
perturbetione nombreuses et d'origines trls diversee. 

Lea essais men& 1 ee jour sur un echantillon de trafic reel observe dans les rigions de Bruxellea er de 
Londres font apparaltre que lea algorithmes retenus pour le ROSAS aont 1 la fois efficaces et fiables. 
Mais, lorequ'il a'agira d'appliquer le syateme en conditions reelles d'exploitation. iI est evident que 
tout dependra de la qualit6 de 1'Blhent CINTIA : ealui-ci devra constituet une procedure de navigation, 
de guidage et de contr8le qui, dQment coordonnee entre l'organisme de contr8le au sol et de pilote, avec 
intervention €ventuelle de l'sppareillage de bord, devra etre suffiaament precise pour que l'heure d'at- 
terrissage de chaque aeronef se situe 1 l'intiriaur du erenaau qui lui aura st€ attribue dans la a€quence 
definie initialement - c'est-adire au moment de son entree dans la zona - et eventuellement amndee apres 
coup par l'orgsnisme de gestion de la circulation aerieuse ou les contr6leurs charges du vol consid6rK. 

Afin d'evaluer eette pr€cieion, on e procede 1 la simulation de l'ensemble de la boucle de contr8le du 
CINTIA, avec la eoop6ratioo de pilotes de ligne et de contr8leurs chevronn6s. Les reeultats acquis 1 ce 
jour donnent penser que l'on peut, dona l'environnement actuel de commurnications radiot6l€phoniques, 
compter aur une pr6cision de l'ordre de 10 seeondes au seuil de la piste et qu'1 terme, dana un envirome- 
ment automarise avec liaisons de donnees, cette valeur pourra etre maiotenue pour den trsjeetoires de vol 
atteignant 200 NM 1 compter de l'entree dans la zone jusqu'au toucher des roues. Une description succine- 
te de la procedure de contrale propoaee - avec ses aspects techniques et les rCaultats de 1s aerie de 
tests effectu6s sur divere simlateure de vol - a St6 presentee 1 de precedents calloquea. Les textea 
correspondants (r€f&rencea 9 et 10) comportent en outre une bibliogrsphie relative a dee realisatioos 
eonoexea. Pour l'hi~torique de la question, ainsi que pour lee details techniques et theoriques, nous ren- 
voyons donc le lecteut a ces publications aoterieures. La presente communication traitere uniquement des 
fonetiona op€rationnelles principales du CINTIA, son objet €rant d'indiquer comment il est possible d'as- 
sister par ordinateur le dialogue contr8leur-pilote et comment le CINTIA pourrait etre m i s  en oeuvre dsns 
rout environnement de contr8le reel, prEsent ou futur. 

2. ENVIRONNEMENT SIMILE 

2.1. Generalitea : Syathe de gescioo (ROSAS) / r6gulation (CINTIA) 

LB Figure 1 represenre sch€matiquement l'ensemble du systlme de gestion et de rigulation. L'element 
(ROSAS, en l'occurence) attribue 1 chaque aeronef entrant dans la rone un creneav d'atterrissage. Celui- 
ci est calcule en fonction de la situation de trafic et des autres conditions d'exploitation, compte do- 
ment tenu dea impererife et contraintes d'6conomie, de rapidit6 d'ecoulement de la circulation, de 
capacit6 du systlme et de s€curit€. Le plan correspondant est elors reavoye aux fins de coordination aux 
"secteur(s)" comp€tent(s). 03 il sere contrLll€ au regard de sa compatibilit€ avec lee conditions locales. 

Une foie accept€, sous reserve d'6ventuels amendements, le plan est trsnads pour miae en oeuvre 1 l'orga- 
n i m e  de contr8le interesae. A partir de ce moment, le contr6leur de la circulation aerienne et le CINTlA 
fonctionnent efficacement c o m e  antit6 unique, chargee de guider l'eeronef et d'assister le pilote dans la 
conduite du vol jusqu'1 l'atterriesage. 



2.2. Begulation quadridimensionnelle des trajectoires : elements 

Le schema de la Figure 2 represente un poate de r6gulation quadridimeneionnelle des trajectoires d'aero- 
nefe dane l'actuel environnement de communications radiot6l€phoniques. C'est organisme de gestion du tra- 
fic aerien qui notifie l'heure d'atterrissage, laquelle pourra etre modiflee dans certain8 cas par le 
contr8leuc local. Pour simuler la proe€dure, on a recours aux 616mente ci-apr8s. dont les relatiaoa sont 
6galement indiqu€es sur le s c h k  (pour tout eamplhent d'informations B ce sujet, voir la r€f€rence 11). 

(a) La conduite des aeronefs est assuree au moyen de simlateura de vol du type actuelleme~t uti- 
1186 pour lea eompagnies agriennes, desservis par dee equipage6 professionnels. 

(b) L'information radar est transmise au CINTIA B intervalles de 5 ou de 12 aecondes, de maniare 1 
simuler divers modes de poursuite radar; 

( c )  Les moyeos de communications radiot&l€phoniques soot eemblables 1 ceux qui servent aetuelle- 
ment au dialogue entre les centres de contrale et lee aeronefs en vol ; 

(d) Les directives de r€aulation quadridimensiaanelle deatin6ee B chaque aeronef sont produites 
par l'ordinateur du CINTIA. AFfich6ss sur l'6eran radar eonfom€ment aux usages op6rationnels 
actuels, elles peuvent etre directe~ent traduitea par le contr8leur en expre8seiona conven- 
tionnelles agreees. Le contrOleur eat en outre avert1 (par un changement visuel - eouleurs. 
par exemple - etlou par un signal acoustique) lornque la directive eat sur le point d'etre 
trsnsmise B l'aeronef (pour le contenu des ktiquettes, les expression conventionnelles et le 
mode d'affichage utilia€s, voir chapitre. 4 et 5) ; 

(e) Pour lea vols reallsea juaqu'i pr6eent. le contrdle effectif a €t€ asaurs par du personnel des 
Services belgee du Contr8le de la circulatioin aerienne (Regie des Voles Aeriennes I Regie der 
Luchtuegen) ; 

(f) Le syar€me CINTIA, tel qu'il existe actuellement, est directement adaptable a un environnement 
earactkris6 par des communications aol-air-sol automstis€es an mode num6rique. 

Les directives produites par le CINTIA guident l'aeronef, dane les meilleurea conditions d'econo- 
mie, depuis la position oh ellea prennent cours jusqu'au creneau qui lui a st€ attribue dans la s6- 
quence d'arrivee. Les indications qu'ellee affiehent ne sont toutefois nullement obligatoires pour 
le contr8leur et le CINTIA s'adapte automatiquement aux r€sultsts des differentee d€cisions que ce 
dernier peut prendre. De fait, conaid€r€es du point de vue du CINTIA, ees decisions ne soot qu'un 
ensemble p a m i  d'autrea de facteurs potentlele de perturbation. 

2.3. Bepr€sentativit€ de l'environnement simule 

I1 semble permis d'affimer que l'environnement cr.S€.par la eimulation correspond de tr8s pras 1 la =€a- 
lit6 de l'exploitation, tent sur les plans techniques et operationnels que du point de vue de 1'616ment 
humain. C'est ainsi que l'oo peut creer et justifier c o m e  suit toutes les perturbations de nature 1 sf- 
fecter un vol regulier : 

AIR TRAFFIC 

Pcontioonement du CINTIA d a m  l'environnement actuel 
(conmunicatiana en radiot6lephanie) 



. coduite de l'aeronef : incidents trees sur les aimulatoura de vol des compagnias ; . information radar : interruptions da d u d e  limitse ; . occupation des frequencos radio : utilisation de telle ou telle voie B den moments critiques 
pour des messages urgents ; . amhigu'lt6s affectant simultan6mont ou s6parhnt les communications. le contr8le et la naviga- 
tion 1 la suite d'erraura de 1'61hent hurrmin, au sol ou en vol ; . situations de trafic appelant une intenrention i d d i a t e  du contr8la. par exemple pour la pre- 
vention ou la rSeolution des conflits ; . intemperies necessitant un aedement de l'autorisation de route etlou d'altitude, ainsi qu'un 
changemeat dans la coduite du vol (par exemple degivrage) ; . routes perturbations dues des erreurs touchant les pr6visions m€t€orologiques, lee "donnees 
d'dromef" du CINTIA (infornations de performance et sur les procedures op6rationnelles). les 
variables d'etst des aeronefs (poeition radar et, en mode RlT, 1s masse Myenne). etc. 

Gm trauvers au ehapitre 5 un echantillan des trajectoires r€cement parcourures sur le sioulateur de vol 
DC-10 de la SABENA : cet echantillon donne la mesure de la repr6sentativite de l'environnement sinule de- 
erit dane lee paragraphes qui precldent. 

3. PRINCIPES IlETENUS POUR U NAVIGATION, LE GUIDAGE KT LR CONTRDLE 

3.1. GeneralitBs 

Le schha de la Figure 3 repr6aente la procedure d'approche. L'aeronef en provenance de Londres 2 desti- 
nation de Bruxelles doit suivre l'itineraire represent6 aur ce e c h b  : Douvres, Koksy. Nackel, Affligem. 
Bruno, Bruxelles. I1 peut a'atteodre B ce qu'on lui attribua un profil de descente et une route d'arrivee 
standard aur Brluellea et a beneficier d'un guidage radar pour l'approche ILS de la piste 2.51. 

L'heure d'atterrissage est d6teralnee au niveau de la gestion, en concertation avec les organisms de 
contrale iot6resses. au moment ob l'aeronef entre dans la zone - ou par une coordination adequate au mo- 
sent oil il passe au-dessus de Douvres. En &me temps sont dgfinies lee caractCristiques correspondantes 
de la trajectoire (profil de vitesae en eroisi~re, descente et approche, trace de la trajectoire d'appro- 
chi finale). 

3.2. Variables de eoatr6le 

Lea deux categories fondamentales de variables de contr6le que l'on peut mettro en oeuvre pour guider 
l'aeronef avec precision jusqu'au toucher den roues influent our 8a vitease et aur le trace de sa trajec- 
toire. Evidement, celle-ci peut Lgalement etre affeetee par un ehangenent du profil de vol dans le plan 
vertical, mais il e'agit la a proprement parler d'une action sur la viteaae. encore que les directives 
correspondantes s'expriment par dee autorisations d'altitude, c o m  nous varrons plus loin. 

BUN 

Trajectoire sch6matisee d'un vol 1 destination de Bruxelles. 
montrant les principaux points da contrble 

Figure 3 



La base de donneen du CINTIA contient les caraet€ristiques des performances de chaque type d'aeronef, aim- 
si que les procedures de vol pr€conis€es par ehaque exploitant. Le syateme eonoalt egalement la topogra- 
phie de la region et notamment les cooordono€es precisea des points de route,.des aides la navigation et 
des aerodromes. Huni de f e e  conoaissances d€taill€es, d'une bonne compr€hensioo de l'element humain. 
tres bien arm€ pour l'extrepolation d'une trajectoire observee et pour le eelcul en direct de la trajec- 
toire la plus conform aux exigencea de la gestion, la CINTIA donne des directives directeent utilisables 
par le contr6leur de la circulation aerienne et pleinement compatibles avee les n€cessit€s de l'exploita- 
tion de l'atronef. 

3.3 Principes applicsbles aux arrivees 

La Figure 3 illustre l'application du systame de regulation CINTIA un vol d'arride. 

Loreque l'aeronef entre dans la zone, ses autoriaations d'altitude et de route sont confirm€es. Pour la 
phase en route, c'est le prafil de vitesse en eroisiere et en descente qui est la variable de contrale 
principale. Des lors, la vitesse en croieiere fera partie integrante de la directive de eontrale (CTL-1) 
soit des llentr€e dans la zone, sait B partir d'une position ultgrieure. I1 reste €vide-nt possible de 
demander des chaogemente d'itineraire ou dea restrictions d'altitude, comme nous le montrerons plus loin 
(raccourcissement de la route dans toute la meeure possible, mesurea de resolution de conflits. evitement 
des zones de mauvais temps, etc.). 

Aprh notification de la vitesse de croisiere B l'aeronef, le CINTIA iodique lee conditione de descente en 
route prevues, B savoir la vitesse de descente et la position oP doit se fsire le passage de 1s croisiere - 
B la descente (CTL-2). 

Pendant ou vers 1s fin de la descente en route, le CINTIA definit le trongon final de la trajectoire 
(CTL-3). Cette definition peut comporter plusieura elemente, a aavoir dea indications de vitesse 
(notamment au titre des reglements en vigueur dans la region) le virage d'amorce du pareours de bane et le 
virage d'intereeption du faiseeau ILS, c o m e  le montre la Figure 4. Le schema de fette figure repreaente 
le dernier trongon - depuie Uackel jusqu'au toucher des roues, soit quelque 65 B 75 NU - de trois trajec- 
toires effectuees sur le simulateur de vol DC-10 de la SABENA. Dans le cae (a), il n'a fallu qu'une seule 
directive de eontrale, laquelle correspondant a la definition du dernier virage avant interception de 
1'ILS. Dans le cas (b), l'sppreche de 1'ILS s'est faite en deux *tapes, a savoir d'abord un virage 
d'amorce du parcours da base, puia le dernier virage avant interception de 1'ILS. Enfin, dans le cas 
(e), a la fin du second virage, le CINTIA a egalement propose une reduetion de la vitesse afin de reapec- 
ter l'heure prevue d'atterrissage et d'assurer ainsi une separation euffisante par rapport 1 l'a6rooef 
precedent de la sequence d'atterrissage. 

3.4. Surveillance, navigation et co-unicationa 

Outre lea informations radar de surveillance, qui indiquent la position de l'aeronef toutes les cinq ou 
douze secondes, le CINTIA prend partiellement en compte 1'6quipemeot de l'aeronef (c'est ainsi qu'il dis- 
tingue entre lea equipements de navigation embarqu6.q et le calculateur de bord d'un FK-27 et ceux d'un 
B-757 ). 11 exploite €$alenent plusieurs autres moyens pour la formulation et la transmission des diree- 
tives de contr8le : Lea diversea mesures de regulation de la trajectoire (voir plus haut les mesures de 
contr8le correspondant 3 CTL-1. CTL-2, CTL-3 (a). (b). ( c ) ]  doivent etre d€cleneh€es en des positions bien 
d€termin€es. Ces positions sont definiea sous la forme de distances DELE par rapport aux diverses stations 
normalement utilisees dans la region aux fins de navigation Dans l'exemple de 1s Figure 3, ces stations 
sent successivement Koksy, Affligem et Bruno. En ce qui coneerne les communications, deux modes d'exploi- 
tation eont envisages. Dans l'environnement actuel (communications en rsdiot€l€phonie), le CINTIA affiche 
lee directives a l'intention du contr6leur. qui les trsnsmet B l'equipage une fois qu'il lee a approuv€es. 
Ces directives sont figees quelque 30 a 60 secondes d'avance, de maniare a tenir compte du delai de reac- 
tion de l'elhent humain et den eontraintes d'occupation den frequences. En outre, conformhent aux pro- 
cedures de communications radiot6lephoniques actuelles, le CINTIA preeente ses messages eoua une f a m e  qui 
se prete 3 la transmission directe aux aeronefs, apras visualisation et approbation par le contrbleur, via 
une liaison numsrique automatisee sol-air-sol (pour de plus anples informations, voir reference 12). 

3.5. Interface CIMIAlContrOleur 

L'interface entre le CINTIA et le eontraleur de la circulation aerienoe a €t€ consue avec le ~ o u c i  primor- 
dial de reduire autant que possible la charge de travail du contrbleur. A cette fin, il a €re decide, 
d'une part, d'integrer lea directives du CINTIA dans l1€tiquette d'aeronef pr€sant€e our l'ecran radar 
plutbt que de les afficher sur un VET (visualisatsur €lectronique de textes) s€par€. 

D'autre part, il etait indispensable d'eviter dans toute la mesure possible que les contrbleurs d e n t  a 
communiquer des informations quelconquea au CINTIA. En coas€quence, lorsque le contrbleur guide un 
seronef sur une trajectoire differenre de son itineraire prevu. il n'est pas n6ceseaire d'en avertir le 
ayathe. Celui-ci eet an effet suffisannent "intelligent- pour suivre la trajectoire ds vol effective et 
indiquer tout wment quelle devrait etre 1. directive suivante pour amener l'appareil de sa position du 
moment au creneau vaulu dans la sequence d'atterrissage. 
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STANDARD INBOUND ROUTE T O  BRUSSELS 
EXPECT PROFILE DESCENT AND RADAR VECTORING FOR 
ILS APPROACH ON RWY25L 

BRUSSELS. SNl23 
ROGER 
MAINTAINING FL 310 
STANDARD INBOUND ROUTE FOR RWY2SL 

SN123. BRUSSELS 
AT 36-DME BEFORE KOKSY. ADJUST SPEED T O  280KT-CAS 

XXX 

BRUSSELS. SNl23 
ROGER 
AT36-DME BEFORE KOKSY, W lLL  ADJUSTSPEED TO28OKT-CAS 

SN123. BRUSSELS 
EXPECT DESCENT AT 6-DME BEFORE KOKSY 

BRUSSELS. SN123 
ROGER 
EXPECTING DESCENTAT6-DME BEFORE KOKSY 

DESCENTE - 
SN123, BRUSSELS 
AT 5-DME BEFORE KOKSY DESCEND T O  FL 100 

X X X  DESCENT SPEED 270KT-CAS 

BRUSSELS. SN123 
ROGER 
ATS-DME BEFORE KOKSY WILL DESCEND TO FL 100 
DESCENT SPEED 270KT-CAS 

SN123, BRUSSELS 
AT 4-DME BEFORE AFFLIGEM DESCEND T O  2000 FT AND 

XXX AT SAME DISTANCE REDUCE SPEED TO 250KT-CAS 

BRUSSELS. SNl23 
ROGER 
A T C D M E  BEFORE AFFLIGEM WlLL  DESCEND 702WO FT 
AND WILL REDUCE SPEED TO 25OKT-CAS 

SN123. BRUSSELS 
CONTACT BRUSSELS ARRIVAL 118.25 

BRUSSELS. SN123 
ROGER 

Exempla ds dialogue CINTIA-coatr8leur-pilDte 

Tableau 1 



VIRAGE D'AMORCE DU PARCOURS DE BASE 

SN123, BRUSSELS ARRIVAL 
EXPECT BASE T U R N  A T  6.2-DME BEFORE BRUNO 

BRUSSELS. SNI23 
ROGER 
EXPECTING BASE TURN A T  6.2 - D M E  BEFORE BRl ' . IO 

SN123. BRUSSELS 
A T  6.0-DME BEFORE BRUNO, T U R N  R I G H T  
HEADING I20 F O R  BASE LEG 

BRUSSELS. SN123 
ROGER 
AT6.0-DME BEFORE BRUNO 
WE TURN RIGH'C HEADING 120 
WOULD YOU GIVE US THE DISTANCE TO G O ?  

SN123. BRUSSELS 
TRACK MILES T O  GO: 14. 

BRUSSELS. SN123 
ROGER 
TRACK MILES TO GO 14. 

VIRAGE FINAL D'INTERCEPTION ILS ATTERISSAGE 

SN123. BRUSSELS 
T U R N  RIGHT. HEADING 220 T O  I N T E R C E P T  ILS 

XXX 

BRUSSELS, SNI23 
TURNING RIGHT. HEADING 220 TO INTERCEPTILS 

SN123. BRUSSELS 

XXX R E D U C E  S P E E D  T O  IM)KT-CAS AS C O N V E N I E N T  
R E P O R T  W H E N  ESTABLISHED O N  ILS 

BRUSSELS, SN123 
ROGER. REDUCING TO 160 
WE WILL  REPORT WHEN ESTABLISHED 

SN123, BRUSSELS 
ROGER 

BRUSSELS, SNI23 
ESTABLISHED ON ILS 

SN123. BRUSSELS 
CONTACT T O W E R  O N  I ISM) 

BRUSSELS. SNI23 
ROGER 

Tableau 1 (suite et  fin) 



vols du 14 m i  1986 
(a) 

vole des 14 et 16 avril 1986 
0 )  

Eehantillon typique de vole effectu€s aur sinulateur DC-10 de la SABENA 
(Projection horizontale) 

Figure 5 

Sepr€sentation d'un vol en x, y et h 
(a) 

Affichage exp6rimental des messages du CINTIA 

Figure 6 
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Affichage exp6rinental dee messages du CINTIA 

Figure 6 



5. EXPERIMENTATIONS BN TEMPS REEL 

5.1. Utilisation des simulateurs de vol des eompagniea 

Un certain nombre de simulations out €t€ menees sur des simulateurs de vol appartenant B plusieurs comps- 
gnies aeriennes, B savoir SABENA, Belgian World Airlines. Bruxelles (Boeing B-737 et McDonnell 
Douglas DC-10) ; British Airways, Londres (Boeing 8-757) ; Deuteche Lufthansa, Prancfort (Airbus A-300 et 
Boeing 0-737) ; NLM City Hopper, Ameterdsm (Pokker P-27 et P-28) et le simuleteur de vol exp6rimental du 
Laboratoire aerospatial des Pays-Bas (NLR, Amsterdam). A titre d'exemple, nous avons renvoye aux resul- 
tats des erercices effeetu6s r€cement (les 14 et 16 avril et 16 ma1 1986) B l'aide du simulateur de vol 
DC-10 de la SABENA deaservl B chaeune de ces dates par le Commandant J. PUT2 et diff6rents membres d1€qui- 
page- 

5.2. Conditions noainalea de vol 

Nous avons montre precedement que la r€gulation.pr€cise de la phase de eroisi€re en route et da la phase 
de descente peut ne n€cessiter que deux ou trois interventions du contr8le (ref. 4, document 11) l'elhent 
critique €taut le tronson final de la trajectoire, w i t  de 10.000 pieda au toucher des roues. C'est pour- 
quai les exercices les plus recent8 ont St€ limit€s B la phase finale definie c o m e  suit. Les vols a des- 
tination de Bruxelles, piste 25L, Ctaient passes au CINTIA au moment de l'arrivee au-dessus de Mackel dans 
lea conditions nominales (vol en palier, altitude 10.000 pieds. vitesse indiqu€e 250 ooeuds). 2 quelque 
65-75 NM du point d'atterrissage. Le CINTIA calcule la trajectoire theorique entre Elockel et le toucher 
des roues en fonction du trafic (creneau d'atterrissage) et des conditions d'exploitation (pr6visions me- 
t€orologiques, procedures d'approche pr€vues, etc.). Tout comme dans la pratique suivie pour lea vols en 
route (voir chapitre 3) la Craneition du vol en palier a la phase de descente a St6 caleul€e en fonction 
de cette trajectoire nominale Dans le cadre de ces exercices, on ne laissaic le CINTIA exercec le 
cantr8le effeetif qu'une fois que l'aeronef allait quitter le niveau PL 100. On permettalt ainsi B un 
nombre eonsid8rable d'erreurs de s'aeeumuler au voisinage du point d'amorce du virage final, ce qui ren- 
dait 1s regulation du dernier trongon encore plus critique. 

5.3. Echantillon de trajectoires 

On trouvera B la Figure 5 les projections horizontales des vols de l'€chantilloo. Pour plus de clarte, 
cet €chantillon eat illustr€ en deux parties distinctes. A la lecture de cea figures, on peut identi- 
fier trois categories de trajectoires. 

(a) vals suivant la route pr6vue (bckel, Affligem, Bruno. Bruxelles) ; 

(b) vols ralliant directement Bruno ; 

(c )  vole faisant l'objet de deroutementa importants vers le sud ou vers le nord avant d'atre diri- 
g€s sur Bruno. 

Les conditions atmosph6riques varient d'un vol B :',.tre, de &me que la pr6cision dee pr6visions m€t€oro- 
logiques disponibles et un certain nombre d'autre- param€tres tele que la manse de l'a€ronef, laquelle 
n'est pan connue de l'orgenisme de cantr8le de la circulation aerienne lorsque les communications se font 
en mode radiot616phonique. 

Le commandant et son equipage oat assure la cooduite de l'seronef selon lee pratiques en vigueur. A dif- 
ferentes reprises, lee observateurs qui avaient pris place dsns l'habitacle out propose des erreurs impor- 
tantes de navigation, de &me que des retards de reponse aux directivee dee contr8leura au eol. 

5.4. Configuration exp6rimentele 

Pour lee exp€rimentations, le logiciel du CINTIA e €t€ place sur un mieroprocesseur. Les donnees radar 
provenaient d'un autre mieroprocesseur, directement raccorde au simulateur du DC-10. Dans cette configu- 
ration, l'interface CINTIA-contrllleur ae compose de deux €lhents easeotiels : 

(a) l'affichage couleur, simulant un Beran radar synth6tique et montrant les positions reelles des aero- 
nefs, assorties d'une etiquette contenant lee informations du CINTIA ; 

(b) le clavier, qui permet au contr8leur de commander l'affichage et de simler lee decisions du ROSAS. 

Le contrllleur peut feire trois types de demendes : 

modification de l'infornation sur les conditions d'exploitation (effichage ou non des codes des points 
de cheminement de 1s trajectoire initiallement prevue, de la trajectoire prevue actualisCe, de la poai- 
tie prevue, atc.) ; 

modification du contenu de l'etiquette (par exemple, affichage de la distance restant a pareourir, au 
lieu de la vitesse-sol eslcul€e) ; 

. amendement de l'heure d'arrivee, en valeur absolue et en valeur relative (ceei se fait en avancant ou 
en retardant d'ude ou de plusieurs positions le ereneeu d'arrivee dans la sequence d'atterrissage). 

I1 eonvient de eouligner iei que les entrees mentionn6es ci-desaus ont pour seul efPet de modifier l'sffi- 
chage et de simuler les suggestions de l'elhent ROSAS. A vrai dire, le CINTIA ne s'en remet nullcment 
au contr8leur pour la production dea directives de contrllle et n'a pas besoin de savoir si une directive 
d€termin€e a St€ effectivement trensmise B l'aeronef int€ress€. A cet €gard, comme nous l'avons d6jl in- 
diqu6, le eontrllleur ne fait pas partie de la boucle de contr6le interne du CINTIA ; 11 est entierement 
libre de see d€ciaions et du moment otl 11 les prend. Le CINTIA se bornera B euivre et B s'adapter aux si- 
tuations qu'on lui tree. 





A F I  
RW2S-L 

Vol suit la route initialement prevue 
(a) 

. 
M 

AFI  . 

A sa demande, pilote autorise 1 rallier directement Bruno 
(b) 

Val d6roure vers le nord pour rSeolution d'un conflit 
( c )  

Exemples illustrant la eouplesse du CINTIA du point de vue de la navigation 

Figure 7 



6 CONCLUSIONS 

Tout syathe visent B une geetion efficece de la circulation aerienne des points de vue de la securit6, de 
la rapidite, de 1'6conomie et de la capacite de prise en charge devra pouvoir assurer la r6gulstion preci- 
se de chaque vol dsns lea quatre dimensions. Le systlme conuu BOUS l'sppellation -Control of Inbound 
Trajectory of Individual Mrcraft - CINTIA" (r€gulation individuelle des trajectoires d'arrivee) pernet 
d'envissger un systhe de contr8le amenant lea a6ronefs au aeuil de la piste avec une marge de pr6ciaioo 
de 10 seeondes ( ~ a n s  utilisation syst&tique de files d'ettente), bien que ca ereneau eoit attribue su 
moment de l'entree de lla€ronef dans la zone, c'ast-ll-dire quelque 100 1 200 NM avant le point d'impact 
dee roues. 

La procedure ioitielement cansue pour atre appliquee dans le cadre de la Zone de Convergence est directe- 
nent transposable B tous les systemes qui compartent une contrainte en ee qui concerne l'heure d'arrivee, 
c'est-1-dire en particulier Lou. lee spatames visant 1 regler au mindre coat une circulation de densite 
maximale dans un volume d'espace de capacite limitge. 

Les exp€rimentatians dont ce systeme a fair l'objet visaient a mesurer la precision de 1s procedure et aa 
stabilit6 en presence de perturbations d'origines diverses door nous donnons un apersu ci-apraa. 

Les exercices en temps reel ont €t€ effectu6s d a m  das conditions c€alistea, avec la participation de 
cootr8leurs d'approche et d'equipages de ligne chevronnes. 11s ont St€ effectves 1 l'aide de divers simu- 
lateurs de "01. Les illustrations qui figurent dans le present document correspondent aux exercices ef- 
fectues sur le simulateur de vol DC-10 de la SABENA, Belgian World Airlines. 

Lea directives du CINTIA etaient sffich6ee dans lee Ktiquettes appsraiesanc sur 1'6cr.n radar (et qui oe- 
cupaient gEnKralament une ligne de huit earact8res). sous une forne que le contr8leur de la circulation 
aerienne pouvait eishent transpoaer en expressions conventionnelles eourantea pour transmission aux pilo- 
tes sur les frequeneea radiot616phoniques. 

On a impose au fonetionnenent du aysteme des perturbations importantes imputables B divers faeteurs : 

. elements d'incertitude des pr6visione dt6orologiques ; . modification des plans initfeu (chsngament d1itin€raire ; modification du profil vertical ; re- 
vision du ccKneau attribue dams la sequence das heures d'atterrissage, etc.) ; - options concernant la eanduite du vol (mode oanuel ou pilote automatique) ; 
incertitude quanc B la masse de l'aeronef, lea contrllleurs ne connaissant que la valeur moyenne 
pour chaque type d1a€ronef lorsque les comunications ae font en mode radiot€l&phonique ; - erreurs humaines, rant B bord qu'au sol (facilit6es par la presence d'observateurs). induisant 
den errevrs aesee importantes en ce qui concerne les comounications, le navigation (dans lee 
plans horizontal et vertical) et la vitesse ; - evenements et incidents partieuliers (resolution des conflits, conditions dteorologiques defa- 
vorables, etc.) donnant lieu B des instructions de guidage dans les plans vertical et horizontal 
ainai qu'B des eearts de route important.. 

A l'isaue de ces esaaia, il appsralt que le CINTIA permet au eontrllleur d'acheminer lea s6ronefs juaqu'au 
moment du toucher des roues avec une haute prheieion (mrge de 10 seeondes) et dsns lss conditions voulues 
de securite. Le CINTIA parvient en effet B respecter l'heure d'arrivee malgre lea incertitudes inherentes 
B l'environnement actuel. En outre. 11 adapte sea directives au contr8leur de manisre B tenir compte des 
diverses perturbation8 pouvant affecter la conduite du v o l  A cet egerd, il presente une tree grande sou- 
Plesse larsqu'il a'agic de dnager les imperatifs du contrllle c o m e  ceux de la navigation. I1 s'adapta 
automatiquement aux plans de vol et A leurs modifications, Cant dans le plan horizontal que dans le plan 
vertical, aane que le eontr8leur doive intervenir et introduire de message perticulier en machine. 

I1 est permis de conclure que dans lee RLA Hodernea de gcande €tendue, le CINTIA constitue un moyen 
efficace d'assistance automatiqua aux contrllleurs lorsqu'il s'agit de regler avec pr€ciaian des trajcctoi- 
re* optipales depuie l'entree dans la zone jusqu'a l'atcerrissage. Les messages atfiches par cc systlme 
sont clairs et fomplets et, tout en se pretant B l'exploitation dans l'environnement sctuel de coamunica- 
tiona radiotSl6phoniquea. ils soot direeteaent adaptables dans l'avenir 3 un resesu de liaisons nudriques 
sol-sir-sol. 
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Automatic assietaaee far the  coatro l ler /p i la t  dialogue 
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I t  i s  very l i k e l y  t ha t  an# future comept t o  be used for  the safe and e f f i c i e n t  conduct of a i r  t m f f i c  f i n  
t e r n  of e q e d i t i o n ,  e c o q  and capacity)  w i l l  ozh ib i t  two essent ia t ,  c toee ly  i n t o r r e k t e d  mnponents. 
F i r s t l y ,  t he  on-line nnmgement of a i r  tmffic o w r  a k r g e  area - f ~ o m  a Zone of Convergence type t o  a 
continental covemge - wi l l  gsnemte t he  tanding and departure t i m s  f o r  each a i r c m f t  entering t he  a m ,  
whits a t  t he  s ~ l s  tim &fining t he  essent ia l  chamc te r i s t i o s  o f  t he  relevant f l i gh t  paths. Secondty. an  
o p e m t i o m l  control procedure w i l l  be required t o  oonduct each individual f l i gh t  accumte ty  throughout t he  
area, t ha t  i s  t o  say, i n  t he  m e e  of a Zone of Convergence, fmm entry  t o  touchdown, i n  agreemnt with t he  
a i r  t m f f i c  nnmgement d irec t ives  and i n  l i ne  with o p e m t i o m l  pmct ice  fonbmni  and on t h e  g.oundJ. 

Thie paper out l ines  t he  essent ia l  o p e m t i o m l  features o f  a control procedure sui table t o  m e t  t he  above 
cone tmin t s  whits ensuring a 10-second accumcy for the time o f  a r r i w l  as  predicted i n i t i a l l y  a t  en try  
i n t o  t he  aone (and poseibly amended eubeequentty), for  current a i r  carriers i n  present R/T or future D/L 
cownunicatione enviromnents. 

Maaagemeat o f  Air T r a f f i c  and Control o f  Individual Plights 

*Dr. A. BenoZt i e  a l so  Chard ds cours, 
Facuttd dse Scimoee Appliqudes, 
Universitd Cathotique da Louvain, 
8-1348 Louvain-la-Neuve. 



1. INTRODUCTION 

In the years to come, the air traffic density will probably increase continuously, although in Western 
Europe there is no major plan for the construction of new major airports or other important landing faei- 
lities. This twofold projection has been stated in the past and its implications discussed at previous 
AGARD conferences. In fact, it has been analysed in terms of delay8 (Ref. 1. 1972). in terms of expedition 
and efficiency (Ref. 2, 1975). and in terms of economy, particularly fuel conservation (Ref. 3, 1979; 
Ref. 4, 1982). while the emphasis today seems to be placed again mainly on capacity (Ref. 5, 1984; 
Ref. 6, 1986). 

Within the Engineering Directorate of EUROCONtROL, the European Organisation for the Safety of Air Naviga- 
tion, a technique has been developed for the efficient management of the air traffic and the accurate con- 
trol of each individual flight in an extended area including and surrounding a main terminal and possibly 
several secondary airports, this extended area being referred to as a Zone of Convergence. The system is 
essentially made up of two baeic, closely interrelated components: 

(a) on the one hand, the management of the traffic referred to es the Regional Organisation of the 
Sequencing and Scheduling of Aircraft Syetem (ROSAS); 

(b) on the other hand, the accurate 4-0 control of each individual flight in the zone in accordance with 
the management directives. This component is referred to as the Control of Inbound Trajectories of 
Individual Aircraft (CINTIA). 

The ROSASICINTIA aystem aims at meeting the three-element criterion of economylexpeditionlcapaciLy. It 
meets the requirements of the airlines by minimising the overall deviation from the preferred climb1 
eruiseldeacent speed profile - even on-line at the request of the pilots. In addition, the resulting 
traffic situation is safer, the number of potential conflicts being appreciably reduced when compared to 
actually observed situations (Refs. 7 and 8). ROSAS provides the definition of each flight through the 
zone e.g. from entry to touchdown. CINTIA makes it possible for the ground-based air traffic controller 
to guide each individual aircraft in accordance with the management (ROSAS) directives, in spite of the 
numerous perturbations emanating from a wide variety of sources. 

Prom the teets conducted so far, using actual observed traffic in both the Brussels and London areas, the 
ROSAS algorithas appear efficient and reliable. Clearly, the applicability of the system to real life now 
relies on the quality of CINTIA, that is to say on an accurate navigation, guidance and control procedure 
(duly coordinated between the ground-based control unit and the aircraft pilot and possibly on-board 
equipment) such as to enable each aircraft to meet its landing time position within the landing time slot 
sequence defined initially - on entry into the zone - and poseibly amended subsequently by the air traffic 
management unit or the controllers in charge of the flight. 

For accuracy assessment, the CINTIA overall control loop has been simulated in cooperation with airline 
pilots and professional air traffic controllers. The results obtained to date indicate that a 10-second 
accuracy at the runway threshold can be expected in present RIT comnications - and furthermore, in a 
future automated digital link environment - for flight paths from entry to touchdown extending up to 
200 nm. 

A summary of rhe proposed control procedure - the technical aspects and the results of a series of tests 
conducted an several flight simulators - was presented at previous conferences and the relevant pro- 
ceedinga (Refs. 9 and 10) also include a list of references to associated developments. The reader is 
accordingly referred to these previous publications for additional historical, technical and conceptual 
details. This paper will outline only the essential operational features of CINTIA, shoving the type of 
computer assistance which can be expected for the controllerlpilot dialogue and indicating, in addition, 
how CINTIA could be implemented in a real-life, present or future, environment. 

2. SIMlLATION ENVIRONMENT 

2.1. ceneral: Management (ROSAS) I control (CINTIA) system 

The overall managament/control aystem is schematically illustrated in Figure 1. The management component 
(ROSAS in the illustration) assigns a landing aloe to each aircraft entering the zone. This is done in 
terms of traffic and other environmental conditions in accordance with the economy, "expedition", capacity 
and safety criteria and constraints. The related plan is then referred to the relevant "sector(8)" for 
coordination and checked for local compatibility. 

Once accepted, subject to any amendments, the plan is sent to the control unit concerned for implemen- 
tation. Thereafter, the air traffic controller and CINTIA will operate as a single efficient team in 
order to guide the aircraft and assist the pilot in performing the flight until touchdown. 

2.2. 4-D control of trajectories: Components 

A position for the 4-D control of trajectories in an BIT communications environment is shown schemati- 
cally in Figure 2. The landing time is received from the air traffic management unit - on some occasions 
it may be modified by the local controller. For the purpose of simulating the procedure, the following 
components, connected as shown in the diagram, are available (additional information on this subject may 
be found in Reference 11): 

(a) aircraft operation is simulated using current airline flight simulators operated by profes- 
sional crews; 

(b) radar information is sent to CINTIA every 5 or 12 seconds to simulate diverse modes of tracking 
techniques; 



(c )  R/T communications facilities are similar to those currently available between the air traffic 
centre and the aircraft. 

(d) 4D-control directives for each aircraft are generated by CINTIA's computer. Displayed on the 
radar screen in a manner consistent vith present-day operation, they can be translated direct 
into current phraseology by the controller. Further, the controller ia alerted (by the changing 
appearance of the directive. 0.8. colour changes and/or audible signal.) vhenever transmission 
to the aircraft is imminent (see Sections 4 and 5 for label contents, phraseology uaed a d  
display). 

(e) In the case of flights conducted to date, actual control has been provided by professional 
Belgian air traffic controllers (Begie das Voies a€riennes/Regie der Luchtvegen). 

(f) The CINTIA system as developed is directly adaptable for the purpose of automated digital 
ground/air/ground communications. 

The control directives generated by CINTlA vill lead the aircraft in the most economical vay f m  
its presedt position to arrive ar the allocated slot in the arrival eequence. However, the dis- 
played directives are by no means mandatory for the controller and ClNTIA vill adapt itself a u r a -  
tically to the results of different controller decisions. Actually, from CINTIA'. point of vier, 
these are simply Considered as another set of possible perturbations. 

2.3. Simulation versus real life operation 

It is felt that the simulation environment which has been created reflect8 real life operation with a high 
degree of realism. This is true from the technical, operational and human viewpoints. Any disruptions 
which might affect a regular flight can be introduced and accounted for, including: 

. aircraft operation: incidents covered by the use of the airline's training facilities; . radar information: interruption for limited periods of time; . radio frequency occupancy: channel used at critical moments,for emergency messages; . communications and/or control and/or navigation ambiguities resulting from human errors on the 
ground or in the air; . traffic situations calling for immediate control action such as conflict avoidance or resolution; . adverse weather conditions calling for route andlor altitude clearance alterations end change in 
aircraft operation (e.8. de-icing); . any perturbations resulting from errors in meteorological forecasts, CINTIA'e aircraft knovledge 
(performance end operational procedure), aircraft state variables (radar position and, in R/T 
mode, average mass), etc. 

Section 5 contains a sample of trajectories flown recently on the SABENA DC-10 flight simulator: it illus- 
crate8 the realism of the aimulstion environment as outlined in these paragraphs. 

CINTIA operation in present RIT environment 

Figure 2 



3. NAVIGATION. GUIDANCE AND WNTROL PRINCIPLES 

3.1. General illustration 

The approach procedure ie shown schematically in Figure 3. The aircraft coming from London. U.K., in- 
bound to Brussels, Belgium, is scheduled to follow the route as shown (Dover. Koksy, Mackel, Affligem, 
Bruno, Brussele). It may expect a profile descent, a atandard inbound route to Brussels and radar vec- 
toring for ILS approach an Runway 25 left. 

The landing time is determined at management level in agreement with the control units concerned when the 
aircraft enters the zone - or through adequate coordination when it paeses Dover - and, st the same time, 
the related characteristics of the trajectory (cruieeldescentlapproach speed profile aod final path geog- 
raphy) are defined accordingly. 

3.2. Control variables 

Aircraft speed and trajectory geography cover the two fundamental categories of control variables avail- 
able to guide the aircraft accurately to touchdown. In addition. alteration of the vertical profile con- 
ponent may also be considered as a source of trajectory control. Strictly speaking, however, this falls 
within the "aircraft speed" control category even if the related directives are expressed in terms of 
altitude clearances, as discussed subsequently. 

CINTIA incorporates the aircraft performance for each aircraft type together with the flight procedures 
the airline operator prefers. The knowledge background aleo covers the geography of the area including a 
precise definition of the way-points, navigation aids and landing facilities. With this detailed infor- 
mation in its mind, a good sense of human understanding, a real competence for extrapolating an observed 
path and a remarkable capacity for generating on-line the trajectory which will meet the management 
requirements, CINTIA provides guidance directives directly usable by the air traffic controller end fully 
compatible with the aircraft operation. 

3 .3 .  Principles of application to an inbound flight 

The application of CINTIA control capability to en inbound flight is suggested in Figure 3. 

When the aircraft enters the zone, altitude and route clearances are confirmed. For the en-route phase, 
the cruiseldescent speed profile is the eseentiel control variable. Accordingly. either at entry or at 
Borne later position, cruise speed will be part of the control directive (CTL-1). Of course, route amend- 

schematic trajectory of a flight inbound to Brussels 
Illustration of the characteristic control points 

Figure 3 



ments may be requested, as well as altitude restrictions, as will be shown later in this paper (reduction 
of route length whenever possible, conflict resolution actions, adveree weather avoidance, ete.). 

After notification of the cruise speed to the aircraft, CINTIA presents the expected en-route 
descent conditions, that is to say the deeeeot speed and the poaition at which the transition from cruise 
to descent is to be initiated (CTL-2). 

During or close to the end of the en-route descent, CINTIA specifies the final part of the trajef- 
(CTL-3). This may include several components, namely speed indications (including regulations 

app ied in the area), turn to base leg and turn for ILS interception as illustrated in Figure 4. This dis- 
gram shows the final part - extending from Mackel to touchdown, about 65 to 75 nm - of three trajectories 
flown on the DC-10 flight simulator of SABENA. Belgian World Airlines. In case (a), only one control 
directive was needed corresponding to the definition of the final turn for ILS interception. In caae (b), 
the approach to the ILS was made in two steps, firstly a turn to base leg and secondly the final turn for 
ILS interception. Finally, in case (c), at the end of the second turn, CINTIA also suggested a reduction 
of the speed to meet the allocated landing time and thus to ensure safe separation from the preceding 
aircraft in the landing sequence. 

3.4. Surveillance, navigation end communications 

Besides the surveillance radar information providing the aircraft position every 5 or 12 seconds. CINTlA 
accounts for part of the available ooboard equipment (cf. FK-27 versus B-757 onboard navigation and com- 
puting equipments). Also it relies on and adapts itself to the following aids for the framing and trans- 
mission of the control directives. 

The specific control actions (see above actions pertaining to CTL-1, CTL-2, CTL- 3:(a), (b) and (c)) must 
be initiated at specific positions. These positions are expressed in terms of DME distances to stations 
normally used for navigation purposes in the area. In the example depicted in Figure 3, these stations 
are successively Kokey, Affligem and Bruno. 

With respect to communications, two modes of operations are envisaged. In the present mode of RIT com- 
munications, CINTIA displays the directives to the air traffic controller, who relays them to the cockpit 
after approval. The directive8 are frozen some 30 to 60 seconds in advance to allow for human response 
delay and frequency occupancy. In line with present R/T eommunicatiooa. CINTLA actually tailors its 
messages for direct transmission to the aircraft - after presentation to and approval by the con- 
troller - via an automated digital ground/air/ground link (this subject is discussed further in 
Reference 12). 

3.5. CINTIAIController interface 

The main consideration during the design of the CINTIAIair traffic eontroller interface was to reduce as 
far as possible the controller's workload. To that effect it was decided on the one hand to include the 
CINTIA directives direct in the aircraft label on the synthetic radar display rather than to display them 
on a separate EDD (Electronic Data Display). 

On the other hand, it was essential to avoid as far as possible any requirement for controller input to 
CINTIA. Accordingly, if a controller vector8 the aircraft away from the planned route it is not necessary 
to notify this to CINTIA. It is sufficieotly intelligent to follow the flight path and cooeequently to 
suggest to the controller what, at each instaace, the next control directive should be in order to arrive 
from the present position at the correct slot in the landing sequence. 

4. GROUNDIAIR CONTROL SCENARIO 

4.1. Sequence of groundlairlground messages 

In order to give a fair idea of the operational procedure, it is proposed to fallow the sequence of 
CINTIA - Air Traffic Controller - Aircraft Pilot exchanges for a flight whose geography is as shorn in 
Figure 3. Table 1 lists a set of messages generated by CINTIA (those messages requiring sir traffic coo- 
troller action, and the messages being displayed when any other message was initiated or answered by the 
ground) and the complete set of groundlairlground meaeages exchanged during the whole flight from entry to 
touchdown. The massages generated by CINTIA are placed in a rectangular frame. They are black and white 
copies of the label appearing on the radar screen (see Section 5). The messages originating in the cock- 
pit are written in oblique characters and start with the fall "BRUSSELS, SN123". Those sent by the air 
traffic controller use straight characters and usually start with the call "SH 123, Bruasela:" 

The translation of the CINTIA directives appearing in the label into clear ATC phraseology results 
directly from the table. Nevertheless, for the sake of completeness, some individual aspects will be 
discussed briefly. 

4.2. Structure and content of CINTIA messages 

The labels available for the CINTIA message provide a capacity of 3 lines of 8 charactere. Although 
their Content may vary from one phase of the flight to another, there are some constant elements. 

(1) The first line includes the aircraft callsign, "SN123" in the example, then the aircraft cste- 
gory ("H" for heavy, "M' for medium and "I" for light), and finally the position of the air- 
craft in the landing sequence, "1" to "9" or -*" if the aircraft occupies a position vhose 
reference is larger than 9. Thin last information is not generated by CINTIA but originates 
fro* the ROSAS nodule which deola with the air traffic management aspects 
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(2) The second line usually displays the altitude expressed in Flight Levels and the ground speed 
as derived from radar information. On request, CINTIA will provide the distance to touchdown 
("track miles") instead of the derived ground speed; in this ease, a decimal point will con- 
firm that the information displayed is distance. 

(3) The third line essentially contains CINTIA control directives. Clearly, the content of the 
directivee varies from phase to phase. When it is time to relay the directive to the aircraft. 
the appearance of the message (3rd line only) changes e.g. a colour change from yellow to red 
or from normal display to flashing depending on the type of equipment. After the time the 
relevant action should have been initiated by the pilot, the appearance of the message (3rd 
line only), changes again (e.g. to green or low intensity), which should remind the controller 
which action was expected if it has not been initiated - for instance, if the pilot does not 
turn in time the controller will send a reminder and CINTIA will use whatever control range 
is available to compensate. NaLe: In Table 1, the mark "MU(" next to the directive indicates 
that the appearance has changed and that the message ahould be sent. 

4.3. Sequence of phases of flights 

For ease of reference in Table 1, the various messages which follow each other chronologically have been 
grouped by flight phase. 

At entry into the Zone, the exchanges reflect present practice CINTIA's displayed message requires the 
aircreft to initiate transition to 280 KIAS cruise speed at 36 nm before Koksy. This message is sent when 
requested (XXX), end subsequently CINTIA presents continuously the next control directive "Expect descent 
at ..-DME before Kokey", which will mark the end of the cruise phase end the beginning of the descent 
phase. Its content may change, simply because the flying cooditions have changed and/or ROSAS has allo- 
cated a differeot landing time. CINTIA has adapted the remaining part in order to meet the final cons- 
traint ("Descend at 5nm DME before Kokay st 270 KIAS" instead of "Descend at 6 nm -DME before Koksy at 
280 KIAS"). For the en-route cruise and descent phases, speed profile is to be expressed in terms of both 
MachICAS As already understood, the space available forces us to express such a profile in the form 
mmmles where the Mach number is expressed in hundredths and the calibrated airspeed in multiples of ten 
knots. For the lower phase of the descent, the Mach component is no longer applicable. The speed is 
accordingly expressed in knots and apace is available to display the full code of the DME station. 

After the en-route descent, CINTIA will display the next directive, namely the instruction8 defining the 
turn for base leg, which is called the "base turn" phase in Table 1. The message says "At 6.0 om DME 
before Bruno, turn right, heading 120 for base leg". At the request of the pilot relayed by the air 
traffic controller, CINTIA will give the distance to go. Then CINTIA warns the controller that 12 seconds 
from now he should instruct the pilot to turn right heading 220 to intercept ILS (phase entitled "g 
turn and ILS interception and landing" in Table 1). After the turn, CINTIA estimates the aircraft arrival 
to be earlier than expected and gives the speed which would bring the aircraft nto schedule. Sub- 
sequently, the time of arrival ie estimated to be within the 10-second accuracy margin, and CINTIA indica- 
tes that this is so by displaying the message "....". 

5. REAL TIME EXPERIMENTS 

5.1. Use of airline flight aimulators 

A number of simulations were conducted using several airline flight simulators, viz SABENA, Belgian World 
Airlines, Brussels (Boeing B-737 and MEDonnell Douglas DC-10); British Airways, London (Boeing 8-757); 
Deutsche LUFTUNSA. Frankfurt (Airbus A-300 and Boeing 8-737); NLM City Hopper, Amsterdam (Fokker F-27 
and F-28) and the research flight simulator of the Dutch Aerospace Laboratory (NLR. Amsterdam). In order 
to illustrate this. reference has been made to the reeults of the experiments conducted recently (14 and 
16 April and 16 May 1986) using the SABENA DC-10 flight simulator operated by Captain J. Putr and dif- 
ferent crew members oo each date. 

5.2. Nominal flight conditions 

It has already been shown previoualy that the accurate control of the en-route cruise and descent phases 
may require only two or possibly three control actions (Ref. 4, Paper 11). the critical portion being the 
final part of the trajectory, say from 10,000 feet until touchdown. Accordingly, recent experiments were 
limited to the final phase defined as follows. Plights inbound to Brussels, landing on runway 25 L, were 
referred to CINTIA on arrival over Hackel, nominal conditions (horizontal flight, altitude 10,000 feet, 
indicated airspeed 250 knots), say about 65 to 75 nm from touchdown. CINTIA computes the nominal trajec- 
tory between Maekel and touchdown in terms of the traffic (landing slat position) and in accordance with 
environmental conditions (meteorological forecast, anticipated approach procedure, ete.). As in en-route 
practice (see Section 3). the transition from horizontal flight to descent phase was computed on the basis 
of this nominal trajectory. For the purpose of the experiments CINTIA was allowed effective control only 
after the aircraft had left FL100. This allowed the accumulation of considerable errors close to the base 
turn point, thereby rendering the control of the final part even more critical. 

5.3. Sample of trajectories 

The horizontal projections of the flights included in the sample may be seen in Figure 5. For the sake of 
clarity, this sample is shown as two subsets an the diagram. As it appears from the figures three cate- 
gories of trajectories can be identified. 

(a) flights following the planned route (Mackel. Affligem, Bruno, Brussels); 

(b) flights going direct towards Bruno; 



ENTRY INTO ZOC-CONTROL AREA 

BRUSSELS CONTROL, SN123 
F L  310. INBOUND TO BRUSSELS 
ESTIMATING KOKSY I N  8 M I N  

CRUISE - 
XXX 

DESCENT - 
SN123 H8 
310 402 

XXX 

SN123. BRUSSELS, CONTROL 
RADAR CONTACT. MAINTAIN FL 310 
STANDARD INBOUND ROUTE TO BRUSSELS 
EXPECT PROFILE DESCENT AND RADAR VECTORING FOR 
ILS APPROACH ON RWY25L 

BRUSSELS. SNI23 
ROGER 
MAINTAINING F L  310 
STANDARD INBOUND ROUTE FOR RWY2SL 

SNI23, BRUSSELS 
AT 36-DME BEFORE KOKSY, ADJUST SPEED T O  280KT-CAS 

BRUSSELS. SN12J 
ROGER 
AT36-DME BEFORE KOKSY. W l L L  ADJUST SPEED T0280KT-CAS 

SN123, BRUSSELS 
EXPECT DESCENT AT &DME BEFORE KOKSY 

BRUSSELS, SN123 
ROGER 
EXPECTING DESCENT AT6-DME BEFORE KOKSY 

SN123. BRUSSELS 
AT 5-DME BEFORE KOKSY DESCEND TO FL 100 
DESCENT SPEED 27OKT-CAS 

BRUSSELS. SN123 ~~ , 

ROGER 
ATS-DME BEFORE KOKSY WILL  DESCEND TO F L  100 
DESCENT SPEED 270KT-CAS 

SN123. BRUSSELS 
AT 4-DME BEFORE AFFLIGEM DESCEND TO 2000 FT AND 
AT SAME DISTANCE REDUCE SPEED TO 25OKT-CAS 

BRUSSELS. SN123 
ROGER 
A T C D M E  BEFORE AFFLIGEM W l L L  DESCEND TO 2000 FT 
AND W I L L  REDUCE SPEED TO 2SOKT-CAS 

SN123. BRUSSELS 
CONTACT BRUSSELS ARRIVAL 118.25 

BRUSSELS, SN123 
ROGER 

Example of CINTIA/CONTROLLER/PILOT dialogue 

Table 1 



BASE TURN - 
SN123. BRUSSELS ARRIVAL 
EXPECT BASE TURN AT 6.2-DME BEFORE BRUNO 

BRUSSELS, SN123 
ROGER 
EXPECTING BASE TURN AT 6.2 -DME BEFORE BRL'NO 

SN123, BRUSSELS 
AT 6.0-DME BEFORE BRUNO. TURN RIGHT 

XXX HEADING 120 FOR BASE LEG 

BRUSSELS, SN123 
ROGER 
AT6.0-DME BEFORE BRUNO 
WE TURN RIGHT. HEADING 120 
WOULD YOU GIVE US THE DISTANCE TO G O ?  

SN123. BRUSSELS 
TRACK MILES TO GO: 14. 

BRUSSELS, SN123 
ROGER 
TRACK MILES TO GO 14. 

FINAL TURN FOR ILS INTERCEPTION AND LANDING 

SN123, BRUSSELS 
TURN RIGHT, HEADING 220 T O  INTERCEPT ILS 

XXX 

BRUSSELS, SNl23 
TURNING RIGHT. HEADING 220 TO INTERCEPT ILS 

XXX 

SN123. BRUSSELS 
REDUCE SPEED T O  I60KT-CAS AS CONVENIENT 
REPORT WHEN ESTABLISHED ON ILS 

BRUSSELS. SNl23 
ROGER. REDUCING TO 160 
WE WILL REPORT WHEN ESTABLISHED 

SN123, BRUSSELS 
ROGER 

BRUSSELS. SNIZJ 
ESTABLISHED ON ILS 

SN123. BRUSSELS 
CONTACT TOWER ON 118.60 

BRUSSELS, SN123 
ROGER 

Table I (cont.) 



Flights conducted on 14 May 1986 

(a) 

Flighta conducted on 14 and 16 April 1986 

(b) 

Illustrative sample of trajectories flown on the SABENA DC-10 flight simulator 
(Horizontal projection) 

Figure 5 

Flight (x, y, h) illustration 
(a) 

Experimental display of CINTIA messages 

Figure 6 





(e) flights subject to major diversions to either the North or the South before being directed 
towards Bruno. 

Atmospheric conditions vary from flight to flight, as do the accuracy of the meteorological forecasts 
available and a number of other parameters, such as the mass af the aircraft, which in the R/T eommunica- 
tions mode is not known to the air traffic control unit. 

The captain and his crew followed current practice far the operation of the aircraft. On several occa- 
sione, onboard observers suggested major navigation errors, as well as delays in responding to the ground 
controller's directives. 

5.4. Experimental setue 

POT the experiments, the CINTIA software was installed on e microproceesor. The radar data were provided 
by another microprocessor directly connected to the DClO simulator. In this setup the CINTIA/CONTROLLER 
interface is made up of two main components: 

(a) the colour display simulating a synthetic radar display which shows the actual aircraft position and 
the label containing the information from CINTIA; 

(b) the keyboard allowing the controller to control the display aspects and simulate ROSAS deciaions. 

The controller may make three types of requests: 

. alteration of the background information (display or not of the way-point codes; display or not of the 
initially planned trajectory; display or not of the currently predicted trajectory; display or not of 
the predicted position, etc.); 

. alteration of the label contents (for instance display of distance to go instead of derived ground 
speed) ; 

. amendment of the time of arrival, either in absolute value or relatively, that is to say by advancing or 
delaying the arrival time in the landing sequence by one or several positions. 

It should be stressed here that the inputs mentioned above only affect display aspects and simulate ROSAS 
suggestions. Basically. CINTIA expects no controller inputs for the generation of control directives nor 
doen it require an acknowledgement of whether or not e specific directive has been actually transmitted to 
the aircraft. As said before, in this respect the controller is not part of CINTIA's internal control 
loop and the air traffic controller ha8 complete freedom as to which decisions he actually takes, and 
when. CINTIA will just follow and adapt itself to the new situation. 

5.5. Dieplay of ATC directives 

The labels presented on the radar display - of which a sample is used in Table 1 - appear as shown in 
Figure 6(b) The sequence of photographs used for this illustration pertains to the flight shown in 
Figure 6(e). 

5.6. CINTIA's control flexibilitr 

After a series of tests conducted in various operational conditions, CINTIA'a accuracy level has been set 
to 10 seconds (for the expected time of arrival at the runway threshold), this value being used for the 
Bet of experiments referred to in this paper. 

During these simulation cessions. 23 flights were made in the presence of representatives of the Air Traf- 
fic Services Authorities. The interest of the participants - external observers included - covered, in 
particular, CINTIA's response to various perturbations. The following paragraphs aim at outlining the 
disturbances injected to assess the capability of CINTIA to maintain safe conduct of the flight while 
ensuring the anrival time within the expected 10-second accuracy. 

Regarding the atmospheric conditions, meteorological forecasts were in error (20 deg. and 10 kt for the 
wind orientations and magnitude respectively; presence of turbulence; requirements for de-icing). The 
surveillance ioformation was missing on occasioo (for up to 20 seconds); the CINTIA operated on both 5 end 
12-second transfer rates. 

Aircraft operation included a number of options such as manual conduct or use of automatic facilities for 
acceleration and deceleration phases, similarly for navigation and guidance, especially in turns and during 
approach and landing phases. In addition, incidence were generated in the aircraft; for instance, during 
one flight the fins1 approach was made with one engine of the aircraft on fire. The mass of the aircraft 
was not communicated to CINTIA The value used on the ground corresponded to the average mass for this 
particular aircraft, while the aircraft mass could vary between the minimum and maximum limits. 

m e  Ruman concentration both on the ground and in the air was deliberately disturbed - although the pre- 
sence of observers in the cockpit end at the air traffic control unit already constituted a source of 
perturbation. Io the cockpit, the captain delayed the initiation of action required by the cootroller 
till the ground directive was repeated imperatively - for instance, delays for turning to base leg reached 
one mile and there were errors of 2Okt on the speed during cruise and descent. On the ground the 
controller omitted to clear the aircraft for the second part of the descent, which appreciably alter& the 
vertical compooeat of the trajectory. 

Also, in view of the traffic eituation, ROSAS inputs were simulated, the position of the aircraft in the 
landing time sequence was modified in the course of the flight and CINTIA automatically amended its ins- 
tructions accordingly. 
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(a) 

On pilot's request, flight is allowed to proceed direct to Bruno 

- 
Flight guided northwards for conflict resolution 

Illustration of CINTIA's navigation flexibility 

Figure 7 



Changes in route were initiated either at the request of the captain or at the discretion of the con- 
troller. For changes of route such as those shown in Figure 7(b), the controller sends the authorisation 
or inetruction to the aircraft by R/T, without direct input to CINTIA. Nevertheless, CINTIA will 
recagnise the change of raute and generate the subsequent instructions accordingly ( i m i 1 l y  CINTIA 
would refognise changes in the vertical profile, such as descent interruptions, and emend its 
predictlone). 

In addition, a number of incidents were created, leading to appreciable deviations from the usual routes, 
as may be seen in ~igure7(c).eviations were made both northwards and southwards, simulating conflict 
resolution, adverse weather avoidance and other errors resulting from a coincidence of possible mis- 
understanding between the controller and the pilot. 

6. CONCLUSIONS 

The accurate 4-D conduct of flight will become a prerequisite of any system aiming at managing air traffic 
efficiently in terms of safety, expedition, economy and capacity. The Control of Inbound Trajectories of 
Individual Aircraft (CINTIA) makes it possible to envisage the delivery of aircraft at the runway 
threshold within a ten-second accuracy (without Byetematic use of stacking facility), even though landing 
810t sllocatioo is effected at entry into the zone, some 100 to 200 nm from touchdown. 

The procedure initially developed far application in the Zone of Convergence comtext is directly appli- 
cable to all systems involving a time-of-arrival constrained component, that is to say, in particular all 
systems designed to accoamodate maximum traffic density with limited capacity at minimum cost. 

Experiments have been performed in order to assess the accuracy of the procedure and its stability in the 
face of various perturbations originating from a variety of sources as svmmarised below. The real-time 
experiments sere conducted in a realistic manner with the perticipation of professional approach 
~~ntrollecs and airline crews. Simulations were made using various flight simulators. The illustrations 
used in this paper derive from the experiments conducted on the SABENA, Belgian World Airlines. D 5 1 0  
flight simulator. 

CINTIA's directives were displayed in the labels on the radar screen (essentially one line of eight 
characters) in a form easily translated into current phrsaeology by the sir traffic controller for RIT 
transmission to the aircraft pilot. 

The operation of the system was appreciably disturbed. The causes of perturbation included: 

. uncertainties in meteorological forecasts; . alteration of initial plans (route changes; vertical profile modifications; revision of position 
in landing time sequence, etc.); . aircraft operation options (manual or eutopilot modes); . uncertainty regarding aircraft mass, of which only the average value for the particular aircraft 
type is known in the RIT made of communications; 

. human fallibility both in the air and on the ground (aggravated by the presence of observers), 
leading to appreciable errors in communications, navigation (horizontal and vertical) and 
speed; . particular events and incidents (conflict resolution, adverse weather conditions, etc.), leading 
to vertical and horizontal guidance instructions and appreciable off-route deviations. 

AS B result of these tests, it appears that CINTIA enables the controller to guide the aircraft safely to 
touchdown with a high degree of accuracy (10 sec.). CINTIA would maintain the time-of-arrival in spite 
of the uncertainties inherent to the present setup. Furthermore, CINTIA would adjust its instructions to 
the controller to take account of the various perturbations which may affect the conduct of the flight. 
In this respect, CINTIA offers a vide range of controllnavigation flexibility. It will adapt to plans and 
alterations automatically, both horizontally and vertically without any specific computer input by the 
controller. 

In conclusion, CINTIA provides efficient automatic assistance to the controller to ensure the accurate 
cooduct of optimum trajectories from entry into an extended advanced T M  until touchdovn. The messages 
displayed by CINTIA are clear and comprehensive, suitable for operation in the present BIT communications 
environment and directly adaptable to future automatic digital groundlairlground links. 

7. ACKNOWLEDGEMENTS 

The authors wish to express their appreciation to ell those who participated in the activities reported in 
this paper: 

. The Member State8 of 'the European Organisation for the Safety of Air Navigation, through their represen- 
tatives on the EUROCONTROL Specialist Panel on Automatic Conflict Detection and Resolution (SPACDAR); 

. The Belgian Air Traffic Control Authorities (R€gie des Voles a€riennea/Regie der Luchtwegen) deserve our 
special thanks for their contribution to the definition of the procedural aspects; 

. Several European airlines, including SABENA, Belgian World Airlines, Brussels; British Airways, London; 
Deutsche LUFTHANSA, Frankfurt; NLM City Hopper, Amsterdam; and the Dutch National Aerospace Laboratory, 
NLK Amsterdam, provided and operated flight simulation facilities under contract to EUUOCONTBOL. 

. The flight simulatorlradarICINTIA interface used for the experiments referred to in this paper was 
developed and implemented by the Plight Simulation Department of SABENA, Belgian World Airlines. 



REFERENCES 

"Air Traffic Control System". 
Guidance and Control Sympoeium, Edinburgh, Scotland, 26-29 June 1972. 
AGAED-CP-105, April 1973. 

"Plans and Developments for bir Traffic Systems". 
Guidance and Control Sympoeim, Cambridge, Mass., USA, 20-23 May 1975. 
AG-CP-188, February 1976. 

"Air Traffic Management. CivilIMilicary System and Technologies". 
Guidance and Control Symposium. Copenhagen, 9-12 October 1979. 
AG-CP-273, February 1980. 

"Air Traffic Control in Face of Users' Demand and Economy Conetraints". 
Guidance of Control Symposium. Lisbon. Portugal. 15 October 1982. 
ACARD-CP-%O, February 1983. 

"Automatic Conflict Detection and Resolution (SPACDAR)". 
Proceedinge of the 11th Meeting, 25-27 September 1984. 
EUROCONTROL Doc. 842013(R), October 1984. 

6. Voelekers, U. "Computer assisted arrival sequencing and scheduling with the COWAS system". 
This Symposium, Paper 54. 

7. Benolt. A. "Air Traffic Control in a Zone of Convergence. 
Swierstra, S. Assessment within Belgian Airspace". Congress of the International Council of the 

Aeronautical Sciences, Toulouse, France, 9-14 September 1984. 
Also EUROCONTROL Report 842009, April 1984. 

8. Attuooll, V.U. "A study of Conflicts within a Zone of Convergence" 
Rickmanu D Paper presented on the EUBOCONTROL SPAOARIGEDARC-11, 25-27 September 1984. 

EUROCONTROL Doc. 842013(R), October 1984. 

9. Benolt A. "A Cost-Efficient Control Procedure for the Senefit of all Airspace Users". 
Swierstra, S. Guidance and Control Symposium, I~mir, Turkey, 16-19 October 1984. 

AGARD-CP-360. February 1985. 
Also EUROCONTROL Report 842011, August 1984. 

10. AttwOO11. V.W. "Fuel Economies affected by use of PHs in an Advanced m'. 
Benolt. A. The Journal of Navigation, Vol. 38. No 1, January 1985. 

Also EUROCONTROL Report 842003, February 1984. 

11. Benolt, A. "Real-time simulation of an operational procedure suitable for the accurate 4-D con- 
Swierstra, s. trol of aircraft trajectories". 

EUROCONTROL Report 862018. in preparation. 

12. Cox, M.E. "Possible contributions fro. the SSR Mode S data link to the conduct of efficient air- 
craft operations". 
This Sympaeium, Paper 25. 

nte  views ezpresead i n  t h k  paper are those of the  authors. 
They do not neoeeearily r e f l e c t  the  pol icy  of the  i n s t i t u t i o n s  t o  which they betong. 



EXPLOITING THE CAPABILITIES OF FLIGHT MANAGEMENT SYSTEMS IN SOLVING THE 
AIRPORT ARRIVAL PROBLEM 

J.F. Meredith 
Engineering Manager FMCS 

Smiths Industries Aerospace and Defence Systems Limited 
Bishops Cleeve 
Cheltenham 
England 
GL52 4SF 

SUMMARY 

Increasingly Flight Management Computers are becoming standard fit on present day 
passenger aircraft (737-300, 757, 767, A310, A300-600). Avionic update programmes which 
incorporate Flight Management Computers, are in hand for 747 and MD 80 and new aircraft 
programmes A320, MD 11, 757, A330 and A340 are or are likely to include Flight 
Management Computing as standard fit. As these aircraft come to dominate the traffic 
entering and leaving major airports there is potentially a new level of information and 
of control available to the air traffic controllers whose task it is to schedule the 
aircraft flow into and out of the terminal area. This information flow and the 
consequent control actions should enable the traffic to be handled in a manner to 
minimise delay, thus enhancing the available traffic handling capacity of an airport. 

1. FLIGHT MANAGEMENT COMPUTING 

The features of a Flight Management System are 

- Position determination with continuous assessment of the likely accuracy. 
- Ability to construct a flight plan, or to amend one in response to pilot entered 
commands. 

- Ability to calculate guidance commands which cause the aircraft to acquire and 
subsequently to follow the defined route. 

- Ability to calculate a flight trajectory which meets the constraints imposed by 
the flight plan, by the pilot and by ATC and allows a pilot selectable cost 
criterion to be minimised. 

- Ability to provide trajectory predictions of the aircraft condition at down path 
wsypoints. 

- Ability to present information to the pilot in both alphanumeric and in graphical 
form. 

of these characteristics those which are particularly relevant to the present discussion 
are 

- Position Determination 
- Flight Plan Construction and Amendment 
- Guidance to the Flight Plan 
- Predictions Along the Flight Plan 

(a) Position Determination - Flight Management Systems determine position using at all 
times the best available set of information. Current systems combine information 
from on board IRS with radio fix information to give either DME/DME position using 
up to four different DME distances or in the absence of such information VOR/DME 
position. Future systems may be expected to add GPS position to this. 

The selection which DME stations the receivers in the aircraft shall be tuned to, is 
made by the Flight Management Computer given the aircraft's current position and 
track and the positions of available DUES. The latter are known to the Flight 
Management Computer from its Navigational Data Base. 

The computer contains error models for each type of position fix eg. DME/DME 
VOR/DME and IRS and for whichever the current mode of oosition determination the 
computer has an estimate, a t  a 2~sigma~confidenie l&ei,G the accuracy of the 
position indication it has calculated. 



( b l  Flight Plan Construction and Amendment - Flight Management Systems represent flight 
plans as a sequence of legs as defined in ARINC 424. Individual legs may define a:- 

fixed track 
fixed heading 
DME arc 
great circle 
direct to 
holding pattern 
procedure turn 

The set of legs and the permissible linkings are shown in Fig 1. The data items 
associated with each leg are shown in Fig 2. Although in present Flight Management 
systems routes stored in the data base can utilise all legitimate combinations of 
leg types, the revisions to a flight plan are restricted to 

- DF legs (direct to fix) for revisions from present position. 

- TF legs (great circle between-two fixes) for revisions from fixed points. 

- Holds at either present position or some fixed route point. 

- Orbits at present position. 

[The author is aware of one programme for which it is at present planned to 
provide the pilot with freedom to insert any legitimate ARINC leg type]. 

In addition some of the parameters associated with a leg (Fig 2) can be set under 
pilot control if the values drawn from the data base are to be countermanded. 

The means which the pilot has to inspect his flight plan and to define amendments is 
the CDU which provides a selectable repertoire of data displays associated with the 
flight plan and the functioning of the Flight Management Computer Fig. 3 and also 
provides the pilot with the means to input data and to generate or revise flight 
plans (Fig 4). 

(c) Guidance to Flight Plan - given the flight plan which has been defined either 
directly by the pilot or indirectly by calling from the data base some stored 
routing, and given the current estimate of aircraft position the Flight Management 
System is able to calculate guidance commands to cause the aircraft to capture and 
subsequently to follow the route. The guidance takes into account overfly, turn 
direction as may be specified for a transition and includes all standard entry 
procedures to holds. It is a complete guidance function which satisfies the 
requirement of the plan. 

In the vertical plane constraints at waypoints or at altitudes are satisfied. 

In summary, the defined flight plan, whatsoever it may be, is followed and if the 
requirement cannot at any point be met then this is indicated to the pilot on the 
CDU and on EFIS. 

(d) Predictions Along the Flight Plan - a capability central to the operation of a 
Flight Management System is to predict the down route situation. This is an 
essential component in the calculation of the Top of Descent point as well as being 
important in predicting the fuel remaining at the destination. 

Predictions take account of 

- The current state of the aeroplane. 

- The current wind as estimated by the Flight Management System. 

- Any down route estimates of wind which have been entered into the Flight 
Management Computer. 

- Current temperature and estimates of temperature at down route points which have 
been entered into the Flight Management Computer. 

- The requirements of the flight plan as known at this time (altitude changes, 
speed constraints, etc.). 

An important feature of a Flight Management System is the concept of the Temporary 
Flight Plan. With this feature a revision to a flight plan can be made and the 
predictions associated with that revised flight plan inspected while the aircraft is 
continuing to fly the unrevised flight plan. Only when the pilot is satisfied with 
the consequencies of the revision will he EXECUTE the revision and the aircraft will 
begin to fly to the revised plan. 



In normal operation such a feature is not used extensively since the revision to the 
plan is demanded by ATC eg. make your approach to RW 102 using STAR XYZ. But even 
in this case the pilot is able to see the new routing on his EFIS map display and a 
CDU prior to EXECuting the revision. It provides a visual check prior to committing 
the aircraft to new routing (Fig 5 ) .  

2. THE AIRCRAFT ARRIVAL PROBLEM 

If the traffic into an airport is sufficiently light then as each aircraft arrives 
in the terminal area there is no requirement for the routing and timing of an individual 
aircraft's descent and approach to be amended as a result of the presence of the other 
arriving aircraft. As the traffic density increases the average separation of the 
aircraft in the terminal area will decrease and the situation would arise in which one 
or more of the separations would reach or infringe minimum values set by consideration 
of safety. It is to prevent this that ATC control exits and their control is exercised 
by observing where aircraft currently are, and scheduling their temporal placement so 
that they fit into an ordered and properly separated sequence for landing. This process 
inevitably cabses delay to some, perhaps to all, aircraft. 

As traffic density increases the task of ATC becomes more difficult and the need for 
some automated support for that task becomes more urgent. 

The objective of such an automated aid can be expressed as that of 

- reducing the average delay suffered by aircraft, when the T M  is handling a given 
level of traffic, while maintaining aircraft separation in accordance with the rules 
of safety. 

or 

- enabling an increase in the volume of traffic which can be handled while maintaining 
a given average level of delay, and maintaining aircraft separation in accordance 
with the rules of safety. 

The essential components of an effective means of traffic control are 

- means of obtaining accurate predictions of the movement of aircraft toward and 
within the terminal area. 

- Means of simulating from these predictions of incoming aircraft the interactions 
which would occur if they performed their planned descent and approach procedures. 

- A strategy for amending these planned descent and approach trajectories in order to 
resolve the perceived interactions. 

This could involve: 

- Changes in time of arrival of individual aircraft into the TMA. 
- Changes in the routing of individual aircraft in the T M .  

- Changes of speed, height etc. 
- A means of instructing individual aircraft of these changes to their flight plan. 
This whole process will need to be iterated both to compensate for errors in the 

initial information and to make fine adjustments in the trajectory of aircraft as they 
progress toward the final approach. 

The next sections will discuss the first and the last of these components 

- Obtaining predictions 

- Instructing flight plan modification 

(a) PREDICTIONS 

It has been pointed out that a Flight Management System possesses a Set of 
information associated with the present state of the aircraft and its predicted 
future movement. 

Table 1 shows the suggested content of a buffer of data which could be output by a 
Flight Management Computer in order to report the present state and future movement. 



TABLE 1 

ITEM - LENGTH 

Flight Number 
GUT 
present Posn. 
Altitude 
Cleared Altitude 
Accuracy Parameter 
M Waypoint - Identifier - Distance nm - bearing 

- Estimated time at 
NEXT Waypoint - Identifier - Location Lat. Long - Estimated time at 
Continuing by Routing 
Termination 
Estimated time at 

TOP of Descent - Time at - Location Lat, Long 
Destination - Identifier - Estimated time at 
Current State - Ground Speed - Track - Wind estimate - Altitude (FL) - Temperature 

6 bytes 
3 bytes 
3 bytes 
2 bytes 
2 bytes 
1 byte 

6 bytes 
2 bytes 
2 bytes 
3 bytes 

6 bytes 
3 bytes 
3 bytes 
4 bytes 
6 bytes 
3 bytes 

3 bytes 
3 bytes 

4 bytes 
3 bytes 

2 bytes 
2 bytes 
3 bytes 
3 bytes 
1 bytes 

7 9 bytes 

Adding say 20 bytes for redundant bits, checksums etc. this information, output, 
say, every 5 seconds gives a data rate of 160 bits/second. 

If a link is time shared between, say, 200 aircraft this would require a rate of 
32,000 bits/sec. 

(b) Data Exchange - the value of the predictions that an individual Flight Management 
equipped aircraft can provide depend upon the accuracy of the information upon which 
it bases the estimates. 

One of the components of this information for which the system is totally dependent 
upon external sources is the meteological data. 

A service which broadcasts temperature and wind information over a grid would 
enhance the validity of all estimates which aircraft is that region could produce. 

Clearly the source of such information would be the down loaded data discussed in 
2.(a) as received from all aircraft. 

Table 2 shows a possible data file for broadcasting to aircraft. 



TABLE 2 

METEOROLCCICAL DATA 

LENGTH 

3 bytes 

3 bytes 
1 byte 

2 bytes 
5 bytes 

ITEM - 
GMT 

Origin Lat. Long (XoYo) 
Grid Size nm. 

Altitude 
x,,yo Wind, Temp 

XlYo " 
" 

X2y0 " 

X3Yo ' 
" 

X-lYo " 

X-2Yo " 
" 

X-3y, - = 35 bytes 

Xoyl " 

Xlyl " 
etc. = 245 bytes 

Repeated for 6 altitude 
= 1470 bytes 

Say 1500 bytes of data = 12000 bits 
If transmitted every 30 secs. = 400 bits/sec 

(cl Flight Plan Rodification - supposing now that the ATC ground facility having 
received the present position and prediction data from all the aircraft in and 
approaching the terminal area has run its 'conflict simulator' and identified a 
number of conflicts which will occur, has applied its resolution strategy, checked 
on the simulator that the conflicts previously predicted will thereby be resolved. 
It then possesses a set of flight plan modifications which are to be be transmitted 
to some at least of the aircraft. 

The communications will be directed to the individual aircraft concerned. Consider 
the way in which these flight plan modifications are handled in the aircraft. 

It is clear that any modification to a flight plan cannot be allowed to become 
effective without the Captain/First Officer understanding the change and then 
endorsing it. 

The principal component modifications are speed changes and path changes. 

i1 Speed Changes - the change a t  in arrival time consequent upon a change AV in 
the ground speed V when the distance to be travelled is d is 

At - - d/V2 A V (1) 

This means that the technique is most effective when the distance is large. 
Thus with d - 100 nmiles, V - 300 kn, a 10 kn change in V gives At - 40 sec. 

iil Path Change - the change At in the arrival time is proportional to the change 
Ad in path length 

The path lengthening can be effected by introducing an orbit, a hold or by 
effectively replacing a straight segment of path by a dog leg which diverts 
from the straight path by a distance x .  

The latter gives: 

~d = 2x2/d (3) 

where x is the cross track amplitude of the dog leg over a distance d. 



Clearly path shortening is only possible if the basic routing contains legs 
which can be effectively bypassed by going direct. 

In order that the ATC controllers, themselves can monitor the operation of the 
automatic system on the ground, it is suggested that there will be long and 
short delta routings for each basic STAR which will provide an approximate plus 
or minus one minute of flight time. These delta routings will be named and 
stored in the Flight Management Computer data base. Communication with the 
aircraft can then use these names, the system can construct the route as a 
Temporary Flight Plan for pilot inspection and configuration. In this way the 
need for time consuming pilot entry procedure at a time of already high work 
load will be avoided. Table 3 shows a typical message. 

TABLE 3 

Flight Number 
GMT 

Planned Arrival Time 
Correction to Last Reported 

Last Reported Ground Speed 
Required Speed 

Routing Change 

Hold at 

Identifier 
Inbound Course 
Leng th/Time 
Number of circuits, L/R 

Orbit at 

Identifier 
Number of circuits, L/R 

STAR, Delta 

Identifier 

Cleared Altitude 

4 4  bytes 

Length 

6 bytes 
3 bytes 

3 bytes 
3 bytes 

2 bytes 
2 bytes 

6 bytes 
2 bytes 
1 byte 
1 byte 

6 bytes 
1 byte 

6 bytes 

2 bytes 

With an update interval of, say. 5 seconds gives 30 bits/second. 

Any such modification will, if is proposed, create a temporary flight plan which 
will be presented to the pilot on both CDU and EFIS. 

The EXECuting of this temporary will cause the aircraft to begin flying the modified 
plan. 

3 .  CONCLUSIONS 

It has been suggested that the data existing in Flight Management Computer equipped 
aircraft can provided an ATC ground based computer with the raw data it needs to predict 
potential conflicts before ,they arise. 

Further it is suggested that amendments to the flight plan generated by the ground 
computer in order to resolve these conflicts can be readily handled by the already 
existing capabilities of Flight Management Compoters. 

The most urgent task is to establish the communication means which will allow this 
data and these modification instructions to be exchanged between ground and air. 
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CURRENT/NEXT LEG TRANSITIONS 

NEXT LEG 

SHADED BOXES - IMPERMISSIBLE 1RANSlTlONS 

0 - THESE TRANSITIONS CAN GIVE RISE TO GEOMETRIC 
DISCONTINUITY. IF THIS EXCEEDS 2nm. THE 
TRANSITION IS NOT PERMITTED. 

1 - AF-AF TRANSITION IS ALLOWED ONLY WHEN 
THE SAME OME REFERENCE, ARC RADIUS AND 
TURN DISCRETE IS SPECIFIED FOR BOTH AF LEGS 

: - @MERE 1m.S TRANS T Oh 5 REWIRED, 1rlE I F  
.EG 5hOL.D BE COOED AS DF LEG 

3 - IF-DF TRANSITION SHOULD BE CODED AS 
SINGLE TF LEG. 

L - TRANSITIONS PERMITTED ONLY WHEN OVERFLY 
SET FOR THE CURRENT LEG 

5 - TF LEG WITHIN 51 DATA BASE CONTAINS START 
AND END FIX. 

6 - TRANSITIONS SHWLO NOT BE CODED WHERE - - - 

CURRENT LEG HAS CONDITIONAL ALTITUDE 
TERMINATION 



DATA REQUIRED FOR LEG TYPES 

STANDARD DATA ITEMS OPTIONAL DATA ITEMS 

NOT PERMISSIBLE NOT APPLICABLE 

4 REQUIRED BLANK OPTIONAL (SET TO DEFAULT IF NOT SPECIFIED) 

@ TERMINATING ALTITUDE IS REQUIRED. MAX, MIN ALTITUDES MUST BE SET TO SAME VALUES. 

@ FIX FOR PI LEG IS REQUIRED, THIS IS SPECIFIED IN SUBSEQUENT CF LEG ONLY 

FIG 2 





EFIS CHART DISPLAY SHOWING ACTIVE AND TEMPORARY FLIGHT PLANS 

FIG 5 
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SUMMARY 

The U.S.  Navy, in its Aircraft Energy Conservation Research and Development 
Program, is currently investigating various methods for improving the fuel efficiency 
of existing and future Navy aircraft. Fuel saving concepts under development include 
an aircraft integrated flight performance advisory system, a pre-flight mission 
planning program utilizing a desk type computer and an aircraft performance advisory 
system using an HP-41 CV hand-held calculator. 

The integrated flight performance advisory system for the F/A-18, the A-7E. and 
the 5-3 are described in detail by reviewing the displayed outputs to the pilots and 
describing the required inputs and their sources. Features of each aircraft system 
are described in accordance with the development status of the program. The pre- 
flight mission planning program utilizing an HP-9845 desktop computer is described 
for the P-3C aircraft. The approach to weather, takeoff and cruise are described by 
specifying the input and output data. Sample displays are also shown. The hand-held 
HP-41 CV calculator utilized for flight performance predictions is described for the 
P-3C. All the calculator functions are described for the takeoff and cruise flight 
modes of this aircraft. The operational status of these three programs and plans for 
other Navy aircraft are also specified. 

INTROWCTION 

The U.S. Navy, in its Aircraft Energy Conservation Research and Development 
Program, is currently investigating various methods for improving the fuel efficiency 
of existing and future fighter, attack, search and patrol aircraft. Fuel savings 
concepts under development include an aircraft integrated Flight Performance Advisory 
System (€PAS) to provide real time aerodynamic performance data to the crew, a pre- 
flight mission planning program called Fuel Optimization Routines for Energy 
Manaaement IFOREM) and an on-board aircraft oerformance advisorv svstem usina a . ~- 
handlheld HP-41 cv calculator called the pocket-size Aircraft Performance ~ d v i s o r ~  
Computer (P-S APAC) . 
FLIGHT PERFORMANCE ADVISORY SYSTEM (€PAS) 

The PPAS program commenced with an analysis of the quantity of fuel used by Navy 
and Marine aircraft based upon aircraft type and mission. Using this information, 
high utilization aircraft which will be in the inventory for the next 10 to 15 years 
were identified for possible incorporation of the PPAS. 

The basis of the FPAS operation is a set of pre-determined algorithms which 
describe the aerodynamic performance of the aircraft in flight modes such as take- 
off, climb, cruise, loiter, descent and landing. The system is implemented on the 
aircraft by the use of a computer, a control and display unit, and interface 
provisions to the aircraft sensor data. 

With the availability of the algorithms and the technology level of the aircraft 
there are two basic system implementation techniques. The coupled system or Flight 
Performance Management System drives an autothrottle and autopilot directly, 
controlling the aircraft altitude and airspeed to attain the most efficient 
operation. Presently a management system is not being considered for Navy aircraft. 
The advisory system or Flight Performance Advisory System provides a display to the 
aircrew of the optimum altitudes, airspeeds and other parameters pertinent to 
conserving fuel while reducing crew workload. Fuel saving can also be translated to 
additional mission capability or additional flight training hours. This FPAS system 
through its integration with other systems and sensors on the aircraft can also 
provide in a military situation, return to base data, alternative base flight 
information and performance data for an aircraft degraded by combat damage or a 
system malfunction. 

The FPAS type of system utilizes sensor information about atmospheric 
conditions, aircraft weight and drag configuration and any other variables needed by 
the operating algorithms. The FPAS must also provide an interface with the aircrew 
which simplifies the task of operating the aircraft efficiently. In most systems the 
interface provides for the selection of an operating flight mode and observing the 
results. In an austere system the aircrew may have to perform many entry tasks and 
fly the aircraft in response to the advisory outputs. Examples of data input to the 



computer are zero fuel weight, fuel weight, drag configuration, wind speed and 
direction, temperatures and pressures, navigational waypoints, stores inventory, and 
engine sensor data. Examples of data output are optimum speeds and altitudes for 
maximum specific range and endurance flight modes, power settings, climb and descent 
speeds, distance to top of descent, optimum number of engines, fuel remaining at 
waypoints, time and range for current and optimum conditions and fuel required to 
return to base or alternate waypoint. 

The operating limits of the above input and output values are consistent with 
the established Naval Air Training and Operating Procedures Standardization (NATOPSI 
Flight Manual operating range. The performance equations developed for each aircraft 
are based upon the aircraft performance data contained in the NATOPS manual. This 
paper presents a summary of the FPAS programs developed for the S-3A, the A-7E and 
the F/A-18. These aircraft, while representing the search type, the attack type and 
the fighter attack also illustrate the different levels of implementation possible 
with aircraft of advancing technology levels. As the F/A-18 aircraft will have the 
most sophisticated FPAS, it will be emphasized during the presentation. 

F/A-18 FPAS 

The approach to implementation of the F/A-18 FPAS is to identify the alternative 
methods, that is, what systems are available that can provide the computational, 
display and control assets. On the F/A-18 this resolved into using the mission 
computer and the cathode ray tube (CRTI of the Horizontal Situation Display (HSDIand 
the Digital Data Indicator (DDII display. Due to the technical sophistication of 
this aircraft all sensor information can be automatically provided. Introduction of 
the FPAS to this aircraft is a software only modification to the Operational Flight 
Program (OFP) tape and will require approximately 6000 words of memory in the 
computer. Analysis has determined that this system promises to he cost effective in 
that the fuel saved will pay for the system during the remaining life of the 
aircraft. Fuel savings are estimated to be three (3) per cent and based on 500 
aircraft with fuel at $1 per gallon could equal $ 5 M  saved per year or eleven (111 
additional flight hours per year for each aircraft. 

The F/A-18 FPAS displays to the pilot on the Horizontal Situation Display Figure 
1, the fuel remaining at a selected waypoint, the descent distance to the selected 
waypoint and the distance, time and bearing to the waypoint. This information is 
calculated from whatever source of navigational data the pilot has available or 
chooses to select. 

On the Digital Display Indicator, Figure 2, the pilot can select FPAS from the 
displayed menu. With a predetermined fuel reserve he can obtain total range and 
endurance at his current Mach number and altitude, the optimum Mach number at his 
current altitude with respective range and endurance, and the optimum Mach number and 
altitude with their range and endurance. The optimum climb and descent indicated air 
speed (IAS) and mach number are also provided on the Heads Up Display (HUDI when the 
climb/descent key on the Horizontal Situation Display is depressed. 

Features included in this system are actual stores configuration weight and drag 
count. The aircraft will automatically decrement the stores weight and drag as the 
stores are deployed. 

The system is also adaptive in that range and endurance data is adjusted by 
using the actual fuel flow. Initial predictions are calculated using the fuel flow 
algorithm. Then the calculated fuel flow at current flight conditions is compared to 
the actual fuel flow and the variation is applied to the predicted values. In this 
manner the system more nearly represents the actual aircraft performance regardless 
of whether it is due to enaine or airframe inefficiencies. All calculations include 
the effect of current winds with off course winds included in the waypoint fuel 
remaining calculation. 

Each mission profile is also optimized, that is, the range and endurance at the 
optimum altitude includes the effect of climb, and all range and endurance 
predictions include the effect of descent. For example, the range utilizing optimum 
altitude and mach number would include fuel and distance for climb, acceleration and 
descent. 

The F/A-18 FPAS is now in the development stage. The displays have been very 
well received by fleet pilots. A suggestion by the pilots that single engine 
performance be included is being implemented. This will take the form that should an 
engine fail, the data presented would be for single engine performance with 
appropriate drag modifications. This system is expected to become operational in 
1988. 

The F/A-18 FPAS is the most sophisticated FPAS system presently in development 
for Navy aircraft. It requires no manual inputs by the pilot. The pilot selects 
FPAS from a menu and all information is continuously displayed to him in real time. 
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A-7E FPAS 

The A-7E FPAS illustrates the development of a performance advisory system On an 
aircraft of significantly older technology than the F/A-18. As in the F/A-18, the 
approach for the A-7E FPAS specified a software only modification. The system has 
been developed and is in the test and validation phase now. It is expected to be 
introduced into the fleet late this year. The system consists of imbedded software 
in the Operational Flight Program tape and is an integral element of the 
tactical/navigational computer. The pilot interface is via a computer keyboard and 
data display. The system is limited but does provide data to advise the pilot of the 
optimum airspeed and altitude and the optimum airspeed at the current altitude. This 
data is presented for both the cruise and endurance flight modes. For both of the 
combinations the optimum and current specific range and the optimum and current 
specific endurance is presented to the pilot. The current fuel flow and current true 
airspeed are also displayed. 

On the pilot's control display, Figure 3, there are only two windows for 
presenting flight data. The pilot must key in a numeric code on the keyboard for the 
flight parameters he wishes to see. This additional workload is judged to be 
acceptable for the information provided. The A-7E computer does not have fuel weight 
information available to it for the performance calculations. Therefore, the pilot 
enters the initial fuel weight and the fuel flow algorithm is integrated as a 
function of time to determine the instantaneous fuel weight. The pilot modifies the 
instantaneous fuel weight by comparing the calculated fuel flow with the actual, 
entering the actual, and having the computer apply the difference to the flight 
parameters. The accuracy of this procedure has been validated by flight testing on 
an instrumented aircraft. The drag count, stores weight and current wind are also 
maintained. 

For this aircraft the maximum fuel savings is $2M in a single year and then 
decreasing as the aircraft goes out of service. 

S-3 FPAS 

The third aircraft for which an FPAS is planned is the 5-3. This is a twin 
turbofan search type aircraft operating from land and carrier bases. The system for 
this aircraft is in the early development stage. This FPAS modification will also be 
a software only modification. The FPAS system will utilize a Communication Control 
Group (CCG) processor which is a recent replacement for a logic unit type 
communication system. This new CCG system has computer assets and a control and 
display, Figures 4 and 5 ,  ideally suited to and in good cockpit position for use as 
an FPAS. It is planned to integrate this system with the mission computer and other 
sensor sources thereby minimizing pilot workload. The goal will be to present 
parameters as alike to the F/A-18 as possible. To date, the performance algorithms 
have been developed by digitizing the data in the flight manual and an FPAS with all 
manual inputs has been demonstrated on the control communications group hardware. 
Success of the system is dependent on the level of increased pilot workload. 

FUEL OPTIMIZATION ROUTINES FOR ENERGY MANAGEMENT (FOREM) 

The pre-flight mission planning FOREM system uses a Hewlett Packard 9845 desktop 
computer to provide aircrews with a convenient and accurate means of flight planning. 
The UP 9845 computer was selected because it was already widely used at Navy 
installations. The computer is no longer available from the manufacturer. Present 
plans call for transition to the Hewlett Packard 9020 which has been designated as 
the Navy Standard Tactical Desktop Computer. The 9020 is a 32 bit machine using 
disks vice the 9845 which is a 16 bit machine using cassette tapes. 

The goals of the FOREM system are to promote fuel savings and to reduce mission 
planning time. Fuel savings of at least one per cent are expected by providing crews 
with a convenient method of accurately computing mission fuel requirements and fuel 
efficient flight parameters. The reduction of mission planning time to ten minutes 
or less is expected by computing flight parameters that aircrews presently obtain via 
tedious manipulation of NATOPS aircraft performance graphs and tables. 

P-3C FOREM 

Using the P-3C as an example, the two methods of mission planning currently 
available are the aircraft performance graphs and tables contained in Section XI of 
the P-3C NATOPS Manual or use of the Optimum Path Aircraft Routing System (OPARS). 
The P-3C NATOPS Flight Manual contains flight performance data which can be used to 
accurately plan the fuel requirements and optimal flight parameters of a mission. 
However. the time required to do so discourages crews from thoroughly 
planning missions. 

OPARS does not provide detailed planning 
for tactical missions and when OPARS is busy the system response time is several 
hours. 
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The FOREM system is designed to be computationally sophisticated yet simple to 
learn and operate. The system consists of a Hewlett Packard HP 98458 desktop 
computer, a Hewlett Packard HP 26318 printer and a series of magnetic tape 
cartridges. Two tape cartridges contain the P-3C FOREM program. Other tape 
cartridges hold a library of planned missions. Another cartridge is used to store 
local weather forecasts. The system is organized in a task menu format and tells the 
user exactly what to do each step of the way via instructions displayed on the CRT. 
After automatically loading the program into the computer, FOREM instructs the user 
to eject the two P-3C FOREM program tape cartridges. Next, the user is instructed to 
select one of the six tasks performed by the P-3C FOREM. A brief explanation of the 
purpose of each task is displayed as follows: 

CATALOG LIBRARY ----- Print out the date, author and a brief description of each 
mission on a mission library tape. 

ERASE LIBRARY ----- Erase one or more missions from a library tape. 
COPY LIBRARY ----- Copy entire contents of one library tape to another. Select 

this task to update the Spare Copy of your mission library tape from the Master Copy. 

PLAN MISSION ----- Compute the flight plan for new mission or recall, modify and 
recompute one of the missions in the library. 

PLAN TAKEOFF ----- Compute takeoff speeds, distances, shaft horsepower (SHP), 
etc. 

UPDATE WEATHER -----Enter the latest winds and temperatures for the local area 
for use in computing local flights. 

Upon selection oE a task, a sequence of displayed instructions directs the user 
in carrying out that task. There are no limits as to the number of times and order 
in which the tasks can be selected. The three tasks of Update Weather, Plan Takeoff 
and Plan Mission are discussed in further detail. 

UPDATE WEATHER 

The Update Weather Function task is used to enter the local area forecasts into 
the memory of the computer for use in computing local flights. The user is 
instructed to enter area temperatures at sea level and the winds at eight altitudes 
ranging from 3,000 feet to 39,000 feet. The user also indicates the time period for 
which the forecast is valid. The user can request FOREM to record the entered 
forecast on the P-3C FOREM weather tape. when a new forecast is similar to the 
previous day's forecast, the user need not enter the new forecast from scratch. If 
the previous forecast was recorded on tape, the user can simply read the recorded 
forecast back into the memory of the computer and then modify it. 

The weather tape presently contains data representing three geographic areas, 
Moffett Field, Jacksonville and NADC/NATC, at which FOREM is now in use. Following 
the selection of a weather area the display indicates the time period for which the 
forecast is valid. On the next display FOREM gives the temperature and wind data for 
the applicable weather area. Each weather area is defined by eighteen positions. 
These positions are separated by five ( 5 )  degrees of latitude and five (5) degrees of 
longitude. The weather tableau containing the applicable positions is displayed on 
Figure 6. 

Due to the limited size of the CRT display, the user initially enters data for 
the first ten positions. The display is then cleared and the user enters data for 
the remaining eight positions. If the common data base does not contain a forecast 
for the selected area, temperatures at sea level are set to +15 C (standard day) and 
winds are set to zero. 

PLAN TAKEOFF 

In the Plan Takeoff function task, the user enters aircraft weight, drag count, 
Turbine Inlet Temperature (TIT), pressure altitude, temperature, runway heading, 
wind direction, wind speed, Runway Condition Reading (RCR), runway slope and runway 
length. FOREM then computes decision speed, refusal speed, rotation speed, liftoff 
speed, 3 engine climbout speed, 4 engine climbout speed, minimum control groundspeed, 
minimum control air~peed, stall speed, distance at 80 knots, distance at refusal 
speed, 4 engine liftoff distance, 95 percent SHP at 80 knots, 100 percent SHP at 80 
knots, 3 engine military power rate of climb, crosswind and headwind/tailwind. 
Following selection of the Plan Takeoff task, the takeoff inputs list is displayed as 
shown in Figure 7. 

The list appears exactly as shown in Figure 7 the first time the Plan Takeoff 
task is selected following loading of the program. Upon subsequent selection of the 
Plan Takeoff task, the values displayed in the list are the values entered by the 
last user to plan a takeoff. Also, following the computation of each planned mission 
in the Plan Mission task, the takeoff zero fuel weight (ZFW), takeoff drag count and 
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takeoff fuel used to compute the mission are automatically transferred to the takeoff 
inputs list via the common data base. The takeoff output values are then computed 
and displayed as shown on Figure 8. The computed speeds are defined as follows. 

VD ---- Decision Speed: NATOPS chart value for slope and wind. If VD is less 
than refusal speed (VR), VD is set equal to vR. If VD is greater than rotation speed 
(VRO), VD is set to VRO. 

VR ---- Refusal Speed: NATOPS chart value adjusted for slope and wind. If VR 
is greater than rotation speed (VRO), VR is set equal to VRO. 

VRO --- Rotation Speed: NATOPS ALTERNATE TAKEOFF SPEED SCHEDULE Value. VRO 
exceeds minimum control airspeed (VMCA) by at least 5 percent. 

VLOF -- Four Engine Liftoff Speed: NATOPS ALTERNATE TAKEOFF SPEED SCHEDULE 
value. 

V503 6 V504 -- Three Engine and Four Engine Climbout Speeds: NATOPS ALTERNATE 
TAKEOFF SPEED SCHEDULE values. V503 and V504 exceed zero-thrust stall speed by at 
least 15 percent. 

VMCG -- Minimum Control Ground Speed. 
VMCA -- Minimum Control Airspeed: (1 engine inoperative, 5 degree favorable 

bank angle). 

VS ---- Stall speed (power on, 18 degree flaps, 0 bank angle). 
The following alerts are displayed when applicable. 

WARNING: A/C OVERWEIGHT. DECISION SPEED EXCEEDS REFUSAL SPEED. 

WARNING: CROSSWIND EXCEEDS NATOPS LIMIT OF 35 KNOTS. 

If the user answers YES to the printout option, the computer takeoff outputs are 
then printed on the thermal printer. 

PLAN MISSION 

The Plan Mission Function task provides planning for ASW (Anti-Submarine 
Warfare), SSSC (Surface/Subsurface Surveillance Coordination), mining and transit 
missions containing up to twenty waypoints. For ASW and SSSC missions, planning is 
provided for up to two loiter stations. For each mission, the user either specifies 
the takeoff fuel weight or request FOREM to compute the optimal takeoff fuel. 

The user may enter a cruise flight level, cruise speed, percent time engine 
anti-icing in use, temperature and winds for each leg of the mission. A leg is 
defined as the flight segment from one waypoint to the next. For the cruise flight 
level, the user either specifies a level or requests FOREM to compute the maximum 
range IFR (Instrument Flight Regulations) level. When the maximum range flight level 
is requested, FOREM also performs step climb calculations. For cruise speed, the 
user either specifies a speed or requests FOREM to calculate the maximum range speed. 
FOREM adjusts cruise fuel flows for the indicated amount of engine anti-icing. 

For ASW and SSSC missions in which the user specifies the takeoff fuel weight, 
the following values are computed to aid the user in the determination of maximum 
time-on-station. 

* Fuel remaining upon arrival on station. 

* Fuel required for the cruise-from-station. 

Fuel available for loiter for both normal and Prudent Level of Endurance (PLE) 
scenarios. 

Maximum endurance speeds, engine configurations and fuel flows. 

The Waypoint Tableau contains the navigation and cruise parameters for the 
mission. If the user has recalled a mission or the user has opted to plan another 
version of a mission, the Waypoint Tableau (containing the previously entered 
parameters) is displayed. 

FOREM provides for the entry of up to 20 waypoints per mission. Waypoint number 
1 is the position upon takeoff. The final waypoint is the position upon landing. A 
sequence of instructions directs the user to enter information for each waypoint. 
Due to the limited size of the CRT display, the user initially enters data for up to 
10 waypoints. If the mission requires more than 10 waypoints, the display is then 
cleared and the user enters data for the remaining waypoints. The PLAN MISSION TASK 
display is shown in Figure 9. If the user has recalled a mission or the user is 
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planning another version of a previously entered mission, the data list containing 
the previously entered data is displayed. If the user has not recalled a mission and 
is not planning another version of a previously entered mission, the data list 
containing default values is displayed as shown in Figure 10. 

The major output of the Plan Mission task is a "Howgozit" tableau shown in 
Figure 11. The tableau contains the computed elapsed time, flight time remaining, 
distance remaining, fuel remaining, fuel flow, flight level, TIT, SHP, IAS, TAS, 
ground speed, specific range, indicated outside air temperature and headwind or 
tailwind component at the end of each climb, cruise, descent and loiter segment of 
the mission. Hourly checkpoints are also included for cruise and loiter segments. 
Space is provided in the Howgozit tableau for the user to record the actual values at 
each checkpoint during the flight. 

The Plan Mission task enables the user to quickly and eas.ily plan several 
versions of a mission. This is useful when planning missions with unknown 
parameters. For example, if no wind data is available or the winds forecast is 
questionable, the user may wish to plan three versions of the mission (best case, 
worst case and probable case). The three Howgozits would be carried on board and the 
most appropriate Howgozit then used. 

Following the printout of the Howgozit tableau, the user can request FOREM to 
add the mission to the mission library. Missions recorded on the library tapes can 
be recalled, modified and recomputed at any future date. Future mission planning 
time is greatly reduced by building a library of the missions most often flown by the 
squadron. 

POCKET-SIZE AIRCRAFT PERFORMANCE ADVISORY COMPUTER (P-S APAC) 

A commercially available HP-41CV computer containing a specific Read Only Memory 
(ROM) module advises aircrew members of those in-flight parameters, such as altitude 
and airspeed, that permit optimization of available fuel. The ROM module contains a 
software program based on the performance curves of the NATOPS manual. 

By keying in vital inputs as they are prompted on the computer's display, 
various flight mission segments can be optimized. These inputs include aircraft 
weight, drag fndex, fuel on board, wind speed and direction, and air temperature, for 
take-off, cruise, loiter, descent and bingo flight modes. The P-S APAC can be used 
as a quick pre-flight mission planning tool or can be used in flight to advise 
aircrews of altitude and airspeed changes. Each P-S APAC ROM module and interactive 
program is customized to each type, model and series aircraft in the Navy. The HP- 
41CV computer is completely independent of the aircraft's electrical system, and is 
lightweight, portable and inexpensive. 

The objective of this program is to optimize fuel use. It is estimated that 
limited use can insoire better than 18 fuel savinas oer vear. This translates into 
about $8-10 million-per year. The computer and d;veiopmint program can be amortized 
by a small fraction of this savings. 

P-3C P-S APAC 

The P-S APAC for the P-3C aircraft will be described to further illustrate this 
program. Based upon user input of aircraft and weather data, the APAC will calculate 
and display optimum flight parameters for climb, cruise, loiter and descent. 
Additional information provided by the APAC includes weight and balance conditions, 
takeoff parameters, a wind calculation and a temperature calculation. The APAC is 
used in the battery operated HP-41CV calculator, programmed to support flight 
planning. The calculator face is modified with a special overlay which provides 
labels that identify APAC-peculiar keys (see Figure 12). 

The operating keys are used to input data into the APAC and to obtain data 
previously input or output. The operating keys perform the following functions. 

The ON key turns the APAC on in the USER mode and also turns it off. 

The USER key activates the USER and NORMAL modes depending upon which mode is in 
use. 

The YES/GO key enters input values and affirmative responses to prompts. It 
also stops the calculations when a program is runnings starts calculations when a 
program is not running. 

The NO key enters negative responses to YES/NO prompts (e.g., T.1.T - 1010 Y/N). 
If a prompt has only two possible responses, it automatically inputs the other 
choice. 

The +/- key changes the sign of a displayed value (e.g., negative delta T and 
headwind) . 





The CLEAR key erases the last entered digit from the display. The entire value 
displayed can be erased one digit at a time by repeatedly pressing the key. 

The INPUT key initiates the display of the current flight mode followed by the 
values previously entered for that function. This is not operative in the takeoff 
and C.G. functions. 

The OUTPUT key initiates the display of the current flight mode followed by the 
outputs previously computed. This is not operative in the takeoff and C.G. 
functions. 

The XEQ key executes flight parameter calculations after updates. 

The SHIFT key deletes the entire display in a single step when used with the 
CLEAR key. The SHIFT key is the gold unlabeled key on the calculator. (It is white 
in Figure 10). 

The function keys are used to activate equations which compute flight 
performance parameters specific to each mission phase (climb, cruise. etc.). 
Pressing a function key initiates a series of prompts. The responses to the prompts 
are used to compute flight planning outputs. A11 flight functions are performed with 
the USER program activated. Some values are carried from one function to another, if 
a total memory clear is not performed. The APAC does not sum fuel, time, or distance 
values across flight functions. These must be calculated by the user. The function 
keys are: CLMB, CRUS,LOIT, DSCNT, WIND, TEMP, TK.OFF, and C.G. 

The CLMB key activates the climb function which computes a near-optimal climb 
profile including climb fuel and optimal airspeed. 

The CRUS key activates the cruise function which computes optimal cruise 
altitude and airspeed, and related flight parameters. 

The LOIT key activates the loiter function which computes optimal Loiter 
altitude and airspeed, and related flight parameters. 

The DSCNT key activates the descent function which computes optimal descent 
airspeed and descent distance. 

The TK.OFF key activates the takeoff function which computes NATOPS takeoff 
parameters. 

The C.G. key activates the weight and balance function which computes percent 
mean aerodynamic chord, zero fuel weight, gross weight, and total moment. 

The WIND key activates the wind function which computes the wind component and 
automatically inputs it into the cruise and descent modes. 

The TEMP key activates the temperature function which computes delta T from 
altitude, airspeed, and indicated outside air temperature inputs. 

The update keys are used to change flight variables after initial inputs into 
the APAC flight functions. This allows updates of values without repeating the 
entire input sequence. When an update key is activated, the APAC initiates a series 
of prompts. The update keys are: WT (Weight), ENG (Engines), ALT (Altitude), A/S 
(Airspeed), and WX (Weather). 

The operational range keys are used to supplement the data output from flight 
functions. The operational range keys are T-D (Time-Distance, e.g., time and range 
available for fuel burn-off of a specified number of pounds) and FUEL (e.g., fuel 
required for a specified nautical mile leg of a flight segment). 

TAKEOFF 

As noted above, the APAC provides the following P-3C functions: weight pnd 
balance, takeoff, climb, cruise, loiter, descent,a wind calculation and a 
temperature calculation. The takeoff and cruise function will be described in some 
detail. The takeoff function is operable by depressing the takeoff key which 
initiates a series of prompts for the inputs required to compute NRTOPS takeoff 
parameters. Turbine Inlet Temperatures (TIT) of 1010, 1049, or 1077 degrees can be 
specified during the takeoff function. After the TIT is specified, the system 
prompts for the following input data: percent engine efficiency, runway pressure 
altitude, anti-ice on or off, zero fuel weight, fuel on board, drag count, the 
available runway length, the bank angle allowance, the runway slope, the runway 
condition reading, runway temperature, the takeoff runway number, the wind direction 
and wind speed. The headwind and crosswind are then momentarily displayed and the 
calculator goes into a standby mode for a computation time of 31 seconds. A tone 
sounds when calculations are complete and the following information is displayed: 
the shaft horsepower at 80 knots, the rotation speed, the liftoff speed, the four 
engine airspeed at 50 feet, the three engine airspeed at 50 feet, the refusal speed, 



the three engine rate of climb, the distance to 80 knots, the distance to refusal 
speed, the distance to rotation speed, the distance to liftoff speed, the decision 
speed, the minimum ground control speed, the minimum control speed in air for three 
engines. the minimum control speed in air for two engines and the power-on stall 
speed. 

CRUISE 

The cruise function is operable by depressing the CRUS key which initiates a 
series of prompts for inputs required to calculate the cruise altitude, cruise 
airspeed, shaft horsepower, actual TIT, fuel flow, and ground speed. Optimum outputs 
are automatically calculated for altitude and airspeed by retaining the zero values 
displayed in the input prompts. I f  altitude and airspeed are constrained, all the 
other outputs are based on the specified altitude and airspeed. 

Outputs are computed for three or four engine cruises, with TIT limits of 925 or 
1010. Temperature deviation from standard day and wind component factors are used in 
the computations. Cruise distance and time are estimated, given cruise fuel. Cruise 
fuel and time are estimated, given cruise distance. Cruise outputs can be updated, 
after initial outputs are calculated, by using the update keys to change weight, 
engines, altitude, airspeed, and/or weather inputs. Additionally, the WIND and TEMP 
function keys can be used to provide input to the cruise function. The operational 
range keys, T-D and FUEL, can be used during the cruise function. The FUEL key can 
be used to determine the cruise time and fuel burn on the basis of estimated cruise 
distance. The T-D key can be used to determine cruise time and distance on the basis 
of estimated cruise fuel. 

The input prompts as they appear on the calculator are as follows: the turbine 
inlet temperature (TIT), the zero fuel weight (ZFW), the fuel on board (FOB), the 
drag count (DRAG), the cruise altitude (CRUISE.ALT) select value or retain zero for 
computed optimum, cruise indicated airspeed (CRUISE.IAS) select value or retain zero 
for computed optimum, the number of engines operating (ENG.OP), the temperature 
deviation (DELTA T )  and the headwind or tailwind component (WIND). 

The word STANDBY is then displayed for approximately 46 seconds while the APAC 
computes the outputs. A tone sounds when this is completed and the following outputs 
are displayed: the optimum cruise altitude or the selected cruise altitude 
(CRU1SE.ALT). the optimum airspeed or the selected airspeed (CRUISE.IAS), the shaft 
horsepower (SHP), the turbine inlet temperature (TIT), the fuel flow (F/F) and the 
ground speed (GRSPD). At this point the prompt for the operational range input can 
be obtained by depressing the FUEL key. The computer prompts for cruise distance 
(DIST) and after being entered computes and displays the outputs of cruise fuel 
(FUEL) and cruise time (CRUISE.TIME). If the T-D key is depressed, prompts are 
displayed for determining time and range available for fuel burn-off of a specified 
number of oounds. Other oarameters that can be uodated are airs~eed IA/SI. altitude 
(ALT). weight (Wl'), numbe; of engines (ENG) and w'eather lwind co;npone"t and the 
temperature deviation) (WX). 

PROGRAM STATUS 

All of these programs are in various stages of development. The A-7 FPAS is 
scheduled for introduction in the fleet in July 1986. The F/A-18 FPAS program 
schedule calls for first use in late 1988. The S-3 FPAS is in the early stages of 
development with a planned introduction into the fleet in 1989. Use of FPAS by other 
Navy aircraft will be dependent on extent of avionic updates which can provide the 
necessary computational assets and sensor input data necessary to support an on-board 
Flight Performance Advisory System. 

One of the FOREM systems, the P-3C. will have completed its technical evaluation 
by June 1986 and be ready for fleet wide use. The 5-3 FOREM program will at that 
time be starting its 90 day technical evaluation. FOREM systems for 14 other Navy 
aircraft are planned. 

The P-S APAC for the P-3A is operational and the P-3C will be operational in 
June 1986. The KC-130C is expected to have completed technical evaluation by June 
1986 and be ready for fleet use. Development of the P-S APAC for 14 other Navy 
aircraft is continuing at various stages of development. A total effort of 24 P-S 
APACs is planned. 
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open l o o p  c o n t r o l  f o r  f l i g h t  pe r f o rmance  and  f l i g h t  management p u r p o s e ,  supe rposed  q u a s i  
l i n e a r  s t a t e  v e c t o r  f e e d  back and s i x  c o n t r o l  s u r f a c e s  ( a i l e r o n ,  r u d d e r ,  e l e v a t o r ,  t r i m ,  
t h r o t t l e ,  d i r e c t  l i f t / d r a g  c o n t r o l ) .  

C o n t e n t s  

1. l n t r o d u c t i o n  
2. Symbols 
3. C o n t r o l  s ys tem s t r u c t u r e  
4. Non l i n e a r  open l o o p  c o n t r o l  
5. D e s i g n  c r i t e r i a  and p r o c e d u r e  
6. F l i g h t  t e s t  r e s u l t s  
7 .  L i t e r a t u r  

Append ix  

1. l n t r o d u c t i o n  

F l i g h t  c o n t r o l  sys tems a r e  more o r  l e s s  a  c o n v e n t i o n a l  t o o l  t o  imp rove  t h e  a i r c r a f t  
c h a r a c t e r i s t i c s  as w e l l  as t o  p r o v i d e  a  more p r e c i s e  g u i d a n c e  and c o n t r o l .  The range  o f  
a p p l i c a t i o n  i s  e x t r e m  w i d e .  I n  o r d e r  t o  imp rove  t h e  h a n d l i n g  q u a l i t i e s  and l o w  
s t a b i l i t y  m a r g i n s  o f  u n c o n t r o l l e d  a i r c r a f t ,  damper and s t a b i l i z e r  a r e  s t a t e  o f  t h e  a r t .  
F l u t t e r  c o n t r o l  sys tems may reduce  t h e  s t r u c t u r e  l o a d  o f  t h e  a i r c r a f t  s t r u c t u r e  and can  
imp rove  l t f e  c y c l e  t i m e .  F o r  many a p p l i c a t i o n s  i n  g u i d a n c e  and c o n t r o l  t h e  imp rovemen t  
o f  f l i g h t  a c c u r a c y  f o r  a i r  t r a f f i c  c o n t r o l  and 3DI4D n a v i g a t i o n  i s  e s s e n t i a l .  Weapon 
d e l i v e r y  r e q u i r e s  e x c e l l e n t  a t t i t u d e  and speed c o n t r o l .  A l s o  f o r  s a f e  and economic 
f l i g h t s ,  t h e  c o n t r o l  o f  t h e  aerodynamic  f l o w  c o n d i t i o n  v i a  a i r s p e e d .  a n g l e  o f  a t t a c k  o r  
l i f t  c o e f f i c i e n t  i s  o f  g r e a t  i m p o r t a n c e .  A d d i t o n a l l y ,  many m i l i t a r y  and a l l  c i v i l  
a i r c r a f t  need c o n t r o l  sys tems t o  imp rove  passenge r  c o m f o r t  and t h e  s a f e t y  m a r g i n  when 
f l y i n g  i n  a d v e r s e  whea the r  c a n d l t i o n s  e.g. t u r b u l e n c e ,  wake v o r t i c e s ,  w i n d  shea r  and 
p o o r  v i s i b i l i t y .  

D e s i g n  c r i t e r i a  f o r  adequa te  f l i g h t  c o n t r o l  sys tems t o  f u l l  f i l l  t h e  d i s c u s s e d  
r e q u i r e m e n t s  a r e  c o n t r a d i c t i n g  i n  g e n e r a l  and an a c c e p t a b l e  compromise has  t o  be f ound  
/ I / .  

These d e s i g n  p rob lems  w i l l  be  d i s c u s s e d  f o r  a  m u l t i l o o p  f l i g h t  c o n t r o l  s ys tem t h a t  can  
a c h i e v e  a  p r e c i s e  f l i g h t  p a t h  g u i d a n c e  and a  s a f e  aerodynamic  f l o w  c o n t r o l .  The 
s t r u c t u r e  o f  t h i s  f l i g h t  c o n t r o l  s ys tem c o n s i s t  o f  

- n o n l i n e a r  open l o o p  c o n t r o l  f o r  f l i g h t  p e r f o r m a n c e  and f l i g h t  management p u r p o s e  - superposed l i n e a r  s t a t e  v e c t o r  f e e d  back c o n t r o l  - s i x  c o n t r o l  s u r f a c e s  l a l l e r o n ,  r u d d e r ,  e l e v a t o r ,  t r i m ,  d i r e c t  l i f t l d r a g ,  t h r o t t l e )  

The f l i g h t  c o n t r o l  s ys tem as a  d i g i t a l  e x p e r i m e n t a l  system, i s  i n s t a l l e d  i n  a t w i n  
e n g i n e d  p r o p e l l e r  d r i v e n  r e s e a r c h  a i r c r a f t  o f  t h e  Techn i sche  U n i v e r s i t a t  B raunschwe ig .  
Up t o  now t h e  sys tem has been t e s t e d  i n  c r u i s e  f l i g h t ,  approach and l a n d i n g .  

2. Symbols 

2.1 Control theory " B system matr ix  
- 
D observation per iod 

D  disturbance vector 
-2 

G guidance inpu t  vector < 
t time 

o2 variance 



2.2  F l i g h t  mechanic 

C" handling q u a l i t y  c r i t e r i o n  

C derevat iv  

F Thrust 

g  ear th  accelerat ion 

H a l t i t u d e  

H r a t e  o f  c l imb 
. . 
H v e r t i c a l  accelerat ion 

n  load factor  

m  a i r c r a f t  mass 

s wing area 

q p i t c h  r a t e  

q~ 
dynamic pressure 

orthogonal speed component 

W 

d  disturbance 

D drag 

1 L i f t  

v airspeed 

VK ground speed 

VW wind speed 

a angle of a t tack  

y f1,ight path angle 

.$ r o l l  

a p i t c h  a t t i t u d e a n g l e ( E u 1 e r )  

JI yaw I 
elevator  displacement 

6f f l ap  displacement 

p a i r  density 

o  open loop 

w actuator  open loop command 

a angle o f  at tack 

3 . C o n t r o l  s ys tem s t r u c t u r e  

D e s i g n  c r i t e r i a  and c o n t r o l  s ys tem s t r u c t u r e s  a r e  d i f f i c u l t  t o  he p r e s e n t e d  i n  g e n e r a l ,  
as t h e y  v a r y  due t o  t h e  a p p l i c a t i o n .  I n  t h i s  p a p e r  we w i l l  c o n c e n t r a t e  t h e  d i s c ~ s s i o n  
on t h e  p r e c i s e  c o n t r o l  o f  t h e  f l i g h t  p a t h  and t h e  s a f e  c o n t r o l  o f  t h e  ae rodyam ic  f l o w  
c o n d i t i o n .  F l i g h t  p a t h  and f l o w  c o n d i t i o n  can  v a r y  o v e r  a  w i d e  range  i n  s h o r t  t i m e  
p e r i o d s .  

The b a s i c  command i n p u t s  i n  t h e  f l i g h t  c o n t r o l  s ys tem a r e  f l i g h t  p a t h  and a i r s p e e d .  The 
p i l o t  o r  an o u t e r  l o o p  a i r  t r a f f i c  c o n t r o l  s ys tem may v a r y  t h i s  command i n p u t s .  

To a c h f e v e  a  p r o p e r  r esponse  o f  t h e  c o n t r o l l e d  a i r c r a f t  s i x  c o n t r o l  s u r f a c e s  f a c t u a t o r s )  
a r e  a p p l i e d ,  as t h e r e  a r e  a i l e r o n ,  r u d d e r .  e l e v a t o r ,  e l e v a t o r  t r i m ,  t h r o t t l e ,  and d i r e c t  
l i f t  d e v i c e  ( f a s t  l a n d i n g  f l a p  c o n t r o l ) .  F o r  o p t i n u m  c o n t r o l ,  a l l  r e l e v a n t  c o n t r o l  
i n f o r m a t i o n  has  t o  be f e d  t o  a l l  r e l e v a n t  a c t u a t o r s .  T h e r e f o r e  t h e  adequa te  c o n t r o l  
s ys tem f o r  t h i s  t a s k  i s  a  s t r o n g l y  c r o s s - c o u p l e d  m u l t i - l o o p  c o n t r o l  sys tem.  

F o r  t h e  m a t h e m a t i c a l  p r e s e n t a t i o n  o f  g e n e r a l  c r o s s - c o u p l e d  h i g h e r  o r d e r  m u l t i l o o p  
sys tems t h e  s t a t e  space may be  adequate .  I n  t h i s  space p r e s e n t a t i o n  a l l  s t a t e  e l e m e n t  
have equa l  s t a t u s .  I t  i s  t y p i c a l  f o r  t h e  a i r c r a f t  dynamic  response  t h a t  some s t a t e  
e l e m e n t  have  d i f f e r e n t  s t a t u s .  G e n e r a l l y  Speak ing  t h e  a i r c r a f t  dynamic response  can he  
p r e s e n t e d  as a  cascade sys tem.  Each l o o p  o f  t h i s  cascade  sys tem has  a  d i f f e r e n t  and 
s p e c i f i c  r esponse  c h a r a k t e r i s t i c .  The d i f f e r e n t  l o o p s  can  be c h a r a c t e r i s e d  by t h e i r  
f r e q u e n c y  domains. R e g i n n i n g  w i t h  t h e  h i g h e s t  f r e q u e n c y  domain as t h e  i n n e r  cascade 
l o o p ,  f o u r  d i f f e r e n t  l o o p  can  be i d e n t i f i e d .  

1. S t r u c t u r a l  dynamic 

I n  t h e  r e l a t i v  h i g h  f r e q u e n c y  dynamic response  o f  t h e  e l a s t i c  a i r c r a f t  f l u t t e r  c o n t r o l .  
s t r u c t u r a l  s t r e n g t h  r e d u c t i o n  and p a r t l y  l o a d f a c t o r  c o n t r o l  as w e l l  as g ~ ~ s t  a l l e v i a t i o n  
a r e  t y p i c a l  a p p l i c a t i o n s .  

2. R o t a t i o n a l  dynamic  

I n  t h e  f r e q u e n c y  r a n g e  o f  t h e  s h o r t  p e r i o d  mode, d u t c h  r o l l  and r o l l  mode t h e  h a n d l i n g  
q u a l i t i e s  a r e  o f  g r e a t  i m p o r t a n c e .  I n  t h i s  f r equency  reg ime  an enormous knowledge 
e x i s t s  t o  s p e c i f y  and d e s i g n  s p e c i a l  c o n t r o l  sys tems.  as t h e r e  a r e  damper, s t a h i l i z e r .  
g u s t  a l l e v i a t i o n ,  d i r e c t  l i f t  c o n t r o l .  



3. Energy  dynamic 

I n  t h e  f r e q u e n c y  r e g i m e  o f  t h e  p h u g o i d  and s p i r a l  mode, ene rgy  t r a n s f e r  i s  i m p o r t a n t .  
T h r o t t l e  c o n t r o l ,  speed c o n t r o l  and w i n d  s h e a r  s u s p r e s s i o n  a r e  t y p i c a l  a p p l i c a t i o n s  i n  
t h i s  a rea .  A d d i t i o n a l l y  some c r o s s  c o u p l i n g  e f f e c t s  be tween l a t e r a l  and l o n g i t u d i n a l  
m o t i o n ,  e.g. t u r n  f l i g h t ,  a r e  o f  i n t e r e s t  as w e l l  as some e f f e c t s  o f  d i r e c t  d r a g  and 
l i f t  c o n t r o l .  

4. F l i g h t  p a t h  management 

I n  t h e  e x t r e m  l o w  f r e q u e n c y  reg ime ,  f l i g h t  management. 30 and 4 0  n a v i g a t i o n  and p a r t l y  
a i r  t r a f f i c  c o n t r o l  dom ina te  t h i s  o u t e r  cascade l o o p .  

I n  t h e  p a s t .  most  o f  t h e  a p p l i e d  f l i g h t  c o n t r o l  sys tems a r e  s p e c i f i e d  and d e s i g n e d  f o r  
r e l a t i v l y  Smal l  cascade e l emen t  (e.g. damper f o r  cascade N r .  2  and a u t o t h r o t t l e  c o n t r o l  
f o r  cascade Nr.  3 )  as s i n g l e  l o o p  c o n t r o l  sys tems.  As t h e  i n t e r a c t i o n  be tween t h e  
cascades  can n o t  be n e g l e c t e d ,  t h e  c o n t r o l  e f f i c i e n c y  o f  such s i n g l e  l o o p  c o n t r o l  can  be 
i m p r o v e d  s i g n i f i c a n t l y  i n  a p p l y i n g  a  mu1 t i - l o o p  c o n t r o l  s t r u c t u r e .  F o r  example ,  t h e  
p o o r  c o n t r o l  dynamics  o f  c o n v e n t i o n a l  f l i g h t  c o n t r o l  s ys tem f o r  t r a n s p o r t  c a t e g o r y  
a i r c r a f t  i n  t h e  ene rgy  cascade l o o p  r e q u i r e  a  l o n g  s t a b i l i z e d  f l i g h t  p r o f i l e  f o r  
app roach  and l a n d i n g  121. A l r e a d y  s m a l l  ene rgy  d i s t u r b a n c e s  e.g.  m o d e r a t l y  c u r v e d  
f l i g h t  p a t h  o r  w i n d  shea r  can  e f F e c t  such t y p e  o f  c o n t r o l  sys tem5 v e r y  much. 

The w e l l  known modern c o n t r o l  t h e o r y  1 3 1  based on a  s t a t e  space p r e s e n t a t i o n  o f  t h e  
a i r c r a f t  may overcome some o f  t h e  d i s c u s s e d  p rob lems .  The g e n e r a l  p r o b l e m  i n  
a p p l i c a t i o n  o f  t h e  modern c o n t r o l  t h e o r y  i s  t h e  cascade b e h a v i o u r  o f  t h e  a i r c r a f t  
dynamic ,  where each cascade l o o p  askes  f o r  i t s  s p e c i f i c  d e s i g n  p r o c e d u r e .  The 
a p p l i c a t i o n  o f  d i f f e r e n t  d e s i g n  p r o c e d u r e s  i n  one c o n t r o l  sys tems s h a l l  be d i s c u s s e d  i n  
c h a p t e r  5 more i n  d e t a i l .  

The knowledge c o n c e r n i n g  t h e  a i r c r a f t  r esponse  i s  i n  g e n e r a l  e x c e l l e n t .  The r e l e v a n t  
d i s c i p l i n e  i s  known as f l i g h t  mechan ics .  B u t  o n l y  a  s m a l l  p a r t  o f  t h i s  knowledge i s  
imp lemen ted  i n  f l i g h t  c o n t r o l  sys tems.  T h i s  l a c k  o f  i n f o r m a t i o n  may cause p rob lems  i n  
dynamic response  q u a l i t y  and p r e c i s i o n .  

Mos t  f l i g h t  c o n t r o l  sys tems use  o n l y  i n f o r m a t i o n  t o  a d a p t  v a r i l n g  p a r a m e t e r s  as dynamic 
p r e s s u r e  o r  Mach number. 

The t h e o r e t i c a l  app roach  t o  i n c o r p o r a t e  f l i g h t  mechan i ca l  knowledge i n  t h e  f l i g h t  
c o n t r o l  s ys tem i s  s i m p l e  i n  p r i n c i p l e .  We assume t h a t  t h e  c h a r a c t e r i s t i c s  o f  t o t a l  
cascade can be d e s c r i b e d  i n  s t a t e  space 

R - A z + B U .  - (1) 

I f ,  f o r  s p e c i f i c  manoeuvres,  t h e  s t a t e  v e c t o r  & i s  s p e c i f i e d ,  t h e  r e q u i r e d  o p t i m a l  
c o n t r o l  d e f l e c t i o n  uc can  be c a l c u l a t e d  i n  p r i n z i p l e .  

-1 
uc - (& - !5)B . ( 2 )  

T h i s  i d e a l  e q u a t i o n  c a n n o t  be s o l v e d  i n  g e n e r a l .  The phenomen i s  known as t h e  i n v e r s i o n  
o f  t h e  t r a n s f e r  f u n c t i o n  o f  t i m e  d e l a y e d  sys tems.  

Mos t  f l i g h t  c o n t r o l  a p p l i c a t i o n s  eq.12)  can  be  s i m p l i f i e d  i n  a  way, t h a t  a  m a t h e m a t i c a l  
s o l u t i o n  i s  p o s s i b l e .  

If we o b s e r v e  t h e  i n f o r m a t i o n  f l o w  i n  t h e  cascade l o o p s ,  we f i n d  t h a t  p r i m a r y  t h e  
i n f o r m a t i o n  w i l l  f l o w  f r om t h e  o u t e r  l o o p  t o  t h e  i n n e r  l o o p .  T h e r e f o r e  t h e  dynamic  
p r e s e n t a t i o n  o f  t h e  o u t e r  l o o p  i s  more i m p o r t a n t  f o r  t h e  knowledge i m p l e m e n t a t i o n .  As 
t h e  o u t e r  l o o p  responds  much s l o w e r  t h a n  t h e  i n n e r  l o o p s ,  a  q u a s i s t a t i o n a r y  
a p p r o x i m a t i o n  o f  e q . ( 2 )  may s o l v e  t h e  p rob lem.  Because t h e  e q u a t i o n  o f  a i r c r a f t  m o t i o n  
i s  non l i n e a r  t h e  a p p r o x i m a t i o n  o f  eq.12)  has  t o  be  non l i n e a r .  

W i t h  such an q u a s i s t a t i o n a r y  non l i n e a r  open l o o p  c o n t r o l  t h e  c l o s e d  l o o p  d e s i g n  i s  
e a s i e r .  The r e q u i r e d  f e e d  back  g a i n s  a r e  s m a l l  compared w i t h  c o n t r o l  sys tems w i t h o u t  an  
adequa te  open l o o p  c o n t r o l .  F o r  example,  t h e  a l e v i a t i o n  o f  g u s t  and w i n d s h e a r  can  be  a  
p a r t  o f  t h e  open l o o p  c o n t r o l .  

The l e s s  t h e  p r e s e n t a t i o n  o f  t h e  a i r c r a f t  dynamic i n  t h e  open l o o p ,  t h e  g r e a t e r  a r e  t h e  
r e q u i r e d  f eed  back  g a i n s  t o  f u l l f i l l  t h e  t a s k .  An example  f o r  such  an open l o o p  c o n t r o l  
sys tem i s  g i v e n  i n  c h a p t e r  4. 

4. Non l i n e a r  open l o o p  c o n t r o l  

A more d e t a i l e d  d i s c u s s i o n  o f  t h e  l o o p  c o n t r o l  s h a l l  d e m o n s t r a t e  some p r a c t i c a l  a s p e c t s .  

The c r o s s - c o u p l i n g  e f f e c t s  be tween l a t e r a l  and l o n g i t u d i n a l  a i r c r a f t  m o t i o n  a r e  r e l a t i v e  
s m a l l  f o r  c o n v e n t i o n a l  t r a n s p o r t  a i r c r a f t .  P r i m a r y  t h e  c o o r d i n a t e d  t u r n  f l i g h t  
i n f l u e n c e s  t h e  l o a d  f a c t o r  

n  = [i + c o s y ] ~  ( 3 )  
cos+ 



and body  f i x e d  r a t e  s e n s o r s  p r o d u c e  c o u p l e d  o u t p u t  s i g n a l s .  F o r  example i n  t h e  o u t p u t  
o f  a  p i t c h  r a t e  senso r  

qs 
- B c o s ~  + i s i n $  cose . ( 4 )  

TO s i m p l i f y  t h e  d l s c u s s i o n ,  o n l y  t h e  l o n g i t u d i n a l  a i r c r a f t  m o t i o n  s h a l l  be  p o i n t e d  o u t  
more i n  d e t a i l .  

T h e r e  e x i s t  two m a j o r  t a s k s  o f  t h e  open l o o p  c o n t r o l  ( s e e  f i g .  1 and f i g .  2 )  

- C a l c u l a t i o n  o f  t h e  commanded s t a t e  v e c t o r  e l e m e n t  

- C a l c u l a t i o n  o f  t h e  open l o o p  c o n t r o l  s u r f a c e  d i s p l a c e m e n t  xo 
A t y p i c a l  S e t  O f  s t a t e  v e c t o r  e l e m e n t s  o f  a  f l i g h t  c o n t r o l  s ys tem may be  

q  p i t c h  r a t e  
8 o i t c h  a t t i t u d e  - - -  - - -  - - - -  
a a n g l e  o f  a t t a c k  
H a1 t i  t u d e  
fl v e r t i c a l  speed 
ii v e r t i c a l  a c c e l  l e r a t i o n  
XK h o r i z o n t a l  a c c e l l e r a t i o n  

To a c h i e v e  a  p r e c i s e  c o n t r o l  w i t h  adequa te  dynamic b e h a v i o u r ,  each s t a t e  v e c t o r  e l e m e n t  
s h o u l d  be compared w i t h  a  commanded s t a t e  v e c t o r  e l e m e n t .  

The commanded s t a t e  v e c t o r  lc has t o  be  c a l c u l a t e d  as a  f u n c t i o n  o f  

t h e  g u i d a n c e  i n p u t  v e c t o r  gc 
Hc f l i g h t  p a t h  command 
V c  a i r s p e e d  command 

and t h e  d i s t u r b a n c e  v e c t o r  Fc 
@ r o l l  a n g l e  
6f w i n g  f l a p  d e v i a t i o n  
P a i r  d e n s i t y  
W a i r c r a f t  w e i g h t  
VW w i n d  and t u r b u l e n c e  v e l o c i t y  

The f u n c t i o n  be tween xc, gc and Fc i s  p a r t  o f  t h e  f l i g h t  p e r f o r m a n c e  c a l c u l a t i o n .  I n  
g e n e r a l  t h e  c o m p l e t e  s e t  o f  t h e  a i r c r a f t  m o t i o n  e q u a t i o n  ( s e e  a p p e n d i x )  i s  n e c e s s a r y  t o  
r e a l i z e  t h e  p e r f o r m a n c e  c a l c u l a t i o n s .  A s i m p l e  example  s h a l l  d e m o n s t r a t e  t h i s  i n  a  
p r o c e d u r e  t h a t  i s  w e l l  known i n  t h e  f l i g h t  mechan ics  communi ty .  

The r e q u i r e d  l i f t  L i s  i n  e q u i l i b r i u m  w i t h  t h e  w e i g h t  W o f  t h e  a i r c r a f t  and t h e  l o a d  
f a c t o r  n  

The l i f t  i s  a  f u n c t i o n  o f  dynamic p r e s s u r e  

(6) 

w i n g  a r e a  S and  l i f t  c o e f f i c i e n t  CL 

L  - v 2 S C L  . 
The l i f t  c o e f f i c i e n t  i t s e l f  i s  p r i m a r y  a  f u n c t i o n  o f  a n g l e  a f  a t t a c k  a and f l a p  
d e f l e c t i o n  a n g l e  df 

The c o m b i n a t i o n  o f  e q u a t i o n  ( 5 )  t o  ( 8 )  g i v e s  t h e  e l e m e n t  ac o f  t h e  commanded s t a t e  
v e c t o r  xc  

The commanded a i r s p e e d  V c  i s  an  e l e m e n t  o f  t h e  gu idance  v e c t o r .  The w e i g h t  W d  i s  an 
e l e m e n t  o f  t h e  d i s t u r b a n c e  v e c t o r .  The l o a d  f a c t o r  n, has  a d d i t i o n a l l y  t o  be c a l c ~ ~ l a t e d  
i n  r e l a t i o n  t o  e q . ( 3 ) .  

An example  f o r  t h e  open l o o p  t h r o t t l e  c o n t r o l  may be  d e r i v e d  f r om t h e  " d r a g  e q u a t i o n "  o f  
t h e  a i r c r a f t  ( s e e  a p p e n d i x ) .  The r e q u i r e d  t h r u s t  i s :  

W u  
W cosy - I  + n - ) s i n y  + 

v v 
(10) 



The d r a g  l i f t  t o  d r a g  r a t i o  i s  a  f u n c t i o n  o f  t h e  a n g l e  o f  a t t a c k ,  f l a p  p o s i t i o n  and Mach 
number. The l o a d  f a c t o r  n  i s  i n  r e l a t i o n  t o  e q . ( 3 )  a  f u n c t i o n  o f  v e r t i c a l  a c c e l l e r a t i o n  
H ,  r o l l  a n g l e  o and f l i g h t  p a t h  a n g l e u  . The e f f e c t  o f  v e r t i c a l  w i n d  'qg  
(e.g.  d o w n b u r s t )  i s  as w e l l  i m p l i m e n t e d  as h o r i z o n t a l  w i n d  u ~  H o r i z o n t a l  w i n d  
i n f l u e n c e s  t h e  r e q u i r e d  t h r u s t  o n l y  i n  c l i m b  o r  descend c o n d i t i o n % .  The e f f e c t  o f  
r e q u i r e d  t h r u s t  i n  a  w i n d s h e a r  s i t u a t i o n  s h a l l  be d j s c u s s e d  more i n  d e t a i l .  I n  
w i n d s h e a r  t h e  a i r s p e e d  V o f  an a i r c r a f t  s h a l l  be  c o n s t a n t  ( V  = 0 )  f o r  s a f e t y  r e a s o n s .  
As t h e  g round  speed VK i s  a  s u p e r p o s i t i o n  o f  w indspeed  VW and a i r s p e e d  

YK - Y + Y w .  (11) 

The t i m e  d e r e v a t i o n  i s  

-YK - Y + y w .  
W i t h  i = 0 t h e  r e q u i r e m e n t  e x i s t s ,  t h a t  iK = i . T h i s  means, t h a t  i n  a  w i n d s h e a r  
s i t u a t i o n  t h e  a i r c r a f t  has  t o  be  a c c e l e r a t e d  o r  d e c e l e r a t e d  i n  t h e  same way as t h e  w i n d  
i t s e l f .  We i n t r o d u c e  t h i s  e f f e c t  i n t o  e q . ( l O I .  F o r  s m a l l  f l i g h t  p a t h  a n g l e  y we g e t  

These e q u a t i o n s  a r e  t h e  b a s i s  f o r  a  p r e c i s e  and e f f e c t i v e  open l o o p  c o n t r o l .  

W i t h  t h e  t odays  computer  power i n  d i g i t a l  f l i g h t  c o n t r o l  sys tems t h e s e  c o u p l e d  non 
l i n e a r  e q u a t i o n s  can  be c a l c u l a t e d  i n  r e a l  t i m e  w i t h o u t  any s i g n i f i c a n t  p rob lems .  

The modern c o n t r o l  t h e o r y  1 3 1  g i v e s  p r e c i s e  answers c o n c e r n i n g  t h e  o p t i m a l  s t r u c t u r e  o f  
l i n e a r  f eed  back :  A l l  s t a t e  v e c t o r  e l e m e n t s  x have t o  f e e d  back  t o  a l l  a c t u a t o r s .  The 
p r a c t i c a l  p r o b l e m  i s  t o  d e f i n e  t h e  s i x  e lement?  o f  t h e  s t a t e  v e c t o r  and t o  measure t h e  
s t a t e  v a r i a b l e s .  These v e r y  i n t e r e s t i n g  p rob lems  can  o n l y  be m e n t i o n e d  w i t h o u t  g o i n g  
i n t o  d e t a i l s .  

The s t a t e  v e c t o r  s i z e  depend on how many cascade l o o p s  a r e  n e c e s s a r y  t o  p r e s e n t  t h e  
a i r c r a f t  c h a r a c t e r i s t i c s .  I n  most  cases  t h e  a c t u a t o r  dynamics  must  he  added y e t .  I n  
c o n t r a s t  t o  t h i s  t h e  senso r  dynamic may he  n e g l e c t e d .  

The a i r c r a f t  measurement t e c h n i c s  I 4 1  a r e  w e l l  deve loped  so t h a t  most  s t a t e  v e c t o r  
e l e m e n t s  can  be measured d i r e c t l y .  On t h e  o t h e r  hand t h e  modern c o n t r o l  t h e o r y  p r o v i d e s  
p o w e r f u l 1  methods t o  o b s e r v e  unknown s t a t e  v e c t o r  e l emen ts .  The d e s i g n  o f  o b s e r v e r s  1 5 1  
f o r  f l i g h t  c o n t r o l  s ys tems  i s  a  v e r y  i n t e r e s t i n g  t a s k .  The d e s i g n e r  has  t o  f i n d  a  
compromise be tween e x p e n s i v e  s e n s o r s  and mode ra te  sys tem know ledge .  

F i g u r e  1 shows a b l o c k  d iagramm o f  a l l  e s s e n t i a l  c o n t r o l  l o o p  e l e m e n t s .  

5. D e s i g n  c r i t e r i a  and p r o c e d u r e  

F o r  a  g i v e n  c o n t r o l  s ys tem s t r u c t u r e  t h e  c o n t r o l  p a r a m e t e r s  have t o  be c a l c u l a t e d .  To 
d e s i g n  a  non l i n e a r  open l o o p  c o n t r o l  i s  r e l a t i v l y  s i m p l e .  The s e t  o f  n o n l i n e a r  
e q u a t i o n s  can  be s o l v e d  f o r  example w i t h  a  n u m e r i c a l  minimum v a r i a n c e  methods 161. 

I n  c o n t r a s t  t o  t h e  open l o o p  c o n t r o l ,  t h e  c l o s e d  l o o p  c o n t r o l  d e s i g n  can  i n  t h e o r y  be  
v e r y  c o m p l i c a t e .  The t o d a y s  d e s i g n  p r o c e d u r e  f o r  complex  f l i g h t  c o n t r o l  sys tems i s  more 
a r t  t h e n  an a p p l i c a t i o n  o f  a  p r o p e r  t h e o r y .  I s h a l l  i l l u s t r a t e  t h i s  p r l v a t e  s t a t e m e n t  
more i n  d e t a i l .  

The d e s i g n  c r i t e r i a  i n  t h e  " r o t a t i o n a l  dynamic cascade "  a r e  w e l l  f o r m u l a t e d  i n  t h e  
h a n d l i n g  q u a l i t i e s  c r i t e r i a  o f  a i r c r a f t .  An e x c e l l e n t  example  o f  h a n d l i n g  q u a l i t i e s  
r e q u i r e m e n t s  i s  t h e  w e l l  known m i l i t a r y  s p e c i f i c a t i o n  MIL  8785 7  Mos t  o f  t h e  
h a n d l i n g  q u a l i t y  c r i t e r i a  can  be  e x p r e s s e d  as e i g e n v a l u e s  and e i g e n v e c t o r s  o f  t h e  
r e l e v a n t  modes ( s h o r t  p e r i o d ,  d u t c h  r o l l .  r o l l  mode). The MIL  8705 g i v e s  c l e a r  r u l e s .  
where t h e  e i g e n v a l u e s  ( r o o t s )  have t o  be p l a c e d .  

I n  c o n t r a s t  t o  t h e  adequa te  r o o t  method o f  t h e  r o t a t i o n a l  dynamic cascade t h e  d e s i g n  o f  
t h e  ene rgy  dynamic cascade and p a r t s  o f  t h e  f l i g h t  management cascade can  be f o r m u l a t e d  
o n l y  u n s u f f i c i e n t l y  by e i g e n v a l u e s .  Prob lems o f  speed and f l i g h t  p a t h  d e v i a t i o n  as w e l l  
as o f  t h r o t t l e  a c t i v i t y  may be  f o r m u l a t e d  by v a r i a n c e s  o f  d e v i a t i o n s .  F o r  example  t h e  
d i f f e r e n c e  be tween t h e  commanded a i r s p e e d  and t h e  measured a i r s p e e d  i s  a  c l e a r  a n d  
s i m p l e  measurement f o r  speed c o n t r o l  a c c u r a c y .  The v a r i a n c e  o f  t h e  speed d e r i v a t i o n  i s  
AV = Vc  - V 

r" d t  a; - a (12) 
t 

i s  easy t o  c a l c u l a t e .  T h r o t t l e  a c t i v i t y  i s  an i m p o r t a n t  human f a c t o r  i n  f l i g h t  c o n t r o l  
d e s i g n  and accep tance .  A  h i g h  t h r o t t l e  a c t i v i t y  b o t h e r s  b o t h  p i l o t  and passenge rs  Ill. 
S one a d d i t i o n a l  r e s e a r c h  i s  r e q u i r e d  t o  f o r m u l a t e  an  adequa te  m a t h e m p t i c a l  e q u a t i o n  t o  
d e s c r i b e  t h r o t t l e  a c t i v i t y .  A s u f f i c i e n t  measurement i s  t h r u s t  r a t e  F 



Passenge rs  o r  p i l o t s  c o m f o r t  i s  an a d d i t i o n a l  i m p o r t a n t  human f a c t o r ,  b o t h  i n  c i v i l  and 
m i l i t a r y  a v i a t i o n .  I n  g e n e r a l  i t  i s  d i f f i c u l t  t o  f i n d  an a c c e p t a b l e  m a t h e m a t i c a l  
f o r m u l a t i o n  f o r  human f a c t o r s .  The w e l l  known C - C r i t e r i a  I 8 1  f o r  s h o r t  p e r i o d s  
response  d e s i g n  r e p r e s e n t s  passenge r  c o m f o r t  q u i t e  w e l l .  

A S  d i f f i c u l t  as t h e  c o r r e c t  m a t h e m a t i c a l  f o r m u l a t i o n  o f  t h e  r e l e v a n t  e f f e c t s  i n  t h e  
e n e r g y  dynamics  cascade i s  t h e  w e i g h t i n g  o f  t h e s e  e f f e c t s .  The s i m p l e  q u e s t i o n  what  i s  
more u n d e s i r a b l e :  a  speed d e v i a t i o n  o f  1 k n o t  o r  a  f l i u h t  o a t h  d e v i a t i o n  o f  10 f t  i s  
v e r y  d i f f i c u l t  t o  answer.  Due t o  t h e  f l i g h t  e n v e l o p e  d i f f e r e n t  w e i g h t i n g  a r e  
w o r t h w h i l e .  A  p r a c t i c a l  app roach  i s  t h e  e q u a l  w e i g h t i n g  o f  t h e  r e l e v a n t  
e n e r g y - d e v i a t i o n s  

- k i n e t i c  e n e r g y  AV.V - p o t e n t i a l  ene rgy  A H  

T h i s  e n e r g y  w e i g h t i n g  p r o d u c e  a c c e p t a b l e  f l i g h t  t e s t  r e s u l t s  191. 

More  d i f f i c u l t  i s  w e i g h t i n g  t h e  p r e c i s i o n  1 H. V )  on one hand and t h e  human f a c t o r s  
( t h r o t t l e  a c t i v i t y ,  passenge r  c o m f o r t )  on t h e  o t h e r  hand. Many e x p e r i e n c e  i n  
c a l c u l a t i o n .  s i m u l a t i o n .  f l i g h t  t e s t  and o p e r a t i o n  a r e  n e c e s s a r y  t o  f i x  t h e  w e i g h t i n g  
f a c t o r s .  

Yhen t h e  w e i g h t i n g  f a c t o r s  X have been f i x e d ,  v a r i a n c e  o f  t h e  c o n t r o l  q u a l t i y  Q 

can  be m i n i m i z e d  w i t h  d i f f e r e n t  p o w e r f u l 1  p r o c e d u r e s .  

R e c o r d i n g  many a p p l i c a t i o n ,  a  f i x e d  s e t  o f  w e i g h t i n g  f a c t o r s  i s  n o t  adequa te  f o r  t h e  
t o t a l  f l i g h t  r eg ime .  Each a r e a  o f  t h e  f l i g h t  e n v e l o p e  r e q u i r e s  i t s  s p e c i f i c  w e i g h t i n g  
m a t r i x .  The supe rposed  c a l c u l a t i o n  o f  d i f f e r e n t  f l i g h t  r eg imes  and a  j o i n t  m i n i m i s a t i o n  
o f  t h e  q u a l i t y  c r i t e r i a  can  g i v e  s u f f i c e n t  r e s u l t s .  Todavs p o w e r f u l 1  computer  a r e  t h e  
n e c e s s a r y  t o o l  f o r  t h i s  j o b .  

As p r o b l e m i z e d  e a r l i e r ,  c o m p l e t e  f l i g h t  c o n t r o l  s ys tem r e q u i r e s  d i f f e r e n t  d e s i g n  
p r o c e d u r e s ,  r o o t  methods f o r  t h e  i n n e r  cascades  and minimum c o s t  methods f o r  t h e  o u t e r  
cascades .  No t h e o r y  e x i s t s  t o  s o l v e  b o t h  p rob lems  a t  t h e  same t i m e .  I f  we use  t h e  
d i f f e r e n t  c h a r a c t e r i s t i c s  o f  t h e  cascade we w i l l  f i n d ,  t h a t  t h e  c o n t r o l  p a r a m e t e r s  o f  
t h e  i n n e r  l o o p s  a f f e c t s  s t r o n g l y  t h e  dynamic c h a r a c t e r i s t i c s  o f  t h e  o u t e r  l o o p  b u t  n o t  
v i c e  versa .  The c o n t r o l  p a r a m e t e r  s e n s i v i t y  move i n  t h e  o p p o s i t e  way compared t o  t h e  
c o n t r o l  i n f o r m a t i o n .  Based on t h i s  ax iom,  we d e s i g n  complex  m u l t i l o o p  c o n t r o l  sys tems 
s t e p  by s t e p .  

The f i r s t  s t e p  i s  t h e  d e s i g n  o f  t h e  i n n e r  l o o p  ( f l u t t e r  s u s p r e s s i o n ,  damper, s t a b i l i z e r )  
w i t h  r o o t  methods based on a i r c r a f t  h a n d l i n g  q u a l i t y  s p e c i f i c a t i o n s .  I n  a  second s t e p  
t h e  o u t e r  l o o p  c o n t r o l  p a r a m e t e r s  a r e  c a l c u l a t e d  by c o s t  f u n c t i o n  m i n i m i z a t i o n ,  where 
t h e  i n n e r  l o o p  c o n t r o l  p a r a m e t e r s  a r e  f i x e d .  I n  mos t  a p p l i c a t i o n s  two o r  t h r e e  
i t e r a t i v e  c i r c l e s  i n c l u d i n g  f l i g h t  t e s t  a r e  s u f f i c i e n t .  

6. F l i g h t  T e s t  r e s u l t s  

The r e s u l t s  o f  t h e  d i s c u s s e d '  d e s i g n  p r o c e d u r e  f o r  complex  m u l t i l o o p  f l i g h t  c o n t r o l  
sys tems s h a l l  be d e m o n s t r a t e d  f o r  a  r e a l i z e d  f l i g h t  c o n t r o l  s ys tem f o r  s c i e n t i f i c  
a p p l i c a t i o n s .  T h i s  f l i g h t  c o n t r o l  s ys tem has  been d e v e l o p e d  i n  t h e  l n s t i t u t  f o r  
Gu idance and C o n t r o l ,  T e c h n i c a l  U n i v e r s i t y  B raunschwe ig  1101. The d e s i g n  t a r g e d  was an 
e x t r e m  p r e c i s e  f l i g h t  c o n t r o l  s ys tem f o r  f l y i n g  n a p - o n - t h e - e a r t h  p r o f i l e s  t o  measure 
w i n d ,  w i n d s h e a r  and t u r b u l e n c e  on b o a r d  o f  t h e  a i r c r a f t .  

The t e s t  a i r c r a f t  i s  an  l n s t i t u t e  owned, t w i n  e n g i n e  p r o p e l l e r  a i r c r a f t  f i g .  3 The 
a i r c r a f t  i s  f u l l y  e q u i p e d  w i t h  s e n s o r s ,  d i g i t a l  and a n a l o g  computer  and a c t u a t o r s  f o r  
e l e v a t o r ,  a i l e r o n .  r u d d e r ,  h o r i z o n t a l  f i n  t r i m ,  t h r o t t l e  and d i r e c t  l i f t  f i g  4 I n  
t h e  p r e s e n t e d  v e r s i o n  o f  t h e  f l i g h t  c o n t r o l  sys tem,  t h e  aerodynamic  f l o w  c o n d i t i o n  was 
measured v i a  t h e  a n g l e  o f  a t t a c k .  The t a s k  o f  a i r  d a t a  c o m p u t i n g ,  f l i g h t  a u g m e n t a t i o n  
and t h r u s t  c o n t r o l  w i l l  be  done i n  one c e n t r a l  computer  (Typ  Norden.  DEC P D P l l  
c o m p a t i b l e ) .  The sample r a t e  i s  23  c y c l e s  p e r  second.  

F i g u r e  5 d e m o n s t r a t e s  t h e  h i g h  a c c u r a c y  o f  t h e  f l i g h t  c o n t r o l  s ys tem i n  smooth a i r .  I n  
a  9 m i n u t e s  f l i g h t  p e r i o d ,  t h e  maximum a l t i t u d e  d e v i a t i o n  was l e s s  t h e n  1 m. The 
a l t i t u d e  d e v i a t i o n  i s  i n  t h e  r a n g e  o f  t h e  r e s o l u t i o n  o f  t h e  b a r o m e t r i c  a l t i m e t e r .  
F i g u r e  6 shows t h e  a i r c r a f t  r e s p o n s e  i n  a l t i t u d e ,  a i r s p e e d  and t h r u s t  a t  t h e  b e g i n  o f  a  



t u r n  f l i g h t  i n  mode ra te  t u r b u l e n c e .  I n  f i g u r e  7  t h e  a i r c r a f t  ene rgy  s i t u a t i o n s  were  
h e a v i l y  d i s t u r b e d  by s e t t i n g  t h e  l a n d l n g  f l a o s .  An a l t i t u d e - a c q u i r e  manot levre shows 
f i g .  8  f o r  s t r o n g  t u r b u l e n c e .  An a u t o m a t i c  l a n d i n g  i s  d e m o n s t r a t e d  i n  f i g .  9. T y p i c a l  
f o r  t h i s  t e s t  a i r c r a f t  i s  t h e  g u s t  s e n s i t i v i t y  o f  t h e  u n c o n t r o l l e d  a i r c r a f t  due t o  t h e  
l o w  w i n g  l o a d  and on t h e  o t h e r  hand i t s  h i g h  p i t c h  a n g l e  v a r i a t i o n  due t o  t a i l - w h e e l  
l a n d i n g  gea r .  

An o l d e r  v e r s i o n  ( w i t h  a  s i m p l e  open l o o p  c o n t r o l l  i s  shown i n  f i g .  10  i n  an c u r v e d  
MLS-approach 1111 p a s s i n g  a  modera te  w i n d  shea r .  
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A 1  A i r c r a f t  equation of motion ( t r ans la t i ona l )  (s imp l i f ied)  
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A2 Ve loc i ty  vector g e m e t r i e  
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A3 Thrust equation (superposit ion o f  eq (Al ) ,  eq (AZ), eq (A4)) 







fig. 5 Altitude and speed hold (calm ai r )  

fig.6 Altitude and speed hold in turn flight (moderate turbulence) 
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fig.7 Altitude and speed hold at flap setting 
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fig.8 Altitude acquire (strong turbulence 1 



fig. 9 Automatic landing 
( f lap posi t ion 6,=52O) 

fig.10 Curved MLS approach (passing a moderate windshear) 
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SUMMARY 

The Paper describes some of the work carried out in the Civil Avionics Research 
programme at RAE Bedford. After describing some of the factors that are leading to a 
future Air Traffic Management system, the Paper reviews the activities in navigation, 
flight management, displays and novel human input techniques. The progress made and some 
of the lessons learned are also described. The Paper concludes with a view of how a 
future Air Traffic Management system might operate. 

1 INTRODUCTION 

The Civil Avionics Section of Operational Systems Division at RAE Bedford carries 
out a programme of research on behalf of the UK Department of Trade and Industry. The aim 
of the research, which enjoys the support and cooperation of industry, is to enhance the 
technological base of the UK avionics industry, particularly those firms seeking to 
operate in the civil market. Almost all the products and concepts which arise are 
subjected to flight testing in the section's BAC 1-11 flying laboratory aircraft. Without 
such realistic final proving there is often little hope of convincing hard-headed 
operators that the ideas will work. 

Inevitably there has to be considerable emphasis on improving the efficiency of 
airline operation because airlines and their customers are very cost conscious and have 
aircraft and equipment purchasing policies that reflect this. These policies have led to 
the procurement of dramatically improved airframes and engines and also a great 
proliferation of electronic aids on the flight deck. This trend towards greater 
complexity will continue and, in our view, the sophistication of the ATC environment will 
also increase; it is this trend that makes necessary the research to exploit these growing 
capabilities and to make them manageable and useful. 

2 ECONOMIC PRESSURES ON AIRLINES 

The last 25 years has seen major changes in the uatterns of civil aviation. The 
best known and most-widely publiclsed influence for change has been the rapid increase 
in the price of crude oil and the aviation fuel derived from it. Fig 1 shows the oil and 
aviation fuel price movements since 1960, the recent downturn in fuel prices can probably 
at best be regarded as a temporary reprieve from the upward movement in basic energy 
costs. Over the same period the cost of aircraft and their equipment has risen steeply as 
manufacturers have sought to reduce fuel burn per passenger seat/mile and yet despite this 
the real cost of air travel has fallen as the example of the cost of a N Atlantic crossing 
shows. 

The contribution of avionios to aircraft operating economy began in the 1970s with 
the introduction of area navigatlon (RNAV) systems originally lntended to provide a 
navi~ation caoabilitv that would allow direct routinps and thus break the deoendence on -- 
fixed air routes baskd on the location of ground navrgation aids. It is perhaps ironic 
that only now, in the 19808, are direct routings becoming acceptable to ATC authorities 
and that the savings associated with RNAV systems have instead been realised by vlrtue of 
precise navigation-and flight control along airways. Examples of the possible 
improvements that can be made can be seen by contrasting observed airway performance 
(Fig 2) with our own flight results based on DME/DME navigation (Fig 3); this contribution 
alone reduces track miles by 0.5-1.05. Correct turn anticipation, rather than turning 
after the beacon overhead position can save a further 1-3.2 of track miles depending on 
route Structure. 

Also started in the 1970s was the adoption of Performance Management Systems to 
provide guidance to the pilot or autopilot for optimum climb, cruise and descent 
strategies. Some users have attributed fuel savings of 3% to such systems. Recently even 
more sophistication and precise control has come to the flight deck with the widespread 
adoption of Flight Management Systems in the 1980s. 

The potential savings are so large in cash terms that it has been estimated that at 
least 70% of major civil transport aircraft wilj have either RNAV or FMS fitted by 1990 
and over 80% will be so fitted by the year 2000 . 

You can easily imagine the frustration of airlines as they find that, despite the 
sophisticated computation available on the fli ht deck and the CRT based instrument 
display systems that so vividly portray the enforced departures from the planned route, 



sinnificant further savinns are beinr denied them because the ATC svstem cannot ~rovide - - - - ~ ~ ~~ ~ ~ ~~ ~~~~ ~ - ~~- ." - ~ ~~~ ~ = - -  
the routings, fli ht~leviri and &ti;;lui climb and descent profiles that they would like. 
~t has been calcufated that in Eyrope a further 510% of route miles could be saved if 
true direct routing was possible and Attwooll and Benoit have calculated that at one 
busy UK airport 10 tonnes of fuel per hour in the peak period could be saved by ideal, 
non interrupted descent paths and yet current airline experience suggests that only 20% of 
descents into that airport are uninterrupted. 

This emphasis on economic operation has made life very different for the pilot; he 
is now concerned with the minimising of fuel burn by feeding and obeying his flight 
computers in addition to his other tasks, thus the mental workload has increased. The 
contribution to reduced pilot workload and increased situation awareness provided by the 
Electronic Plight Instrument Systems (EFIS) on modern aircraft has largely offset this and 
the importance of this technique cannot be over emphasised, but the ergonomics of the 
Control and Display Units used to communicate with the FMS and other systems are still 
appalling. As the complexity of the future ATM system increases, including the use of 
four-dimensional trajectories, the pilot-machine interface will become more complex and 
more critiCa1 if the man is to remain in effective control of his systems, rather than the 
other way round. 

3 SOME ATC PROBLEMS 

The most important function of ATC is to ensure safe, orderly and expeditious flow 
of air traffic. The keyword 'safety' naturally makes ATC authorities conservative 
organisations, this conservatism being further reinforced because they must work within 
international rules. The system that we see now has evolved over many years from 
basically procedural forms of control (which are well suited to low traffic density, low 
workload environments) to the modern high traffic density, high workload tactical radar 
control experienced near major airports and airway junctions. The system is based on the 
human judgement exercised by Air Traffic Controllers who, with experience, actually 
achieve astonishingly good performance. The methods of control, especially in busy 
periods, involve accurate mental estimation of positions and velocities and are very 
communication intensive, the communication being by voice over RT or telephone links. As 
traffic flows increase any one controller will reach a limit which can be loosely 
described as a 'headful' of information beyond which he cannot picture and control the 
situation. The classic response to this problem is to reduce the volume of airspace that 
he controls, and this remedy is effective until the overhead of communicating with 
adjacent sectors begins to dominate his workload. Major airports and intersections have 
probably reached this point and yet all traffic forecasts predict significant traffic 
increases in the years ahead; for example, in Europe up to 5?Z2increase by the year 2000, 
and for some types of traffic in the USA even more than this . Clearly this will 
present a major problem. 

It is fortunate that improving technology, both in the air and on the ground, 
offers at least partial solutions to this problem. 

Some simple guidelines that could govern the transition to future solutions are: 

(a) Safety must at least be preserved at each step. 

(b) Each step must be an evolutionary one and offer compatibility with previous 
solutions and, ideally, be capable of justification on cost benefit grounds at each 
stage. 

(c) The system must be able to cope with a wide range of demands and with unexpected 
perturbations. 

(d) For the foreseeable future men will remain in the loop both in the air and on the 
ground. 

(e) Qreater capacity will be achieved through greater precision in the knowledge of 
aircraft current and future positions. The exploitation of this precision will in 
turn demand computer based systems, both in the air and on the ground, for 
prediction and execution of trajectories that will be specified in three and four 
dimensions. These trajectories will be based largely on continuous descents that 
are close to fuel optimal. 

(f) This implies a shift to more strategic rather than tactical forms of control, and 
the necessary numerical specification of trajectories will require a data link to 
support the resulting air-ground exchange of information. The exchange of data 
will almost certainly provide the means for improved short term weather forecasts 
needed for economical four-dimensional control. 

These predicted changes, leading towards a full Air Traffic Management (ATM) scen- 
ario, pose considerable demands on research and development; amongst these are how to 
specify and achieve the necessary man-machine interfaces (both air and ground) that allow 
this information to be understood, agreed and monitored by pilots and air traffic 
controllers. 

It is aaainst this vision of the future that our uroaramme should be viewed, 
seeking to pro;ide the technical building blocks which will-eventually be assembled into a 
future system. 



4 RESEARCH PROGRAMME 

The Civil Avionics research programme is 100% funded by the Department of Trade and 
Industry, and on a short-term basis provides a flight test, development and demonstration 
facility for UK Avionics manufacturers, enabling them either to install and operate 
equipment on a stand-alone basis, or to integrate their equipment fully with other systems 
already operating in the BAC 1-11 aircraft. On a longer term basis, a major aim of the 
programme is to investigate the role and integration of avionic systems for the more 
demanding air traffic environment of the future. Our programme is therefore concerned 
with developing and demonstrating a total aircraft system that will be compatible with 
future ATC systems. These will need to cope with the expected large increases in traffic 
demand and provide more economic aircraft operation in terms of fuel savings and reduced 
delays, while at the same time improving, or at least maintaining current levels of 
safety. Although the emphasis of our research is on systems integration, it is convenient 
for descriptive purposes to break down the programme into a number of main topics which 
are detailed below. 

4.1 Navigation 

The navigational aspect of our programme is concerned with how accurately aircraft 
can position-fix and fly a defined two-dimensional route. The work has included an 
assefsment of the accuracy and characteristics of currently available ground navigation 
aids , and also extensive measurements of automatic navigation pFrformance when using 
various combinations of radio aids augmented by on-board sensors . These measurements 
confirmed the high level of accuracy provided by DME/DME position fixing, (of the order of 
0.25 n mlle 1 sd), which is now used by most area navigation systems when operating in 
areas of good DME coverage. Our navigation work is now concentrating on methods of 
improving the accuracy achievable in regions less well-equipped with ground aids. 

4.2 Flight Management 

The essential feature of a Flight Management System (FMS) is to combine the 
requirements of lateral, vertical, speed and time demands, in order to obtain an optimum 
overall result in terms of aircraft operating efficiency, within the constraints imposed 
by Air Traffic Control. The lateral requirement is to track automatically along airways 
and to follow defined Standard Instrument Departure (SID) and Standard Arrival Routes 
(STAR) in the terminal area. Vertical control facilities should enable the pilot to 
define and achieve any required climb and descent profiles. Speed control needs to take 
account of the vertical profile requirements In order to maintain optimum speed accurately 
and with minimum throttle activity. 

Time control within current ATC systems generally involves path stretching 
manoeuvres within defined holding areas in order to absorb unavoidable delays. A number 
of flexible path stretching methods have been investigated and developed allowing any 
specified delay to be achieved accurately within the airspace presently allocated for such 
manoeuvres. More fuel efficient methods of meeting time constraints are under 
development, involving strategic speed control (often referred to as four-dimensional 
control or time-slot following), and most60f our research effort in the flight management 
area is being concentrated on this aspect . 
4.3 Man-machine interfacing 

4.3.1 Displays 

As civil aircraft become fitted with more comprehensive facilities in terms of 
route navigation, vertical, speed and time control, it is essential to provide sufficient 
information in the cockpit to enable the flight crew to monitor and control these 
automatic systems adequately. Displays research is aimed at providing a fully integrated 
presentation of Primary Flight and aircraft systems data, including mode indications and 
failure warnings, in such a way that information is always available when needed, but is 
not displayed otherwise. This avoids clutter and possible confusion. Colour CRT displays 
have been used to provide this major interface between the pilot and the various sensors 
and systems needed to operate the aircraft, with the emphasis being on developing 
navigation display formats suitable for the FMS functions described in section 4.2 above. 

4.3.2 Workload reduction 

As well as informing the pilot of the present position and status of his aircraft 
and its systems, it is also necessary to enable him to easily input the data and commands 
required for overall system management. The keyboard entry methods currently used are 
time-consuming and error-prone, especially in high workload situations, sometimes causing 
frustration as well as sore fingers. Alternative input techniques are being tried, 
including the use of a joystick or roller-ball to drive a cursor symbol on the CRT screen 
in order to change the defined navigation route more rapidly, for example. 

Method5 of utilising speech recognisers to allow direct voice input to control 
selections and insert commands and data to various automatic systems are also under 
investigation. Initial results appear promising but much work 1s required in this area to 
determine the combination of input techniques probably needed to provide the speed and 
flexibility demanded by pilots. 



4.4 Air Traffic Management 

It is vitally important that the systems and capabilities provided for airborne use 
are compatible with, and form part of, future Air Traffic Management systems, and the 
Civil Avionics section therefore has a joint programme with the Royal Signals and Radar 
Establishment at Malvern, to consider how future ATC systems might develop in order to 
utilise the ca~abilities of modern well-eouiDoed aircraft. Of Darticular interest is the - - . .. 
potential use bf a two-way data link between the ground and the'aircraft, for passing the 
more detailed information expected to be needed for efficient operation of future ATC 
systems. Initial trials are bein carried out using commercial modem equipment with VHF 
radio transceivers in the BAC 1-1f aircraft, to investigate the integration of data link 
information with ATC, the on-board avionic systems and the flight deck crew. Later a mode 
S data link will be used in these experiments. 

4.5 Flight control 

Research on flight control aspects is largely concerned with non-linear control 
laws and energy management techniques and seeks to achieve tighter control performance 
with less control activity and fuel burn. This work is currently independent of the other 
research topics and is therefore outside the scope of this paper. 

5 THE BAC 1-11 RESEARCH AIRCRAFT 

The programme centres on a BAC 1-11 200 series aircraft, equipped with a multitude 
of facilities that make a 20 year old aircraft a versatile research tool, g a flying 
laboratory. The present installation lends itself to research into such topics as 
navigation techniques, flight management system assessment, flight control and more 
recently the man-machine interface including research into the use of electronic flight 
deck displays and Direct Voice Input (DVI). For ease of access and maintenance, the 
maloritv of eouioment. excludina vower and coolina systems. has been fitted into the 
paisenger cabin.. To ;reserve fieiibility, the philosophy of routing signals and data via 
junction boxes has been adopted. 

On entering the cockpit, a striking feature is the contrast between the port and 
starboard pilot panels. The starboard pilot position retains conventional instrumentation 
and systems and is the safety pilot position. By this means considerable freedom to 
modify the remainder of the cockpit has been obtained. The port side is dominated by two 
colour displays which conform to ARINC 725 format D (8 inch x 8 inch). One of these is 
normally devoted to the display of normal primary flight information, the other is used as 
a navigation display. The generation of the navigation display format is shared between a 
symbol generator unit and a general purpose digital computer. The basic data for this 
navination disDlav comes from an area naviaation (RNAV) system. The naviaation comDuter - - - ~ ~  
has been ex~anbed'with additionalmemorv fzr exoerimental-use and. with tKe numerous soft- 
~~ ~ . . . ... .~~ - ~~~ 

~~ ~~ ~ ~~ ~~ - ~ ~~~ 
~ ~. 

ware changes since its purchase, now provides~a'~light Management System (FMs) capability. 
The controller for this FMS/RNAV installation is situated in the centre pedestal of the 
cockpit; for monitoring purposes and software updating an additional controller is 
installed in one of the rear observer's control desks. 

The navigation sensor package for the RNAV/FMS and other systems includes two VOR 
receivers to ARINC 579, a VOR to ARINC 711, three DME receivers to ARINC 568, two 
frequency agile DME receivers to ARINC 709, an inertial navigation system to ARINC 581 and 
a digital air data system. 

A low cost RNAV system receiver has also been installed into the aircraft. Trials 
have been conducted In collaboration with the manufacturer, to assess the performance of 
such equipment. 

Situated next to the FMS controller in the cockpit pedestal is a Radio Management 
System (RMS) based on an integrated control and display unit. This forms part of the on- 
board comms/nav suite. This ~rototvoe svstem not only orovides the ~llots with a tactile 
controller with space saving benefit. but also an intgrface between Ehe speech recognition 
system and the Tx/Rx units. 

A duplex analogue autopilot offers full autoland capability; in addition, a 
microprocessor and a digital computer, that can drive the autopilot servo systems, 
provides a flexible and readily programmable autopilot for experimental purposes. The 
aircraft has been modified to provide a direct lift capability, using the standard 
spoilers; pitch compensation is also available using an elevator series actuator. 

In-house control research is supplemented by UK Industry participation and recently 
a prototype high integrity flight control computer has been installed. This joint 
programme between RAE and Industry will investigate the use of such systems on a civil 
aircraft. 

Two dual flight observer stations are positioned forward in the passenger cabin. 
From these stations, the flight observers can conduct the trial and also monitor the 
aircraft's state by means of a full set of flight instruments and displays. h e  recording 
of most parameters, including the aircraft intercom, I s  also controlled from these 
stations. 

As the programme has broadened to include Air Traffic Management and man-machine 
interface aspects more equipment has been recently installed, including: 



(a) Experimental data link systems based on VHF/modems as a precursor to mode S, 
capable of linking experimental ATC systems to the aircraft. 

(b) Advanced speech recognisers. 

Comprehensive instrumentation as well as a large number of signal conditioning 
units have been provided. The primary recording system is a digital magnetic tape system. 
Online analoaue pen recorders are also available. m e  svnchronisation of the aircraft 

nature of the BAC 1-11 with ventral stairs and auxiliary power unit also give the aircraft 
a convenient ground demonstration role. 

6 PRESENT POSITION ON RESEARCH TOPICS 

6.1 Navigation 

DME/DME navigation is now widely used in area navigation and flight management 
systems, giving an accuracy of around 0.25 n mile when operating in areas moderately 
well-equipped with ground aids. In other areas (s Mediterranean and Northern 
Scandinavia) the number of ground aids is severely limited, with the result that automatic 
position fixing systems are forced to revert to VOR/DME operation, or even to 
dead-reckoning, for long periods of time. Measurements taken in the Mediterranean area, 
using a frequency agile DME receiver fitted in our BAC 1-11 aircraft, showed that 
intermittent DME data was frequently available from a number of ground stations, even 
though signals from two stations giving a satisfactory cut-angle for DME/DME operation 
could not be maintained for any significant length of time. 

Our recent navigation research has therefore been concentrated on developing 
techniques for utilising the capability of frequency agile DME receivers, so that whatever 
range information is available at any particular time can be combined with other aircraft 
data to provide a best estimate of present position. As the data tends to be intermittent 
in nature, and could be coming from continuously changing sources, the navigation 
technique for combining the data has become known as 'data puddle'. Position fixing 
algorithms to combine distance information from up to five ground stations have been 
developed, together with the necessary station selection algorithms for determining the 
preferred five stations when operating in areas well-equipped with aids. The selection 
criteria are based on achieving an even spread of ground stations around the aircraft 
whenever possible, rather than simply accepting the aids closest to the aircraft. If 
range information is only available from five or less ground stations, then all the 
available data will be utilised and no selection is necessary. Obviously this situation 
applies in those areas sparsely equipped with ground aids. 

Initial flight trials using data puddle in a good nav aid environment have proved 
that the concept works, and there are signs that the expected improvement in accuracy 
compared with DME/DME position fixing is being achieved, although no absolute accuracy 
measurements have been made at this stage. Data puddle performance on flights in sparsely 
equipped areas shows equal promise, with position fixing from two or more stations being 
maintained for much of the time that conventional DME/DME navigation proved impossible. 
There were, however, times when the available aids were located close together and 
therefore gave very small subtended angles, which could lead to poor position fixing 
accuracy. There were other times when only one DME station could be received or even none 
at all. Methods for improving navigation in these circumstancea are discussed in 
section 8.1. 

6.2 Flight Management 

The ability to fly a defined route accurately, with no overshoot at turn points, is 
already providing many airline operators with cost savings as a result of fitting RNAV or 
FMS eaui~ment. Automatic track followinn of comolex SID and STAR routes is now available . . 
on modern FMS systems, and therefore no slgnificint research effort is taking place in 
terms of lateral flight management capabilities. 

Similarly, adequate vertical and speed capabilities are now available, with the 
pilot able to define any climb or descent profile by inputting a cruise flight level and 
required heights at waypoints along the route. Demanded speed will be maintained to any 
value set by the pilot, and automatically changed as necessary for different flight 
conditions (s reduced to optimum holding speed as the aircraft enters a holding pattern). 
A vital safety back-up is provided on our vertical control system. Each time ATC clear 
the aircraft to a particular altitude or flight level, the pilot inserts this cleared 
value on his instrument display. The same information is fed to the FMS, so that any 
height profile pee-programmed into the system is then over-ridden and the aircraft 
automatically levelled at the cleared altitude. 

Our recent FMS research has concentrated on time control. The need to absorb 
delays by path stretching is necessary within to-day's ATC system and will almost 
certainly remain so in future systems, although hopefully to a lesser extent than at 
present. To meet this requirement a cruise level speed control algorithm as well as an 
automatic holding capability have been developed which, together, enable the pilot to 
insert any desired hold exit time. The FMS system then computes the size of holding 



pattern (up to a maximum of 6 min), and how many times the aircraft needs to fly round the 
pattern. If necessary, airspeed is automatically adjusted on the inbound leg of each 
orbit to prevent accumulation of timing errors during the sequence. Flight measurements 
of the time-keeping accuracy achieved by the system gave an exit time error of i 5  s. The 
major contribution to these errors was the track keeping inaccuracy during the curved 
segments of the pattern, where a lateral error of only 0.1 n mile can lead to a 10 s time 
error. The accuracy of DME/DME position fixing is such that a 6 min hold can be contained 
in a protected area somewhat smaller than that required for a standard pattern. Also, 
because aircraft position is known relative to the pattern without having to overfly the 
aid defining the hold, it has been possible to implement a revised set of entry 
procedures, allowpg automatic joins from any direction without going outside the 
racetrack pattern . Adopting these procedures would eliminate the need to allott airspace 
to protect hold entry manoeuvres specifically. To cater for delays of less than 3 min, a 
U-shaped manoeuvre has been developed, which again is contained within the defined holding 
area, so the FMS is fully capable of absorbing any required delay using conventional 
path-stretching techniques. 

Of perhaps greater significance to future air traffic management systems, is the 
development of strategic speed control (four-dimensional or time-slot following) aimed at 
providing a more fuel efficient method of meeting time constraints in situations where the 
need to delay is known well in advance. While at cruise altitude, the pilot can nominate 
an end of descent waypoint and insert any altitude, speed and time constraints associated 
with it. The system then calculates the constant calibrated airspeed required to achieve 
these constraints, together with a top-of-descent point from which idle thrust should be 
maintained throughout the descent, with allowance made for a deceleration segment towards 
the end of the descent. Of vital importance to the efficient performance of the descent, 
is the prediction of the wind conditions the aircraft will meet during the descent. 
Forecast winds issued by, for example, the Met Office at Bracknell cover a six hour period 
and can be based on data up to 12 hours old, so it is essential to combine the actual 
wind, as measured in the aircraft, with the forecast wind, in order to obtain a reasonable 
prediction. Fairly large errors in forecast wind at high altitude can be overcome with 
only small speed changes, but similar errors at low altitude lead to significant speed 
changes because of the limited time left before reaching the constraint point. The time- 
keeping performance currently being achieved is impressive, typically within i 5  s at the 
end-of-descent point, but this accuracy is only achieved with thrust changes at the lower 
altitudes and is therefore less fuel efficient than we would like. Some improvements may 
be possible by refining the wind prediction algorithm, but the biggest improvement would 
come from more accurate forecasts of the wind profile along the descent path, or by 
relaying over a data-link actual winds experienced by a preceding aircraft that has 
recently descended through the same airmass. 

6.3 Man-machine interfacing 

6.3.1 Displays 

Two colour CRT displays, each 8 inch square, and using shadow-maskatubes with 
cursive writing, have been operating in the 1-11 aircraft since June 1981 . The large 
screen size enables all primary flight information to be displayed on just one display. 
Airspeed, height and vertical speed are presented in a conventional circular analogue 
fashion, with aircraft attitude information in the centre of the display, and a heading 
scale along the bottom. No new research effort has been put into this primary flight 
display, and although not optimum in some areas, it presents a sharp contrast to some more 
recent attempts to provide the same information using vertical strip scales on smaller 
displays. We feel that care must be taken to present these critical flight parameters In 
the best possible way. Additional display area should be provided to meet the 
presentation requirement, rather than compromising the presentation in order to squeeze it 
into too small a space. 

The second display is used for navigation data, and it is in this area that our 
displays research has been concentrated. A full-screen map display has been developed 
showing the intended route of the aircraft including any holding patterns, with track 
lines joining the waypoint symbols. Present position is indicated by an aircraft symbol 
positioned towards the centre of the screen, thereby providing considerable look-behind 
capability. This gives pilots a greater awareness of position along the route and is 
especially useful when flying complex SIDs and STARS within terminal areas. 

Additional data can be selected by the pilot as and when required, including the 
display of all navigation aids, all waypoints contained in the data base, and VOR or ADF 
bearing pointers for flying non-precision approaches or for monitoring the simplex 
navigation computer driving our map display. Full scales from 15 n mile up to 300 n mile 
are available, and the map orientation can be heading-up, track-up or north-up. A 
look-ahead or planning mode, has been provided, allowing the pilot to examine any part of 
the route easily and in fine detail. This is especially useful for checking the 
programmed arrival procedure well before entering a terminal area. In this look-ahead 
mode, the pilot can move the map origin to any desired position using a roller-ball 
mounted on his armrest. He can also, of course, change the map scaling as required. 

Danger areas are automatically drawn on the map if the aircraft is likely to pass 
close to them. In a similar way, safety altitudes have been included In the data base so 
that if the aircraft comes close to infringing any of these altitudes, the relevant area 
is drawn on the map, together with the minimum allowable height within that area. 



Vertical information has been IncorDorated on the mao disolav bv writina demanded 

vertical profile in much the same way as with the azimuth look-ahead mode. 

Time-slot following information can also be presented on the map. This Includes 
the computed top-of-descent point, the end-of-descent waypoint together with speed, height 
and time constraints. time estimates for all wayooints in the route. and the disolav of . - 
any time errors together with an indication of ;here the aircraft should be In order to 
meet the constraints. 

As well as controlling map position in the look-ahead mode, the roller-ball can 
also be used to position a cursor symbol on the map, to nominate any point held in the 
data base. or to generate new waypoints for insertion Into the route. This rapid and 
flexible intry method has also been combined with direct voice input techniques and is 
discussed further in section 6.3.2. 

The current map display, while still capable of improvement and further 
development, provides a very versatile method of presenting considerable quantities of 
navigation data to the pilot and, by giving an Instant picture of present position without 
the need for mental interpretation of range and bearing from ground aids, achieves the 
biggest workload reduction seen in civil cockpits for many years. 

6.3.2 Workload reduction 

The research thrust has been directed towards methods of data input and system 
control other than conventional CDUs, keyboards, knobs and switches. Moet effort has been 
directed at evaluating the capabilities of the modern Automatic Speech Recognisers (ASRs) 
In the airborne environment and then to explore their integration with other cockpit 
systems to provide an experimental Direct Voice Input (DVI) capability of considerable 
authority. 

After initial testing with an early speaker dependent Fsolated word recogniser, it 
was clear that connected or continuous word recognition was required to maintain the 
natural aspect of using speech for control purposes. This early recognlser also suffered 
unacceptable recognition error rates in the noise environment of a cockpit. 

At about that time a OK firm was developing a then advanced connected word 
recognlser that was also speaker dependent but emplo ed dynamic time warping to allow for 
within speaker vaciability. This machine, the SR 12i, was delivered In mid 1982 and was 
subjected to laboratory testing. The recognition performance was so encouraging that the 
same equipment was Installed in the aircraft for flight testing two weeks later. Similar 
recognition performance was obtained during flight conditions and, as a result, the SR 128 
was integrated with the cockpit displays and this degree of DVI was demonstrated success- 
fully at the SBAC Air Show in 1982. A vocabulary of 32 words was used. Pilot reaction to 
DVI in this early stage was very favourable, to the extent that other systems were con- 
sidered for voice control. A prototype Radio Management System (RMS) was described in 
section 5. Experiments using this menu driven CDU based system having been completed, it 
was decided to attempt DVI control of the radio and navigation equipment via this system. 
This allowed the pilot DVI control of two UHR/VHP radios, two VHF radios, two ADF 
receivers, two ILS receivers, two VOR receivers and an SSR transponder. 

The vocabulary size required to control the comms/nav equipment and the cockpit 
electronlc displays was now 106 words. To assist recognition the syntax adopted was 
structured as shown in simplified form in Fig 4. It will be noticed that the vocabulary 
is split into two parts, display commands or Comms/Nav commands, requiring two keywords 
(DISPLAY or COMMS) to be said before the remaining command. The pilots commented that the 
syntax was too restricting, and the necessity for key words aggravating. The syntax that 
was eventually adopted is shown In Fig 5. The pilots found the revised syntax easier to 
remember and use but the recognition performance was degraded due to the increase in the 
number of words at some syntax nodes. For example, in the first syntax the number of 
possible words after the command 'BOX' was 23, whereas in the revised syntax this 
increased to 54. 

A test was conducted to examine the impact on ,recognition performance of these two 
syntaxes. A standard test was devised consisting of typical connected word commands such 
as BOX 1 1 2 3 DECIMAL 4 .  Three pilots conducted the same test with both versions of the 
syntax during flight using the same training templates. The difference in recognition 
word error rate for the two syntaxes Is shown In Fig 6. Not only are there differences in 
performance for the two syntaxes but also significant variations between pilots. The 
reason for the range in operator performance is believed to be speaker variability; it Is 
hoped that future speech recognition algorithms may be more robust. 

As the general reaction to DVI on board the BAC 1-11 was still favourable, it was 
decided to attempt integration with the FMS. 

The Implementation of route changes through the FMS keyboard is a time-consuming 
and cumbersome process, and therefore it was in this area that we concentrated our DVI 
integration efforts. A variety of route changing options are available to the pilot by 



(e) Response time to pilot inputs must be short; there should be no limit on the 
rate at which the oilot can enter data. Also. at the comoletion of any inout 
sequence, the systkm should provide any computed information, demanded-as a result 
of that input, within 5 a. 

Experiments with time control algorithms have shown that a high degree of accuracy 
(typicalky t5 s) can be achieved in meeting time constraints at an end-of-descent 
Waypoint . ?his accuracy is only achieved by using engine thrust in excess of flight idle 
or unwanted throttle activity in some wind conditions. It has proved difficult to predict 
the wind structure accurately during a descent, when using a combination of forecast wind 
along the descent path and actual wind being experienced by the aircraft at its current 
altitude. Considerable improvement in the accuracy of forecast wind data is required if 
such tight time constraints are to be met in a fuel efficient manner. 

7.3 Man-machine interface 

7.3.1 Displays 

The clarity, sharpness and colour definition produced by shadow mask CRT displays 
make a very favourable impression on all pilots. The use of colour enables far more 
information to be oresented without clutter and ootential confusion. than can be disolaped . -~ 
on monochrome displays. Nevertheless, care must be taken to display only essential 
information at any time. Even with colour discrimination, it is easy to achieve a 
cluttered presentation if the temptation to display desirable, as opposed to essential, 
features is not strongly resisted. 

For civil applications we feel that the colour chosen for a particular feature is 
not critical. Of more importance is ensuring that a consistent colour code is applied 
throughout all dfsolap modes and also from one d1sDla.V to another. Primary colours have 
been Pound to be tbo harsh, and are more acceptable when desaturated. pilots generally 
prefer the softer tones of colours like cyan and yellow. Magenta is considered by many to 
be a harsh colour and could therefore be useful for highlighting purposes, although the 
conventional use of amber for caution and red for warning appears to work well and has, of 
course, been readily accepted. 

Flashing any symbol on and off is very attention-getting and is therefore effective 
for alerting purposes. It is, therefore, essential to avoid inadvertent flashing of 
symbols on the display (s if a parameter is dithering at one end of its displayed scale, 
it is necessary to add hysteresis to prevent it flashing on and off). 

Electronic instrument displays are still in a very early development stage and 
therefore, in our view, it would be premature to attempt to standardise on the symbology 
and colour coding in use on civil aircraft. The flexible nature of CRT displays should be 
fully utilised. The optimum choice of colour and symbology will largely depend on the 
exact combination of airborne equipment and caDabilities, together with the type of . - 
operation any particular aircraft fs designed to perform. 

Apparent symbol movement can occur on the displays (in the form of sudden jumps in 
the apparent position of one symbol relative to another) if symbols positioned close to 
one another on the screen are drawn at significantly different times (more than about 
4 m sec time difference), Some people are more susceptible to this effect than others. 
Time differences between drawing various symbols are a function of the screen refresh 
rate, and problems of this sort are not usually apparent if refresh rates greater than 
60 Hz are employed. 

The uniform brightness level of all displayed information is a feature much 
appreciated by pilots. This particularly applies in night conditions, when CRT displays 
comoare favourablv with the standard of oanel liahtina found in most cockoits usinn " - 

con;entional instruments. CRT displays must, however, be designed to operate without 
flickering when set to the very low brightness levels required for night flying. 

Large CRT displays (8 inch x 8 inch in the 1-11) give a wider choice of formats for 
presenting data compared with smaller displays. This has proved important in two areas. 
On just one display it has been possible to present all primary flight information, using 
conventional circular analogue counter-pointer formats for speed, height and vertical 
speed. The second area concerns the map display, where it has been possible to position 
the aircraft symbol towards the centre of the screen, rather than close to the bottom. By 
this means a good look-behind capability is provided without unacceptably compressing the 
range scaling of the map. 

It is worth again emphasising the overall benefit of the map display. Its 
introduction on the civil flight deck is considered to have produced the largest reduction 
in pilot workload for many years. 

7.3.2 Workload reduction 

A cursor symbol on the map, which can be driven to any required position in order 
to designate already defined points for inclusion in the route, or to generate totally new 
waypoints, has added considerably to the speed and flexibility of route changing compared 
with keyboard entry. Driving the cursor with a roller-ball controller was found to be a 



On a longer-term basiswe are cooperating with the OK Civil Aviation Authority and 
Eurocontrol to investigate a mode S type of data link. It is hoped that this programme 
will provide a prototype airborne mode S transponder together with a Data Link Procesaor 
Unit for installation in mid 1987. In the meantime we have installed a two-way data link 
in the 1-11, using radio modem equipment connected to VHF transceivers, which we intend to 
develop as a mode S simulation. By this means, we are able to demonstrate how routing 
demands and constraints might be passed to the aircraft from some future ATC system. We 
can also investigate the man-machine interface problems associated with data link. 
Currently, we present the data-link message on the pilot's map display. Required routing 
together with any constraints, are manually input to the FMS by the pilot, who then checks 
that the demanded speed to meet these cdnstraints is within the aircraft's capability. In 
the future he will be able to reply over the data link, either accepting the route and 
constraints, or requesting a different time Slot or alternative routing. 

7 LESSONS LEARNED 

7 .1  Navigation 

Position fixing systems, using range information from two DME ground stations, 
achieve mean errors of about 0.25 n mile, while systems using multiple DME ground stations 
have a potential for achieving mean errors of perhaps about 0.1 n mile. These accuracies 
depend on knowledge of ground station position and accurate reply delay. Published 
coordinates are sometimes in error, and sometimes differ depending on the source of 
information used (eg whether civil or military documents are consulted). The integrity of 
ground station coordinates in airborne data bases will become very important if DME 
navigation systems are used as a means of reducing track separations to increase airspace 
capacity. Another potential source of error lies in the method of defining these station 
coordinates in terms of latitude and longitude. Different countries use different grid 
coordinates for surveying purposes. We believe a variety of earth models are used for 
converting from grid coordinates into latitude and longitude. This can lead to 
differences of up to 0.5 n mile in defined position. Coordinate conversion problems of 
this sort could affect other accurate position fixing systems such as GPS, and indicate a 
need for common conversion standards. 

TO avoid receiving range information from other stations on the same frequency, 
some navigation systems only tune stations when the aircraft is within the protected range 
oublished for each station. Other systems ignore the orotected range fiaure. but carrv - - -- . 
out validity checks on both range and range rate before accepting data as coming from the 
selected ground station. This latter method may well have benefits in areas sparsely 
equipped with ground aids, as any validated information can be utilised for position 
fixing irrespeEtive of range from the ground station. 

An electronic map giving estimated aircraft position, provides a very compulsive 
and believable display to the pilot. It is therefore essential that any degradation in 
the position fixing accuracy (B as a result of reverting from DME/DME to VOR/DME mode) is 
suitably indicated to the pilot. Ideally, the probable error in estimated position (based 
on navigation mode in use, or time since last position fix) should be calculated and 
clearly displayed when greater than some residual level (say 0.5 n mile). 

The use of a frequency agile DME for multi-DME position fixing brought to light two 
problems. First of all, some difficulties were experienced in positively relating a 
particular range value with its associated ground station frequency. This problem stems 
from lack of adequate data word identification in the ARINC specification for airborne 
equipment. The range data from a particular ground station is output on the DME data 
highway immediately after the data word containing the frequency of that ground station. 
Difficulties can arise in the event of failing to receive some data words, with a danger 
of associating the wrong range data with a particular frequency. This problem would not 
have arlsen if each data word had been uniquely tagged. The second problem area concerns 
the polar diagram of DME airborne aerials. Reception in some directions is inevitably 
better than in other directions. This can lead to a less than optimum spread of available 
aids around the aircraft and therefore a reduction in position fixing accuracy. It may be 
desirable to consider feeding agile DME transponders from more than one aerial if maximum 
accuracy is required. 

7.2 Flight management 

The capability of flight management systems to control the azimuth, vertical and 
speed components of an aircraft's flight path satisfactorily has been demonstrated 
adequately, with a number of such systems already in airline service. Because of the wide 
range of options available to the pilot and the complex interactions between the many 
different operating modes, provided by these automatic systems, it is clear that 
conventional multi-function keyboards do not provide an ideal interface between the pilot 
and the computer system. Although they may appear self-evident, it is worth stating the 
main requirements of any future FMS man-machine interface. 

(a) System current operating state and engaged modes must be displayed clearly. 

(b) Options available for selection must be shown. 

(c) Methods for obtaining required data must be logical and obvious. 

(d) Methods of inputting, storing and displaying data must be consistent. 



keyboard operation, and most of these were made available as direct voice commands (see 
Table 1). The pilot could, therefore, enter the required form of route change by voice, 
together with relevant waypoints defined by name, latitude and longitude, or by 
range/bearing from a known waypoint. He could verify correct speech recognition using the 
DVI visual feedback display on the coaming in front of him. To ensure that his commands 
had been transmitted correctly from the recogniser, through the associated microprocessor, 
to the FMS. the demanded route modifications were shown on the colour mao disolav in the . - -  
form of dotted lines, with the current route still displayed in solid liAes. When 
satisfied that his commands had been correctly interpreted, the pilot would then use voice 
to execute the route change, with the map then displaying the new route in the 
conventional way (k with solid lines). 

Also integrated into this FMS/DVI route change system, was the roller-ball/map- 
cursor combination described in section 6.3.1 above. The cursor position could be used to 
nominate a pre-designated waypoint or define a new one. These positions, combined with 
DVI commands to state what should be done with each waypoint, provided a flexible and 
convenient method of modifying the existing route. The procedure was found to be 
particularly useful for constructing entirely new routes involving input of many 
waypoints. 

In addition to route changing functions, DVI has also been introduced to control 
PMS mode selection and to insert any commanded values needed for operation in these 
selected modes. This aDolication of DVI. where voice is used to control svstems which - >  

have a direct effect on aircraft attitud;, height, heading and speed, is more relevant to 
military aircraft than to the civil flight deck, where it is generally easy to select 
modes and denlanded values using simple switches and knobs. The principle adopted for 
route changing, where the pilot verifies that the system has understood his voice command 
before he executes that command, was also applied to the control of FMS modes and inputs. 

The concept of using voice input to control any of the aircraft systems and 
facilities was proved feasible and was readily accepted by the pilots. However, delays 
between uttering commands and obtaining aircraft or system response were found to be 
unacceptably long in most cases. These delays were caused by a combination of the time 
taken for speech recognition and the long transmission and handshake times between the 
experimental equipments used to implement the commands. 

The vocabulary required for the control of electronic displays, comms and nav and 
the FMS by voice is now 235 words. This size of vocabulary has caused certain problems 
not only for the ASR but also memory problems for the operator. These problems are 
discussed in section 7.3.2. 

6.4 Air Traffic Management 

Research into integrating airborne FMS capabilities with future strategically-based 
air traffic management systems is going on in a number of countries. Within Europe a 
GARTEur Action Group (FM AG03) with members from the Netherlands, West Germany and the UK 
research establishments, has recently produced a future ATM scenario in order to provide a 
framework to help assess the benefits of integrating FMS and ATM systems. This scenario 
identifies a number of broad areas where changes to present ATC systems are expected. 
These include improvements in en-route capacity through exploitation of more accurate 
three-dimensional navigation, and use of longitudinal (time or four-dimensional) 
navigation and control to increase capacity of junctions and terminal areas. To meet 
these and other expected developments, the scenario suggests that three distinct levels of 
communication will be required: 

(a) Background level - for automatic exchange of data between air and ground 
computers with no direct human intervention. 

(b) Strategic level - for human initiated exchange of strategic ATC planning and 
clearance information. 

(c) Tactical level - for exchange of information requiring short-term response, 
ATC tactical instructions. 

It is recognised that for some time to come voice R/T will remain the primary 
channel for tactical transmissions. However, data link is considered to be the most 
appropriate mechanism for the background and strategic communication requirements of 
future ATM systems. A8 any change to ATC systems muat take place in an evolutionary 
manner, it follows that an early introduction of data link features into the present 
mainly tactical ATC system could be of benefit in developing the necessary formats, 
procedures and equipment. Passing weather data from the ground to aircraft and 
confirmation of R/T clearance and control messages are examples of where data link could 
be introduced in to-days environment. 

Data link research using our 1-11 aircraft started with the installation of a Data 
Buffer Unit which interfaces with a SSR-type transponder unit, to provide a down-link of 
aircraft parameters to the ground. This airborne-derived data is being used to assist 
development of the ground SSR network required for future mode S operation, and this work 
will continue in conjunction with RSRE Malvern. 



considerable improvement compared with using a joystick. Pilots find positioning the 
cursor is easier when usin direct posltion control, as in the roller-ball case, compared 
with using the rate controf necessary with a spring-loaded-to-centre joystick. 

No agreement has been reached over the direction in which the cursor should move 
when the roller-ball is rotated in a fore-and-aft direction. Some pilots want the cursor 
to move up the screen for a forward movement of the roller-ball, while others want the 
reverse sense. The same disagreement on convention also exists for joystick control of 
the cursor. 

Rotatable knobs for dialling pilot selected values need to be positioned next to 
the visual dlsplay of the value selected, so that the pilot can see the knob and the 
value at the same time. Selected values may therefore need to be displayed on, for 
example, the coaming area alongside the knob, as well as on the pilot's primary flight 
display. 

The experiments on the integration of DVI have indicated the great potential of 
speech which can exploit a modality of human to machine communication whlch is so far 
unused. Work so far has indicated that the applications for DVI must be chosen with care, 
as certain tasks can already be done more quickly and accurately by other means, for 
example, a simple switch setting. Also needed is some feedback from the recogniser to the 
speaker, together with a simple means of correcting mistakes. Visual display feedback has 
been used so far, to good effect, but the role of audio feedback needs to be explored. 
Syntax is used at present purely to improve recognition performance, if it remains 
necessary it must not be obtrusive or restricting; Ideally it should become more 
intelligent and equate more to the human use of context to improve understanding. Error 
rates for current recognition algorithms are about 1% or 2% per word for good subjects; 
algorithms need to be made more robust to cope with less consistent speakers and need to 
cope automatically with the changing background noise that is experienced in flight. 
Vocabulary size also presents an interesting problem in that a human can easily remember 
say 50 words, and would be unlikely to stray outside an unstructured vocabulary of say 
1000 words. Between these extremes are vocabularies like ours of about 250 words for 
which the human cannot remember without belng prompted whlch words and sequences are 
permitted. 

The combination of a roller-ball driven cursor, to designate waypolnts on the map 
and D V I ,  to define to the flight management system the exact form of route change 
required, was found to have great potential for overcoming keyboard entry problems. It is 
by combining the best features of particular input techniques in this way that the pilot 
can be provided with the most effective methods of interacting with the automated systems 
at his disposal. He may wish to use different input techniques for a particular task, 
depending on the workload he is under at the time, and therefore the man-machine interface 
must remain flexible with a variety of modalities available to him. 

Recognition and implementation delays have been found frustrating, with total 
system delays of up to 6 s belng experienced on occasion. Tolerable delays are probably 
less than 1 second for a complete operation. To achieve this not only wlll faster 
recognisers be needed but more efficient computing architectures wlll be required for 
System processing. 

8 FUTURE PROGRAMME 

8.1 Navigation 

Further development of the data puddle concept will form the main part of our 
future navigation work. Special algorithms need to be developed to improve position 
fixing accuracy, when all available DME stations are situated in approximately the same 
direction relative to aircraft position, thus giving very small subtended angles and poor 
position fixing. The use of range rate information, in conjunction with aircraft track 
angle and ground speed, to compute aircraft bearing from each ground station, will be 
investigated to determine potential benefits. This technique will also be tried in 
situations where range from only one DME ground station can be obtained. 

Additional sensor inputs will also be incorporated into the data puddle system. 
These will include VOR bearing information as well as data from an inertial navigation 
system. 

Because wide variations In position fixing accuracy will occur using data puddle, 
from very high precision In areas well e uipped With DME ground stations to relatively low 
accuracy when only one aid is available ?or even non at all), it is important to provide 
the pilot with an indication of the probable error in estimated position. A method needs 
to be developed for computing this probable error taking into account the confidence level 
attached to each element of data contributing to the best estimate of position. 

Other position fixing systems are expected to play a significant role in future 
civil air transport operations. These include MLS and GPS, and our research programme 
wlll include integration of posltion data from these sources with the on-board FMS, 
together with consideration of any dlsplay and pilot Interfacing requirements resulting 
from such integration. We plan to install a QPS receiver in the 1-11 for flight trials 
during 1987. 



8.2 Fliaht Management 

To achieve maximum airspace utilisation, it will be necessary for aircraft to 
conform accurately with altitude, speed and time constraints at particular route 
locations, such as at airway intersections and end-of-descent points. Our programme will 
continue to investigate methods of complying with such constraints in a fuel-efficient 
manner. In lightly loaded traffic situations, it may be possible for Air Traffic Control 
to define a four-dimensional 'window' at the constraint point, such that the aircraft can 
arrive at the defined position within a particular height band, with speed held within 
certain limits, and somewhere between defined earliest and latest arrival times. In this 
wav the airborne system would have more freedom to follow an 0Dtimised fliaht orofile and ~" ~ - ~ - ~~~ - .  
could absorb errors in wind forecasting in a cost-effective manner more easily. We will 
be investigating techniques for meeting constraints defined in this way, and will extend 

ple constraint points in the route. Our work will provide a 
ATC systems issuing aircraft clearances in the 

form of four-dimensional tubes in space, as envisaged in the GARTEur future scenario. 

The structure of present flight management systems often makes it difficult to 
introduce new features and to interface with other systems, for experimental purposes. 
Some effort may be sDent in exDlorina alternative FMS structures that could orovide 
greater flexibility,-allow easier modification and, therefore, be more suitable for our 
research programme. 

8 . 3  Man-machine interfacing 

The emphasis of our future man-machine interfacing work will be on integration of 
displays and inputting techniques, to provide the pilot with flexible options for 
controlling and monitoring the aircraft and its systems. The aim is to combine the best 
features of particular inputting techniques to obtain satisfactory overall solutions to 
the many different situations faced by the pilot (the combination of roller-ball driven 
cursor symbol and direct voice input is one example of a possible solution). 

A large experimental display area will shortly be provided in the centre of the 
1-11 cockpit coaming, with CRT displays with touch-sensitive screens being fitted 
initially. These will be replaced by flat-panel displays as soon as suitable devices 
prove worthy of flight evaluation. 

There is scope for improvement in current map displays, particularly in terms or 
better presentation and integration of vertical information, possibly leading to some form 
of 'path-in-the-sky' display. There is also a need for improved display of heading 
information on the map, as some pilots miss the level of orientation provided by 
conventional compass rose displays. The integration of weather radar data on the map is 
another important aspect, but can only become part of our programme if funding for 
suitable radar equipment is made available. 

Improvements are expected in the capabilities of automatic speech recognisers, and 
new systems will be assessed as they become available. It is particularly hoped that 
improvements will be evident in their capability to cope with changes in background noise 
level, and that faster computing will reduce recognition delay times. Our programme may 
also investigate the use of audio feedback of DVI recognition to supplement the present 
visual feedback method. 

One long-term aim of our research is to develop a 'flying desk' cockpit environment 
in the 1-11 aircraft. This would involve removing the control column on the port side of 
the aircraft and installing a sidestick or ministick controller. By this means the space 
around the pilot becomes more accessible, and allows greater freedom for introducing new 
display technology and improved interfacing techniques. We are constructing a ground rig 
to enable full testing, development and integration of alternative display and inputting 
methods to take place before installing the most promising systems in the 1-11 for flight 
testing. 

8.4 Air Traffic Management 

The future scenario suggested by GARTEur Action Group FM AGO3 will be used as an 
overall guide to our air traffic management programme. This will be carried out in 
cooperation with other agencies such as CAA, Eurocontrol and GARTEur, as it is vital to 
evolve international solutions to ATM problems, as well as achieve compatibility between 
the ground and airborne elements. The principal aim of the programme is to improve 
overall operational efficiency, which involves Increasing airspace capacity and allowing 
aircraft operators to achieve individually optimised flight profiles. 

Our flight programme investigating the use of data link will continue, in 
conjunction with RSRE Malvern, by providing airborne-derived data to assist development of 
the ground SSR network required for future mode S operation. We will also continue to 
develop a mode S simulation capability, using radio modem equipment, with the aim of 
demonstrating the concept of a ground-based data network being linked to the aircraft with 
its airborne data network. Methods of integrating the data link system with the avionic 
network will be investigated, including any display and hard-copy requirements. Provision 
of automatic entry of data-linked ATC routing commands and constraints into the FMS albeit 
after acceptance by the pilot, is one example of the integration required. 



9 A LONG TERM FUTURE LOOK 

This Paper has concentrated on current and projected developments in avionic 
technology. There are corresponding developments emerging from research into ATC, 
examples include better radars and radar processing which will allow more precise 
monitoring in busy airspace. Also, algorithms for automatic conflict prediction and 
resolution will be combined with refined automatic scheduling, to provide a complete 
computer-based source of ATC advice. Here too, better man-machine interfaces will be 
needed, large full colour displays and direct voice input will almost certainly have a 
role to play in these improved interfaces. 

It is assumed that, with computer-based systems on the ground and in the air, 
digital data links will form the obvious and ideal basis of air/ground communication, with 
voice RT being reserved for special functions such as emergency actions or perhaps even 
reassurance. 

There is as yet no agreement on how a future ATM system would operate, but the 
following proposed sequence may well serve to illustrate our own thinking for the years 
beyond 2000 and also to provoke further discussion. 

(a) The aircraft approaches a control boundary and makes a bid for a preferred route 
and timing. 

(b) The ground system checks the request against the known traffic situation and offers 
a trajectory and time slot; this may or may not be the one the aircraft requested. 

(c) If necessary, data link based negotiation ends with an agreed description of the 
trajectory, defined in four-dimensions all the way to the runway threshold. 

(d) This trajectory description includes data on the allowed tolerances, g the size of 
the defined tube in space. Low density traffic allows loose tolerances which the 
aircraft can exploit to minimise its operating cost; conversely high traffic 
densities will demand a tightly constrained or narrow tube to meet traffic needs. 

(e) The aircraft then executes the trajectory and is monitored by the ATC system, with 
intervention only needed for deviations or emergencies. 

Even these simple statements pose many problems in the technical, human engineering 
and possibly Political arenas and, as yet, the cost benefit studies needed to justify such 
major change have not been carried out. 

The future arrival of satellite based syatems for communication, navigation and 
surveillance, such as are being considered by the ICAO FANS committee, provides a common 
reference for such operations rather than altering the ATM concepts. 

10 CONCLUSIONS 

This Paper has attempted to describe the problems and resulting trends that have 
led to the existing level of avionic sophistication in the latest generations of civil 
aircraft. These standards of avionics have quite short economic payback times and would 
appear to have fully justified the investment involved. However, airlines have realised 
that still greater savings could be realiaed if ATC would allow procedures more compatible 
with modern aircraft and systems. As a result, pressures are mounting on ATC authorities 
to move this way. ATC, at the same time, is facing problems due to already saturated 
bottlenecks in the system and yet is facing substantial predicted increases in traffic 
demand. 

The solutions to both economic and traffic problems would appear to be with 
increased dependence on computer-based advice and automation. Given the assumption that 
pilots and air traffic controllers will remain in the loop, then a whole new range of 
nam-machine interface problems have to be solved. The civil avionics research programme 
at RAE Bedford has been working for some time in the technologies and their integration 
needed for a future air traffic management system; this Paper has concentrated on some of 
the technologies that will be present in future civil flight decks. 

Some important lessons emerging from this largely experimental work can best be 
summarised under a series of headings: 

NAVIGATION 

There is still substantial development potential in conventional radio aid 
based navigation but there are problems to be faced with the accuracy and integrity 
of data bases. It is probable that a completely new system based on satellites 
would also suffer from these problems. 

FLIGHT MANAGEMENT 

Current FMSs are very capable, perhaps even over complex. Future developments 
must include better man-machine interfaces. Good, fuel efficient, four-dimensional 
descents need better wind and other atmospheric data than is given by current 
forecasting techniques. 



DISPLAYS 

The arrival of full colour CRT displays on the flight deck is an enormous 
advance, and here as elsewhere big displays provide more opportunity for an 
integrated presentation than do small ones. The electronic map is very powerful 
and will be the medium which will make future complex trajectories comprehensible. 

WORKLOAD 

Modern cockpits with their clean, uncluttered presentations are very good 
indeed, but a future ATM scenario will be more complex than at present and will 
require greater dialogue between the pilot and his computing systems. Direct 
voice input and other techniques offer great potential in this dialogue, but they 
must be used carefully if this potential is to be realised. 

Finally, it is worth pointing out again that all of these developments are driven 
by the demands for additional traffic capacity and improved efficiency and that therefore 
additional efforts to quantify the benefits are needed. 

REFERENCES 

1 Chief Scientists' Division, Civil Aviation Authority, 'Report of the UK Air Traffic 
Management Working Group'. 1981 

2 Federal Aviation Authority', 'The USA National Airspace System Plan'. 1981 

3 V. Attwool, A. Benoit, 'Fuel economies effected by the use of FMS in an advanced 
TMA'. The Journal of Navigation, Vol 38, No 1, January 1985 

4 R.C. Rawlings, R.A. Harlow, 'Flight trials to determine the overall system 
performance of distance measuring equipment'. 1979, RAE Technical Report TR 74140 

5 R.A. Harlow, 'Flight measurement of RNAV system performance using various 
combinations of ground aids and airborne sensors'. 1980, IEEE, Position, Location 
and Navigation Symposium, Atlantic City, New Jersey 

6 N. Witt, 'A flight investigation of avionic systems for future air traffic 
management'. 1985, RAE Technical Memorandum FS(B) 606 

7 R.C. Rawlings, 'Entry and exit procedures for RNAV holds'. 1986, RAE Technical 
Memorandum FS(B) 635 

8 N. Witt, E. Strongman, 'Application and experience of colour CRT flight deck 
displays'. Displays Journal, April 1983 

Table 1 

OPTIONS AVAILABLE TO THE PILOT BY VOICE COMMANDS 

(a) Route change procedures 

1 GO direct from present position to new waypoint 

2 GQ direct from one waypoint to another waypolnt 

3 Insert a new waypoint after an existing waypoiti 

4 Change one waypoint for another waypoint 

5 Delete existing waypoint(s) 

(b) Selection of lateral, vertical, speed and time modes 

(0) Insertion of commanded values relevant to each mode 
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SUMMARY 

A flight-plan usually exists in several different forms, in the aircraft flight 
management system, as hard copy on the flight-deck, in one or more ATC data processors, 
and distributed over flight-progress strips (or their electronic equivalents) in one or 
more control centres. Any discrepancies between various versions of the plan are poten- 
tially hazardous. Given that the flight plan is already stored, for one reason or another, 
in at least one computer, it is proposed that each computer should also be used to generate 
a "check word" which can easily and rapidly be compared with that stored as hard-copy or 
in some other machine. The check word might consist of four alpha characters which can 
easily be remembered and passed by voice. The paper discusses possible algorithms for 
generating check-words, and gives the results of some laboratory trials of a prototype 
system. 

ERRORS IN GENERAL 

Air traffic control does not have a monopoly over clerical errors, and the technique 
outlined in this paper may well be applicable in other areas, but work has so far concen- 
trated on flight plan data, where undetected errors, although rare, can have major safety 
implications. A discrepancy between the flight plan used at route qualification briefing 
and that supplied to the flight management computer on the day, was a factor in the 
disaster to New Zealand flight TE901, which flew into the side of an Antarctic volcano, 
Mt. Erebus, in November 1979. Measures have recently been introduced in the UK to ensure 
that controllers are reminded, by a suffix to the radio call sign, when an aircraft is 
flying to a plan that differs from a version earlier stored by ATC. The European Air 
Navigation Planning Group are reviewing the procedures more generally. It seems likely, 
therefore, that problems have been encountered in ATC as well as on the flight deck. 

The problems of validating copies of important documents must have arisen very early 
in history, when manual copying was virtually the only method by which a document could 
be duplicated. If there is a task more boring than the meticulous copying of a lengthy 
document, it must be the subsequent collation of the copy and the original in the process 
of checking for possible errors. A number of techniques were accordingly devised which, 
whilst not guaranteeing to detect all possible errors, had the advantage that they could 
detect many errors by a simple check. Such simplicity not only saves time, the process 
is more likely to be carried out correctly. The so-called SECUNDO FOLIO method was based 
on a comparison of the leading words of the second or subsequent pages of two nominally 
identical documents, on the grounds that, given reasonable standardisation of letter size 
and spacing, a discrepancy at the top of the two "second pages" would point to a repeti- 
tion or deletion from some earlier page. Each page of the hand-drawn scrolls of the 
Jewish Bible, the TORAH, is believed to incorporate a means whereby the scribes can check 
that the page contains the correct number of words. 

Such checks, no doubt, rapidly draw attention to many of the errors likely in hand- 
written copy. They do not serve to catch other errors common in typing, such as the 
transposition of two adjacent characters. Such mistakes are easily detected and corrected 
by human readers of plain language text, but an error in, for example, a call-sign, SSR 
code, or a waypoint co-ordinate in an aircraft flight plan may more easily escape detec- 
tion, although such an error is potentially dangerous. Errors in messages sent by tele- 
printer or other telegraphy channel may contain, in addition to normal typing errors, one 
or more corrupt "bits" in the string of characters received. Such errors can be detected 
by means of an error-detecting code in the transmission mechanism. If the errors are 
sufficiently sparse, they may even be corrected on reception. In its simplest form, an 
error-correcting code ig formed by adding a redundant bit to the seven-bit code that is 
essential to define an ASCII or IS0 (CCITT Alphabet No. 5 )  character. The redundant bit 
enables a single-bit error in the character to be detected, but correction is only 
possible by demanding a replay of part of the message. More elaborate codes are possible, 
such as the frame check sequence used by the Common ICAO Data Interchange Network, CIDIN 
( I ) ,  or that proposed for SSR Mode S. These are capable of detecting a moderate number 
of independent errors, and the faulty bit can often be precisely identified, thus enabling 
the correct message to be reconstructed at the receiver. These mechanisms can only detect 
errors that arise after the redundant bits have been incorporated in the message, "garbage 
in, garbage out" still applies. 

Given a message such as a Flight Plan, which has a defined structure and which is 
handled by computers which can be programed to test the validity of the message content, 
further checks are possible. For example, one can check that the cruising level and 
airspeed are within the aircrafts' capabilities, that successive waypoints along the 
route are not too far apart, and so on. These checks on the stored flight plan cannot do 
more than establish that the flight plan is credible, it does not have to be correct: 



yesterday's flight plan would pass the credibility checks as easily as today's. Given a 
suitable data link, it is possible, in principle, automatically to check that the data in 
the flight management computer is consistent with that held in the ATC processor, but it 
will be much more difficult to check that the computer data is consistent with a hard- 
copy version. 

Reference 2 pointed out a drawback to the present N. Atlantic position-reporting 
system, where waypoint co-ordinates (latitude and longitude) are quoted as integer 
multiples of a degree, corresponding to the lateral separation standard, 60 nm. The 
effect is that many errors in inputting waypoint data will result in a plausible but 
incorrect figure being delivered to the computer. If the lateral tracks were separated 
by 59 nm, say, transposition of two latitude digits would yield a result that was not an 
integral multiple of 59 minutes, and the error could easily be detected. Unfortunately, 
it is difficult to see how the ATC system could now make a transition from 60 nm to 59 nm 
spacing. 

THE USE OF "CHECK-WORDS" 

The present paper is primarily concerned with the detection of differences between 
two or more versions of a given message. The proposed method is quite general, and does 
not need access to any data other than the message itself. An algorithm has been devised 
which generates, at the end of the message, or at the end of a page if the message is 
long, a "check-word" consisting of four alphabetical characters, say. The check-word is 
easy to compute, and the result can be printed at the end of hard-copy versions of the 
message, or displayed at the output of any computer holding the same text. The four- 
letter check-word is suggested as a suitable length for most purposes, but there is no 
problem in making the word longer or shorter if desired. 

The four-letter check-word, supposing we are confined to the 26 alphabetical charac- 
ters in the ICAO alphabet (3), is capable of taking any one of 456,976 combinations. Let 
us, for the moment, consider some numerical representation of the check-word, hereafter 
referred to as the "value' of a given text. The text will, in general, have more than 
26 different characters, if we include the numerals 0-9, punctuation marks and, for some 
applications, diacritical signs (represented by a letter, backspace and some agreed symbol) 
used to denote accented characters not found in the alphabet defined in reference 3. The 
alphabet used in the original text is not important so long as there exists some agreed 
method of representing each character in the alphabet by some numeral unique to the 
character. This number is then multiplied by a "weight" chosen in accordance with some 
rule to be discussed below. The product, here termed the "value' of the character, is 
added to that of all other characters in the message, and the total, the ''value" of the 
message as a whole, is used to define the check-word, by some means-to be discussed later. 
The simplest possible algorithm for converting a text into a check value is to give each 
character the same weight, unity say. Unless the value thus derived exceeds 456,976, the 
check value is a reliable test that two copies of a given message contain the same charac- 
ters, but there is no check that the characters are in the same order in the two versions. 
If the resulting value exceeds 456,976, the value used for check purposes is the remainder 
obtained on division of the original figure by 456,976. There is therefore a risk that 
two different messages may yield the same check word. This situation is inevitable, since 
the number of possible messages is infinite, and the possible permutations of a limited 
number of characters forming a check word is finite. The probability of a coincidence 
can be reduced to any desired level by making the check word long enough. For the present 
purposes, it is suggested that, since the probability of the error which the check word 
is to detect is itself low, a reduction in the resulting risk by a factor of 100,000 may 
be more than adequate. 

To overcome the danger of failing to detect transposition of a pair of characters, 
the algorithm that generates the check value must be more complex than suggested above. 
Transposition of two adjacent digits can be detected by giving different weights, eg 1 
and 3, to alternate characters. The difficulty remains that many simple errors, such as 
412 for 214 will escape detection. A better method is to give each character a different 
weight, at least until some practical upper limit is reached. This can be achieved by 
giving each character a weight equal to the character's position in the message. For a 
long message, it will eventually be necessary to restart the numbering process to avoid 
the need to handle inordinately longer numbers, but see below. 

Having computed the value of the whole message, it is now proposed to convert it to 
a group of alphabetical characters, four say. Four alpha characters can represent more 
than 400,000 combinations, and is easier to remember than a group of six numerals. An 
obvious method of conversion is to express the value in radix 26. Just as in the normal 
decimal convention, the four digits of a number, 234 say, denot (1000 2) + (100 * 3 )  + 2 9 (10 4) + 5, in radix 26 the digits would denote ( 2  2) + (26 * 3) + (26 * 4) + 5. 
Instead of ranging from 0 to 9, the individual digits can each range from 0 to 25 and 
substitution of a'lpha characters is now a trivial task. 

A weakness of this system is that a single error, such as the substitution of FL 270 
for FL 290, is likely to change only a single character in the check-word: the "most 
significant" letters will change only slowly as characters are added to, or subtracted 
from, the text to be checked. Indeed, since a typical flight plan requires only a short 
message, some of the letters in the check word may rarely change at all. An error can 
cause the check value to change in either direction. If a single error results in only 
a small change in the check word, there is a significant risk that two errors in the 
message may leave the check word unchanged. This situation can be improved by using 



weiqhts which vary rapidly over a considerable range between successive characters, the 
object being to produce weighted character values which are spread over the entire 
available range, even for short messages. 

The use of a pseudo-random number generator to generate a sequence of weights does 
not ?asily satisfy the requirement. We need an algorithm which enables all conceivable 
types of computer to generate the same random sequence. Further, the suggested scheme 
would lead to calculations involving large inteqers, and multiple-length arithmetic would 
be needed in many machines, with a subsequent penalty in processor time. An alternative 
approach, that involves only arithmetic on small integers whilst avoiding the problems 
involved in generating standardised pseudo-random integers, will be discussed in the 
following section. 

THE PROPOSED SOLUTION 

It is proposed to compute, not one "value" for the message, but a separate value for 
each character in the check word, using a different weight for each. It will be shown 
that, given a check word based on an alphabet of 26 characters, and a message alphabet of, 
say, 40 characters, only integers are involved in the calculation and none need exceed 
about 1040. Most of the numbers involved can be stored and processed as a single 8-bit 
word. The final step in converting each message value into a single alpha character is 
to divide the value by the number of available letters in the alphabet and to discard 
everything but the remainder. If there are M characters, this remainder will, in what 
follows, be referred to as the value (MODULO M). It can be shown that the value (MODULO 
M) of the difference, the sum, or the product of two integers is not changed if any 
multiple of M is subtracted from either or both of the integers before the calculation 
is commenced. The truth of this assertion is obvious, for MODULO 10, at least. The value 
(MODULO 10) of any integer is simply the least significant digit of the number as normally 
written, and it is easy to see that this digit in the result of an addition, subtraction 
or multiplication depends only on the least significant digits of the numbers input to 
the calculation. It is not necessary for the programer to reduce his numbers to MODULO M 
at each step, but he is free to do so whenever the inteqers become inconveniently large. 

From the argument given above, it is clear that, with the suggested method of gener- 
ating the check word, there is no point in having a weight greater than M, since the 
outcome of the weighting process depends only on the weight (MODULO M). It follows, 
similarly, that if the number of characters in the alphabet used for the text (including 
numerals and other signs which are to be taken into account when computing the check word) 
is greater than M, there must arise situations where different characters in the text 
have the same value (MODULO M). For example, with a 40 character alphabet for the text 
and M = 26, no less than 14 characters will have synonyms when converted (MODULO 26). 

This ambiguity can be resolved by using different values for M in generating the 
various letters for the check word. It can be arranged that if the 'true' and 'false' 
versions of a given character give the same value in the calculation of one character 
in the check word, the two versions of the text will result in different values in compu- 
ting the other three characters. In the experimental version, the four letters for the 
check word are calculated for M equal to 26, 25, 23 and 21. The number of possible 
combinations of weiqhts is equal to the number of check words now available, the lowest 
common multiple of the four values chosen for M, ie 313,950. We have resolved the 
ambiguity at the expense of a reduction in the number of possible check words from 
456,976. The method of generating successive weights has been designed to ensure that 
each weight changes rapidly over the available range and that there is no correlation 
between changes in the weights used to generate different characters in the check word. 
Successive values of each weight can be calculated by a method which requires only the 
addition and/or subtraction of integers, so that the outcome will not depend on charac- 
teristics of the host processor. 

EXPERIMENTAL RESULTS 

For purposes of experimental work, the immediate source of test messages is the 
output of a word-processor, resident in a 16-bit micro. Most word processor software is 
so designed that it is difficult for an outsider to penetrate its workings. A simple 
method of appending additional software forcheck word generation is to use a second 
microprocessor to emulate the printer to which the word-processor output is normally 
delivered. This second machine can perform the necessary check word claculations on 
each character before passing it to the printer mechanism. The additional processing 
need have no serious effect on printing speed. At the end of the text, the emulator 
software appends the check word to the original text. This technique may be of interest 
to other workers wishing to test a check word system without disturbing some existing 
software package. The emulator can even be driven directly from a teleprinter. 

Figure 1 shows a short section of the sequence of weights generated by the experi- 
mental word-check algorithm. The four numbers printed in each row correspond to the four 
characters in the check word. The pattern in the left-hand column repeats after 26 rows, 
that in the second after 25 rows, and those in the third and fourth rows after 23 and 21 
respectively. Since these four numbers have no common factors, the pattern as a whole 
will repeat only after 26 x 25 x 23 x 21 rows. 

Figure 2 shows a rather improbable message consisting of 24 rows of 40 identical 
characters, whose numerical equivalent in the software is unity. The check word, GAVJ, 
is shown below the text of the message. 



FIGURE 1. Sample Weightings 

FIGURE 2. GAVJ 

In Figure 3, a single character has been changed from "A" to "B" (numerical equiva- 
lent 2 ) .  Note the change in every character of the check word, GAVJ has become HRCK. 

Table 1 gives the probability that a single radome error in the text will change any 
given number of characters in the check word. 

Characters Changed Probability 

TABLE 1 

Effect on a 4-Character Check word of a Random Change in One Character in the Text 



FIGURE 3. HRCK 

Table One was obtained experimentally, using the algorithm explained above, for 
330,000 trials each involving one random change to a character selected at random in a 
100-word text. The probability of failing to change even a single character in the check 
word is about 10 times greater than when the same algorithm is used with a text drawn 
from a 26-character alphabet, thus avoiding synonyms. 

OUTSTANDING PROBLEMS 

This paper has concentrated on "the flight plan". In fact, a flight plan is a 
relatively complex document containing assorted data not all of which is relevant to the 
tasks of every user of the data. It is not normally necessary, for example, to tell a 
flight management computer the type of aircraft in which it is fitted. Similarly, ATC 
authorities are principally concerned with details of the route by which an aircraft plans 
to pass through their particular jurisdiction. Although the check word proposal might be 
useful even to a single airline using the system purely for its own purposes, much greater 
benefits might arise if the technique was used by the majority, though not necessarily 
all, of the civil aircraft in a given region, not only for checks within the airline or 
the ATC organisation, but also for overall checks between aircraft and ATC. It will then 
be necessarv to aaree on those features of the fliaht Dlan for which checks are essential 
and carefuliy to irame rules to ensure that any inferested party can base his check word 
calculation on the same elements of the text. 

The flight plan is not the only message to which this technique can be applicable. 
ATC clearances, which frequently require manual inputs to a computer by pilots and 
controllers, may also lend themselves to the technique. There may be other applications. 
To explore the possibilities will require an international and interdisciplinary study 
beyond the capability of the present author's small team. 

When the application has been more clearly defined, numerous protocol problems will 
require study. It may be found that not all users of a particular text wish to store the 
display characters in the same format. It is then necessary to compute the check word 
by a method that is not sensitive to the layout of the text as displayed or printed. 
This may involve, for example, treating any mixture of "carriage return" and "line feed" 
characters as synonyms for "space". Problems also arise if data is not stored as a 
string of characters, or if the data in the character string is not kept up-to-date. For 
example, numerical values can be written in a number of different styles, all mathemati- 
cally equivalent, which yield different check words. A waypoint may be given as 
0010N00500W. where the leading zeros in both latitude and longitude serve to draw 
attention to any confusion between latitude and longitude. Within a computer, the 
co-ordinates could well be broken up into their latitude and longitude components, the 
angles being expressed as degrees and fractions of degrees, or even as radians. 

Real numbers, ie those involving some fractional part, present another obvious 
problem. Clearly, if two systems perform their calculations to different levels of 
precision, difficulties arise if a check word is used to determine whether two numbers 
are "identical". It will be necessary, before computing the check word to round-off any 
fraction to some agreed level of precision. This problem is common when attempting to 
make a comparison between numbers that have undergone some transformation before storage 
in a database, eg when 20 minutes of arc has become 0.33333... degrees. It will also be 
necessary for users to agree on a standard method of expressing numeric quantities as a 
string of characters, at least for purposes of computing the check word. 

It may be argued that ICAO ( 4 )  has standardised number formats for use in flight 
plans, ATC clearances, etc, to the point where the above differences do not arise in the 
present context. Since this symposium is looking to the future, it should be appreciated 



that we may face higher accuracy navaids combined with more precise flight management 
systems, and ATC systems wishing to carry out more detailed planning. One way or 
another, these are likely to lead to a demand for more precise specification of aircraft 
co-ordinates, and the format problem may then raise its head. 

Figure 4 shows a small sample of flight-plan derived data, as stored in an ATC 
computer, with a check word printed under each plan. 

BA690 B7371C 420 EGLL P1055 330 EGLL.URIN..UG24N..R23.EPWA 
RAEA 

BD774 SH36lC 205 EGLL PI105 060 EGLL.Al.EGBB 
RIDD 

KM815 B737/C 420 EGKK PI110 330 EGKK.UAl..UA3W..URl6..UR46.MEDAL..TORLI..RO 
TUN..GIANO..PAL.UA18.LMML 

YJFF 

GAF1004 B707/C 468 TOLKA PI100 310 EDDK.UW39..UBl..EGL.CYYR :TACAN TO TOLKA 
NJPF 

BA845 BA111C 370 LIFFY PI125 170 EIDW.Bl.EGCC 
EYRU 

BA5445 BA111C 400 EGNT PI130 230 EGNT..POL.Al.MID.AlE.LFPG 
OVGQ 

UK703 FK27lC 240 EGNM PI130 150 EGNM 
HOKO 

BA147 LlOI/C 494 EGLL P1030 330 EGLL.UGI.UB6..UBlW..UB5..UA4..VA4..VG8..VA16. 
.VB15..WlO..A21..R19..B54.OKBK 

VI JC 

GBOAD CONCIC M200 EGLL PI200 600 EGLL. SWB2.5107N/0715W..5110N/0645W..492ON/ 
0600W..4946N/0353W..5008N/0149W..ASPEN.UR14..UR8..W38.NORRY..EG~ 

CMPR 

FIGURE 4. 

CONCLUSION 

It was not intended to put forward a paper in which the check word was presented as 
the outcome of some mysterious process known only to the author. The description of the 
algorithm used in the experiments has been given in terms that were meant to be intel- 
ligible to readers unfamiliar with number theory. A better qualified mathematician, 
writing for similarly qualified readers, could, no doubt, have produced a more concise 
description. 

The given algorithm is not the only means of generating a check word, and better 
methods may present themselves. The immediate object was to build a demonstrator system 
which might provoke discussion of the possible uses of this technique by ATC. 

From the trials so far, it appears that the check word generator should have the 
following properties: 

(1) It should be easy to implement in any microprocessor having a word length of 8 or 
more bits. 

(2) It should require only integer arithmetic in the processor, thus ensuring that the 
check words generated are independent of the hardware in which the software is 
resident. 

(3) It should be possible to determine the probability that an error of a given type, 
eg one erroneous character,.will pass undetected. If this is not possible, there 
must be, at least, a known upper bound on the possibility. 

( 4 1  The probability, as determined under item 13) above, must be acceptably low. 

(5) The check word is significantly easier to remember if it does not contain more 
than about four characters. 

The present phase of the work on this scheme is near completion. It seems very 
likely that a reduction in the frequency of errors in inserting or amending flight plans 
is desirable. The question is how desirable? Having more precisely defined the problems 
to be solved, the next question is what will it cost? Neither of these questions can be 
answered by a small team working in isolation. The object of the present paper was, 
hopefully, to encourage discussion of, at least, the first of these questions. 
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SUMMARY 

This paper considers the need to explore the approach of Intelligent Knowledge Based 
Systems (IKBS) towards meeting the pressures for change in future Air Traffic Control 
Systems. The discussion includes the role of automation in ATC and the suitability of 
IKBS within a shared approach between controller and machine. Areas selected to 
provide practical experience of IKBS applied to ATC include Air Traffic Flow 
Management, Conflict Resolution and Training. Finally, guideline concepts for the 
introduction of a new technology to ATC are outlined. 

1. Introduction 

There is now increasingly worldwide interest in Artificial Intelligence (AI), with 
the Japanese 5th generation project, the European ESPRIT project, United States 
programmes supported by the Department of Defense. the Federal Aviation Authority. 
NASA, and the United Kingdom Alvey programme. Interest in a subset of A1 - 
Intelligent Knowledge Based Systems (IKBS) - within the United Kingdom Civil 
Aviation Authority, has been fostered by the Chief Scientist who in 1985, placed 
two IKBS study contracts with Industry [11,I21. These studies investigated 
potential applications of IKBS to Air Traffic Control (ATC): this paper includes 
the findings and strategies developed from these studies for gaining experience of 
concepts and for the introduction of IKBS technology. 

Additionally, the Civil Aviation Authority sponsors a programme in Air Traffic 
Systems research, including IKBS, at the Royal Signals and Radar Establishment, 
Malvern, and in human factors at the RAF Institute of Aviation Medicine. 

The paper examines the UK Air Traffic System for potential applications: there 
are, however, conclusions drawn which relate to ATC in general. On an even wider 
scale the implications of introducing a new technology are considered, where 
issues of safety, expedition and human factors interaction are paramount. 

2. Air Traffic Services Within the United Kingdom 

ATC Centres 

Air Traffic Control, Advisory and Information Services within United Kingdom 
airspace are divided into the London and Scottish Flight Information Regions, 
(FIRS). Within the FIRS airspace is controlled from the London Air Traffic 
Control Centre, LATCC, West Drayton with a subcentre at Manchester, from the 
Scottish ATC Centre. ScATCC, and the Oceanic Area Control Centre OACC both at 
Prestwick. 

The Civil Operations Room at LATCC has control suites for each sector of airspace 
and the north and south London TMA, and the Air Traffic Flow Management Suite, 
incorporating Departure Flow Regulation and the Expected Approach Time unit. 
Military Operations are conducted separately but co-ordinated where necessary at 
the London ATCC. 

Air~orts and Aerodromes 

The United Kingdom National Air Traffic Services provides ATS for all British 
Airports Authority airports, also at some local authority airports and at all the 
Scottish aerodromes. Each airport provides aerodrome control and approach control 
services which include ground movement planning, ground movement control, alerting 
service and flight information services, 

Pressurea for Change 

Pressures for,change aimed at improving the air traffic control system are listed 
in Figure 1. 

The increasing demand for air travel continues, despite fluctuations caused by 
economic and political factors. This increase is fundamental to initiatives 
directed at improving the air traffic control system. A recent estimate of the 
forecast increase in the number of passenger Air Transport Movements through the 
British Airports Authority airports is shown in Fig 2 (31. This shows a steady 
increase with a mean expectancy of 25% growth by 1995 and 55% by the year 2000. 



Continued expansion in the variety of aircraft also has major implications for ATC 
with increasing numbers of "low and slow" public transport traffic. 

Airfield capacity studies 141 for the London TMA show that the limitations are in 
the amount of "concrete". and runway configuration as well as by vortex wake 
separations and environmental factors. 

The capability of the existing ATC system to deal with such increased pressures is 
limited and requires new methods of control. 

Further pressure for change comes from the airlines which are investing in 
aircraft with sophisticated navigation, flight management and collision avoidance 
systems. There is also a view that investment and application of technology for 
the ground control environment is lagging significantly behind that on the flight 
deck. 

3. Current Considerations 

Developments in civil aviation take place reasonably slowly and long timescales 
are to be expected. Major changes in ATC can only be achieved through an 
incremental approach while maintaining safety and continuity of service at all 
times. It is the requirement for a longer term view which makes it necessary to 
consider supportive research and planning now for possible implementation in the 
years beyond 1995. 

1KBS has a relatively long history, almost as long as data processing itself, with 
early attempts starting in the 1960's in University research departments. At that 
time processing hardware was far from being sufficiently powerful to support 
significant applications, and the subject remained largely academic until the late 
1970's. Several significant Artificial Intelligence systems then began to emerge 
with commercial exploitation developing momentum in the early 1980's. Currently 
there is much interest in both military and civil areas, including ATC, 151,[61 in 
the anticipation of much m r e  powerful computers becoming available. 

It is by no means certain that many of the claims made for IKBS will be fulfilled 
in the near future, if at all, and it is likely that there is an undue degree of 
optimism in many recent statements 171. It is therefore necessary to explore the 
possibilities carefully within a research or prototype development environment. 

Dominant considerations when introducing a new technology to ATC are listed in 
Fig 3. The introduction of any new technology must maintain and, if possible. 
enhance safety features. Secondly, the CAA, supported by UK airline interests, 
currently believes in ground-based control. In the 1960's. prior to the FAA large 
commitment to a ground-based control philosophy, there was active exploration of 
an air-based system with the belief that only such a system would meet the 
capacity demand in air traffic. This movement did not succeed and the FAA 
confirmed its belief in a ground-based control philosophy. Another well 
established UK view is to adopt an integrated human-machine system, as distinct 
from either manual control or full automation. The US shared control concept is 
similar to this. Additionally the UK has to consider the interaction with 
continental neighbours. Finally, the UK is also a member State of Eurocontrol and 
of ICAO: developments in aviation and avionics affect all ATC authorities. 

4. Computer Assistance and its Limitations 

There already exists a significant amount of computer assistance within the 
'manual' Air Traffic Control System. Examples of present and planned assistance in 
the UK are given in Fig 4. The role of automation in ATC, however, requires 
examination. 

Potentially. there exists a continuum between the completely manual syatem and a 
theoretically possible completely automatic system. Pressures to increase 
automation are manifold. With present traffic levels, the area and volume of 
traffic which a controller can handle are governed by his communications load and 
by the limitations on his span of comprehension, his ability to keep track of a 
complex situation, and to integrate information from a wide variety of sources, as 
in Fig 5 .  It is not possible to overcome these limitations by continually 
subdividing the airspace into smaller sectors since each new sector boundary 
increases the communications load substantially. Some communications problems 
between sectors could be aided by establishing an automatically updated flight 
plan data base while sector team restructuring could also improve co-ordination. 

Complete automation of controller functions would appear to remove the problem of 
human error, but in reality this is simply a transfer of error origin to the 
systems designer and to the software. While the controller is directly and 
consciously accountable for his actions, is highly mtivated and can take 
immediate action in a crisis, ATC is a secondary area of expertise to the system 
designer who is not directly in the control loop and so would be unable to make a 
direct response should a crisis occur. Unfortunately experiences in the nuclear 
industry have made us all too aware that we cannot design error free systems or 
even identify all possible error conditions. 



Increasingly. it has been acknowledged that some compromise to additional 
automation is necessary 181, 191. There are at least three approaches to the 
introduction of automation. Initially, attempts were made to assign tasks to man 
and machine on the basis of their respective strengths. Recently the increasing 
capability of technology has allowed it the potential to assume more of these 
tasks. If the technology is exploited then man becomes reduced, initially, to a 
supervisor of the system's behaviour, and as more planning and strategic 
functions become possible (perhaps through IKBS), finally to a monitor with 
nothing to do until a crisis occurs. Concern about the man's ability to 
intervene in such circumstances has been expressed in ATC and in the aircraft- 
cockpit where similar problems are evident. 

As processing power has become cheaper, manpower costs have become a 
consideration. However, when safety is involved. other cost criteria have to be 
considered. Hopkin, 1101, has pointed out that with this decrease in computing 
cost, it is no longer prohibitive to allow both the man and machine to perform 
tasks in parallel with more fluid switching between them. Despite the problems 
in ensuring consistency of control in such circumstances, there are advantages in 
that two such different methods of problem solving, through two different 
processing media, provide a very powerful error checking method. 

A second approach to the role of automation is envisaged by this parallel 
function: the 'electronic cocoon' concept (11) currently being considered in 
the US for the flight deck. The pilot flies the aircraft within his cocoon which 
is constantly monitoring all the details of the aircraft's progress. 
Intervention only comes from the system when it decides that the pilot has made 
an oversight or has not become aware of some emerging situation. This method has 
the advantage of retaining all the pilot's existing skills, providing him with a 
satisfying job, and keeping him deeply involved in the situation which may be 
vital if his perception and improvisational abilities are required. The system 
may however have difficulties in recognizing that the pilot is already resolving 
a crisis especially if a novel solution is required. 

A third approach to the role of automation, and the current mainstream, is 
represented by work within the CAA and elsewhere. which moves the emphasis away 
from tactical ATC and towards strategic and planning functions. In essence this 
shifts the limitations on the controller's comprehension by shifting the level of 
description upwards to a more global level where fewer concepts and objects 
describe the same situation. This approach uses automation to filter the data and 
present it to the controller in different ways. It may have advantages in that 
the individual controller can deal with a larger area in a more efficient way, and 
it retains involvement, motivation and responsibility in the hands of the 
individual but it does create a new task which may require new skills. 
Antici~atina the nature of these skills. their conseauences for a smooth 
transiiion for retraining and for the silection of p;rsonnel, may present 
significant problems. 

In summary, total automation is unlikely to be feasible, or acceptable in the 
foreseable future. There are a number of approaches to partial automation some of 
which are suspect because of difficulties in keeping the controller actively 
involved, but all of which require a great deal more exploration and 
consideration. The next section considers the suitability of IKBS in such a role. 

5 .  Properties of Intelligent Knowledge Based Systems (IKBS) 

Until recently computers have been usefully applied in areas where human 
capabilities are limited, ie in high speed calculations and in storing and 
retrieving large volumes of data. The computers run algorithmic programs - 
completely defined, step-by-step procedures for solving problems. 

IKBS have demonstrated their special potential in several application areas such 
as medical diagnosis, structural chemistry, and genetics. In each of these 
applications computer programs were developed which were capable of performing 
tasks which would normally be described as requiring the application of human 
knowledge or experience. 

IKBS may have many conventional computing components but are unique in the way 
they can draw conclusions from a store of task specific knowledge. This 
knowledge consists of rules and concepts similar to those used by specialists 
when they make decisions in their field of expertise. An example of expert 
system rules is shown in Fig 6. IKBS encode knowledge directly in a symbolic, 
ie non-numerica2. form. and draw conclusions principally through logical 
inference, not by numerical calculation. In this way IKBS are not restricted to 
a pre-defined decision path; they can choose from alternatives in their search 
for a conclusion. They can weigh facts and assumptions, and in a sense, make 
choices appropriate for each problem presented to them. 

IKBS can also organize knowledge of classification systems or the relationships 
between real objects. One of their most significant featufes is the display. on 
request. of their line of reasoning; thus the user can examine the suitability 
of the computer's decision process. The potential for better forms of computer 



assistance by improving the relationship between the controller and the computer 
is considerable since familiar techniques for problem solving can often be 
incorporated in the program. 

A pre-requisite for building and maintaining an IKBS is the human expert or 
specialist in the domain of interest. The success of the IKBS depends on how 
well it captures not only "textbook" knowledge but also the "heuristics" of human 
experts, ie, informal rules, and "rules of thumbob" based upon experience, together 
with methods for dealing with uncertain information and ill-defined or multiple 
goals and constraints. All of this information makes up the "knowledge base" on 
which the "inference reasoning mechanism" operates. Often acquisitioning such 
information is the bottleneck in building an IKBS. 

It is most important that the human expert, the controller, should be able to 
obtain explanations of the IKBS behaviour on demand and to help improve the 
system interactively in the light of operational results. It is therefore 
essential that the knowledge is represented explicitly in the program code. This 
is a major difference between IKBS programs and more "conventional" computer 
programs. Conventional programs usually contain information that can be 
described as "knowledge*, but this knowledge is distributed throughout the 
program and is, therefore. not recognisable or accessible to anyone other than 
the programmer. 

Where conventional computing systems are starting to reach their limits, IKBS can 
provide extra capabilities such as deductive reasoning and data organization 
which simplify some parts of system building. Consequently IKBS can be regarded 
as ueing very high level languages which describe problems in a more readily 
understandable form. and may provide solutions which are less optimal than 
mathematical solutions, but generally much easier to understand. 

6. -1ication Areas for IKBS 

Over the past 20 years many potential applications for computing have been found 
in ATC but have been limited by technology. From this experience and from a 
requirement to identify potential IKBS growth areas which can remain separate 
from the planned implementation programmes, and still have a reasonably high 
chance of successful implementation in the longer term. several Operational 
Support and Off-line examples have been selected for further study. 

During the selection process a wide range of applications was considered. These 
applications covered both specific tasks such as arrivals sequencing and 
metering, departure flow regulation and control, clearances, conflict detection 
and resolution. emergency situations, radar monitoring, and general tasks such as 
a Controller Help Interface. Airspace Structure and Procedure Expert, and' 
Training. 

?he particular examples selected for further study are: 

Air Traffic Flow Management 
Conflict Resolution 
Departure Flow Regulation 
Ground Movements Planning and Control 
Training 
Maintenance 

Of these, Air Traffic Flow Management, Conflict Resolution and Training are being 
actively pursued. 

Air Traffic Flow Management is concerned with the means and measures to improve 
the flowof Air Traffic. On a local or regional basis this includes obtaining 
air traffic demand data and available route information. Strategically this is 
being done through the Eurocontrol Central Data Bank. However tactical rerouting 
is common and an IKBS approach towards studying this aspect would examine the 
expertise necessary for this task. A natural longer term extension to ATFM would 
be to include the airfield aspects of Ground Movement Planning. This is largely 
rule-based and therefore possibly amenable to an Expert Systems approach. Ground 
Movement Control, which relies on knowledge of actual aircraft positions. would 
be a still longer term extension to this work as shown in Pig 7 .  

Conflict Resolution is already the subject of examination for IKBS application. 
as in the Mitre AIRPAC Systen 161, and is of interest. It is realised that the 
required knowledge base for this application would be large and complex. 

Training is an expensive and time consuming function in ATC. taking place 
initially within a College and later under considerable experienced supervision 
in the operational environment. Application of Intelligent Coaputer Based 
Instruction techniques, initially within a College environment, could lead to an 
IKBS approach within the operational environment through the use of simulation. 

Other areas, such as maintenance, have potential ATC applications but are common 
to a variety of users and are expected to be developed independently by them. 



7 .  IKBS as an Example of the Introduction of a New Technoloqy 

The main aim of the CAR programme ia to gain practical experience of XKBS applied 
to ATC. This experience could eventually provide information as a basis for cost- 
benefit analysis. 

Ideally it should be posaible to select IKBS application areas according to their 
suitability within an overall system framework. This has been described in 
control system terms, 121, and shown in Fig 8. This framework distinguishes the 
needs for human resources and for supporting technology, with the controller's 
function at the intersection of the respective control loops. Cycle times of 
several years for both loops are to be expected. The controller's function has 
been expanded in Fig 9 to indicate the knowledge categories required, rule-based, 
such as ATC procedural knowledge 1121; control and background experience. 
In practice, however, when introducing a new technology to a large organisation, 
other aspects arise from the different perspectives of its components, eg 
operational. technology and research areas. Some guideline concepts emerge: 

1. the selected programme should be within a research or simulation 
environment. 

2. high visibility growth areas should be selected, if possible leading to a 
sequence of applications. 

3. the programme should take into account current and planned development 
programmes, 

4. the programme should consider the implications of system integrity. 

Simulation has an important role in many areas of ATC, and this will continue to 
be the case with the introduction of newer systems such as IKBS. This is 
particularly so for applications close to the operational environment. 

For successful implementation in the long term, it is important to select seed- 
point or growth application areas for investigation. These may fall within the 
description of 'on-line', related to operational control and operational support, 
or 'off-line', with no immediate effect on the operational system. 

The difficulties currently being acknowledged of introducing a newer technology, 
1131, may become particularly acute in a large interacting system which is 
undergoing continuous, planned development and implementation programmes. It is 
then necessary to maintain an independent research study programme parallel to 
utilisation and im~lementation Droarammes as shown in Fia 10. Within this three 
track approach. the research programme should be relativ;ly advanced. relaxed 
from constraints and ambitious with not all of its products expected to reach 
implementation. The utilisation programme draws on the opportunities and 
approaches as offered by research. It is therefore important to have operational 
staff not only identifying suitable ways of utilising research, but also taking 
an active role in the research and development stages of the system. With a 
central utilisation programme, the current and planned implementation programmes 
should be able to proceed in an evolutionary way. 

System integrity and related fallback modes assume an important role in any 
system. With IKBS, the information available to the Air Traffic Controller must 
at all times be understood. Just as the reasons underlying any decision on the 
part of the IKBS must be clear, it is vital to have a clear explanation and 
situation description in any fallback or reversionary failure mode. Similarly 
with the use of IKBS in the wider context of a total Air Traffic Management 
system, with the use of IKBS in aircraft and in multiple ATC Centres it is vital 
to co-ordinate strategies towards resolving a common situation. 
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At the end of a four-day Conference, we met for a final, pleasant end hopefully fruitful discussion, with 
the aim of drawing conclusions, calling the attention of the appropriate Authoritlea to flpecific optiom 
and possibly expressing implementation, development or study recommendations. 

It would certainly have been too ambitious to review ell the items presented during the Conference, since 
the p r o g r m  covered a wide field of activities. The roudd-table discussion was accordingly limited to a 
few selected topics. Of course. these may not prove to be the most critical ones, but they at least, 
appear so today when seen against the background of our present knowledge. 
On behalf of the Programme Committee. appreciation was expressed to all who attended. We thanked the 
delegates who contributed to this last session and, in particular, those who agreed to present their views 
on relevant issuea. 

Victor Vachiery had already defined the broad lines of en air traffic services concept suitable far the 
year 2000 and beyond, but agreed to summarize the main characteristics of the system he had described. 

Reference was made to various versions of the Plight Management System in the course of the Conference. 
A special session included several presentations on the subject. This constitutes a good example of an 
area in which it is highly desirable to strengthen co-operation between the air traffic services, the 
aircraft manufacturers and operators and avionics desigmers. Our experience indicates that the PHS could 
and should be used to optimize the ea-route (cruise and descent) phase guided by speed and/or time diree- 
rives from the ground. By contrast, in advanced extended terminal areas, it would probably be more sdvan- 
tageoue to conduct the final phase in accordance with grmnd directives without using this facility 
unless, perhaps, it is properly configured for 4-0 navigation. 

When looking to the future during the first session, two authors, Olivier Carel and Sigbert Poritrky, had 
disfu~sed the advent of future rlavigstion eystans, in particular the use of satellites far civil aviation. 
During the round-table diaeussion Olivier Carel commented further on the complementarity, compatibility 
and redundancy aspects of both the Mode S and the use of satellites development projects. Since this 
embraced the spaee-baaed multifunction radar sytans, Pasquale Murino also presented his views on the 
issue. 

The promotton of automation in air traffic services has, for a long time, been received with mixed 
feelings. On the one hand, the engineers advocate ita merits in terms of efficienqy, productivity, eco- 
nomy and safety. While on the other, controllers are not necesearily convinced that automation will 
improve their professional situation, although, as with many aspects of life, there are indications that 
younger and older generations may have different attitudes on this issue. The philosophy of the Federal 
Aviation Adminiatration (USA) on automation was explained at this meeting. as well as the status of 
progress. It was interesting to hear the comments expressed by Lee Holcombe and Bennett Flax, who were 
not directly associated with the presentations. 

The on-line organization and subsequent control of flights inbound to a medium to high-density traffic 
terminal has been the subject of great interest for over 15 years. "Fuel Advisory Directives" as well as 
*Metering and Spacing" techniques introduced in the United States by the Federal Aviation Administration 
conetituted preliminary attempts to reduce the economic penalty resulting from stacking procedures. The 
situation remains critical (in terns of delays, fuel consumption, economy and landing capacity), but the 
related problems have recently been approached in s systematic manner. 

During the Conference, four papera were devoted to the subject, two originating from the United Statea 
(NASA Langley Research Center. Hampton, Virginia and NASA Arms Research Center. Koffet Field, California) 
and two from Europe (one from the DFVLR, Institut fur Flugfuhrung, Breunschweig, G e m n y .  the other being 
presented jointly by EUROCONTROL and the Belgian Air Traffic Control Authorities). Each of these four 
contributions had something original to say. All the authors stressed the new role of the human 
controller in a system which automatically defines the best arrival landing sequence, but at that point 
ideas diverged. Dr. Winter (DFVLR, Braunachweig. P W )  felt etmngly that Che implementation of the 
landing plan should be maintained as an essential task of the controller. By contrast, the EUROCONTROL 
approach was intended to provide the human controller with accurate guidance directives for each indivi- 
dual aircraft from entry to touch down, the attention of the controller being kept throughout the flight. 
This last fwtioa was demonstrated during the Conference at Brussels National Airport (by EUWCONTROL 
staff, Belgian Air Traffic Controllers and SABENA Crew)  and those of you who attended the demonstration 
were able to observe the friendly relationship betwean the computer, the controller and the pilot. 

Clearly. these developments will lead to an appreciable change in the role of the human controller, a 
change that will be for the best, we believe. although it is still perhaps too early to foresee all the 
implications. 



During the Conference, Stewart Nicol had described in a lucid and lively manner the application of 
intelligent knowledge based eyetema to air traffic control. At first sight. it appeared that all the 
applications mentioned related to actions or functions located appreciably upstream when referred to the 
space/time jurisdiction of the controller. What was the potential of such techniques for eolving on-line 
problems7 Might this be, for instance, the definition of a 4-0 conflict-free trajectory for each flight 
entering an extended area or in other words, the on-line automatic resolution of conflicts in a highly 
reliable manner7 Stewart Nieol commented further on this and similar aspects at the round-table 
di~cus~ion. In relation to automation in general. Stan Patcliffe considered the uee of knowledge-based 
systems far keeping the software operational deapite frequent ATC modifications. 

In the history of aviation in general, and air traffic control in particular, many examples exist of 
research initiated by the military leading subsequently to products currently used, at times jointly, by 
both the military and the civilian communities Airlgroundlair digital communications and the Global 
Positioning System may fall into this category in the future. Throughout the Conference, the co-operation 
between the two communities was remarkable at all levela - preparation. logistics, participation, respoo- 
sibilities - which we may hope was a reflection of the actual operational situation. Geoffrey Nowell af- 
fered his views on military/civil coordination, with particular reference to military requirements. 
Subsequently, Jean Coupez described different ways of ensuring proper coordination between military and 
civilian ATC centres. 

As was frequently clear during the course of the Conference, it is a difficult task to foresee the 
merits of a future component or of a new system. It is even more difficult to appreciate the advantages 
which should, could or might result from particular innovations, especially when quantitative benefit-to- 
cost ratio estimates are expected. Adequate tools are accordingly required to assess theoretical prajec- 
tions. Georges Maignan outlined his views on the necessary evolution of simulation if it was to provide 
efficient assistance to the Air Traffic Services authorities. 

What will the role of the human controller be in the next generation of air traffic syetemsl Thia 
question was repeatedly asked explicitly, or implicitly throughout the Conference. David Hopkin who has 
devoted an appreciable part of hia life to the manlmchine relationship concluded the round table 
discussion on this hvman note. 

Victor VachiSry 

Ancien Llgve de llEcole Polyteehnique, Paria. France 
Direction Technique, EUROCONTROL, Bruxelles, Belgique 

Thc future Air traffic Management system will offer an increase in capacity and minimum constraints on 
the economy of flight operations. It is mainly by augmenting the role of automated assistance in the 
decieion-king process that this will be made feasible. 

The ground syatem will require accurate input data and will have to provide the controller with efficient 
and acceptable automated functions. 

The key to s significant improvement of AlEl is the implemsntation of an Air/Ground/Air data link. This ie 
the only way to benefit on the one hand from an accurate navigation syatem, and on the other from the abi- 
lity Of the aircraft to adhere strictly to a predefined 4-D profile. 

FurtherPore it will allow the ground to obtain actual information an the state vector of the aircraft and 
on other essential data such as the actual MET conditions. Finally, the data link will be the support for 
establishing the necessary dialogue between the air and the ground in order to select and follow the opti- 
mal flight profile. 

The need to increase automated aaaistanfs in the decision making process raises i-diste concern with 
regard to reliability, system integrity, system fault tolerance and manlmachine relationship (human 
factors). 

In addition. a11 individual functions must be considered and checked out in a aystem context. This points 
to the requirement for test facilities which constitute an adequate representation of the total syeten 
(Airborne and Ground sides). 

It must a160 be borne in mind that All4 will have to face a mixed environment as far as airborne equipment 
capabilities are concerned. 

It is obvious that future developenfa in the A M  field must entail close cooperation between aircraft and 
avionics manufacturers, aircraft operators, and the authorities responsible for Air Traffic Management. 



Olivier Care1 

Ancien eleve de 1'Ecole Polytechnique, Paris, Prance 
Service Technique de la Navigation ASrienne, Paris, Prance 

Two sir ground data exchange systems are presently contemplated for air traffic control applications, the 
secondary radar Mode S and satellite communication systems. An ICAO meeting voted the Mode S format in 
September 1985. The United States Federal Aviation Administration passed s contract in 1984 for the pro- 
curement of 137 secondary radar stations capable of the new Mode S, with the first ones to be operational 
in 1988. Ground and airborne equipment prototypes are presently developed in Europe and will be tested by 
EUROWNTROL. The operational use of Node S in Europe may begin in the early 90's. This relatively simple 
data link will exist. However, the SSR coverage will always be limited to some continental areas and the 
data flow of Mode S is limited. There is a corresponding need for a more universal system with worldwide 
coverage and data flows capable of all types of data exchange - ATC, but also airline services and, 
possibly, passenger private, communications. The aeronautical satellite communication system at 1559 MHz 
and 1646,s MHz is the only universal solution. There may be a time when the two data links will coexist. 
The messages need to be standardized applying the IS0 communication layer concept, ao that the commonality 
of the two syetems is optimized. This is presently the task of ICAO and a standard ressage structure is 
now developed by the ICAO SICASP Psnel (SSR Improvement and Collision Avoidance System Psnel). 

Polloving s question asked about the future of aatellite based surveillance of the civil aviation traffic, 
as far as I know, nobody in civil aviation is thinking of a satellite borne primary radar. Civil aviation 
surveillance is presently based on cooperative exchanges between the controlled aircraft and the air tref- 
fic services, either implementing voice position reports, or by secondary radar. Some years ago the con- 
cept of a geostationary satellite carrying s huge secondary radar (at 1030 MHz and 1090 MHz) was 
contemplated but does not seem to be studied any more. The ICAO Special Committee PANS believes that 
automatic position reports transferred through a satellite communication channel will be of a great impor- 
tance in the future. Automatic Dependent Surveillance (ADS) using L-band civil aviation data con- 
munication by satellite is n w  the solution. 

Pasquale Murino 

Istituto dl Aerodinamica "Umberto Nobile" 
Pacolta dl Ingegneria - Universita degli Studi dl Napoli, Itslia 

In this Conference, the great potential of satellite systems for both navigation and surveillance has 
been pointed out. 

Concerning surveillance two concepts came out: 

i) Automatic Dependent Surveillance (ADS) and 

ii) Space Based Primary Radars and Secondary Radars (SBRISBSR). 

These two concepts are not competitive but complamentary. Indeed, as Mr Poritzky reported, the PANS-2 
Committee considered that an independent surveillance service based on satellites is likely to be needed. 
In my opinion a aatellite navigation syaten, ADS and SBRISBSR could f o m  the overall Navigation- 
Surveillance System in the future, since thin syatem meets the general requirements of accuracy, cross- 
check capabilities, redundancy and complete surveillance of the airspace. 

The system should be developed as a whole but it could be realized in two phases: most likely the sub- 
syater GPS-ADS (which La more mature) first, then, in 10-15 years, SBRISBSR, which could replace some of 
the similar earth-based systems. 

Lee Holcomb 

Infoemation Sciences and Human Pactors 
National Aaroneutics and Spsce Adminiatration, NASA, Washington DC, U.S.A. 

The automation of Air Traffic Control (ATC) functions must be built based on a sound technical basis. The 
National Aeronautics and Space Administration (NASA) currently has over 100 efforts to apply knwledge- 
based systems to aerospace applications. To date only about three syatema have become operationally use- 
ful. One successful system, called DEVISOR, was begun as a research program in 1980. After three years 
of research an initial knovledge-base was developed. Nearly three additional years were required to vali- 



da te  the  knwledge-base. DEVISOR was used succea8fully a s  an o f f l i n e  planner f o r  the voyager spacecra f t  
encounter with Uranius i n  January 1980. The lesson learned was t h a t  va l ida t ion  of a knwledge-base 
requ i res  severa l  years. 

Two technica l  i s sues  have msrged with the app l ica t ion  of knwladge-based systems: (1) Maulmachine in te r -  
face ,  and (2) knowledge-baaa val idat ion.  

Man-Machine I n t e r f a c e  

A key technics1 challenge i s  the  a b i l i t y  t o  design an  e f f e c t i v e  man-machine i n t e r f a c e  which w i l l  allow the  
system to  t r a n s i t i o n  between operator  control led and automated operation. 
Overwhelming the  operator  with con t ro l  opt ions i s  of an acceptable  solut ion.  The user  nus t  be provided 
with sufficient information t o  e f f e c t i v e l y  supervise the  aystem i n  the event  of unforeseen circumstances. 
User acceptance i a  e s s e n t i a l  i f  the  automated system l a  t o  be e f fec t ive .  Human-machine i n t e r f a c e  must be 
b u i l t  i n t o  the  aystem from the  s t a r t .  

Val idat ion 

Final ly,  techniques to  v a l i d a t e  automated s y s t e m  must be developed which w i l l  d e a l  with system complexi- 
t i e s  associated with f a u l t  t o l e r a n t  and a r t i f i c i a l  i n t e l l i g e n t  systena. Conventional aerospace software 
va l ida t ion  techniques, which s t r i v e  t o  t e s t  every possible  aystem s t a t e ,  a r e  both i n f e a s i b l e  und unaffor- 
dable. 

The aucceasful a p p l i c a t i o u  of advanced automation t o  the  ATC environment w i l l  be evolutionary - n o t  
revolut ionary.  NASA has begun a cooperation pro jec t  with the Federal Aviation Administration (FM) t o  
demonstrate an  A r t i f i c i a l  I n t e l l i g e n c e  (AI) based "coot ro l la r  associate"  i n  the  Denver ATC cen te r  i n  1988. 
This demonstration pro jec t  i s  designed to  be a f i r s t  s t e p  i n  r e t i r i n g  the technical  r i s k s  associated with 
the  app l ica t ion  of A 1  t o  the  ATC environment. 

Bennett Flax 

A i r  T r a f f i c  S t a f f ,  Federal Aviation Administration 
EUROPE, AFRICA AND MIDDLE EAST OFFICE, Brussels,  Belgium. 

The previous speaker b r i e f l y  noted t h s t  the  United S t a t e s  i a  switching t o  the  mode S secondary radar  
system. That i s  t r u e ;  bu t  a few more d e t a i l s  may help c l a r i f y  the  s i t u a t i o n .  

The PM has ordered 137 mode S secondary radars. Del iveries  a r e  expected t o  begin i n  1988. Each radar  
w i l l  i n t e r r o g a t e  both conventional (ATCRBS) transponders and mode S transponders. 

A l l  mode S transponders must be ab le  t o  reply t o  mode A and mode C in te r roga t ions ,  a s  wel l  a s  t o  mode S 
in te r roga t ions .  Mode S transponders w i l l  therefore be detected by conventional SSRs. 

The i n t e r o p e r a b i l i t y  of both mode S radars  and mode S transponders permits a gradual t r a n s i t i o n  t o  the 
newer technology; and the  FAA's r u l e  on transponder i n s t a l l a t i o n s  takes advantage of t h i s  f l e x i b i l i t y .  
The main f e a t u r e  of the r u l e  i s  i t s  requirement t h a t  transponders neuly i n s t a l l e d  i n  U.S.-registered a i r -  
c r a f t  a f t e r  January 1, 1992, meet the FAA's t echnica l  s tandard order  f o r  mode S transponders (TSO-CIlZ). 

There a r e  over 200,000 U.S.-registered a i r c r a f t .  The overwhelming majority of them already have ATCRBS 
transponders, and the r u l e  does no t  require  t h a t  they be replaced. Consequently, the t r a n s i t i o n  i s  
expected to  be gradual.  The FAA expects to  induce owners t o  equip t h e i r  a i r c r a f t  with mode S transponders 
by of fe r ing  various se rv ices  t h a t  w i l l  use the  mode S da ta  l i n k .  Though the da ta  l i n k  program i s  i n  a 
r e l a t i v e l y  e a r l y  s tage ,  and there  have no t  ye t  been any decis ions on the  se rv ices  t o  be implemented, i t  i s  
general ly  expected t h s t  var ious kinds of weather information se rv ices  would be usefu l  and popular. 

U. Stewart Nicol 

Chief S c i e n t i s t  Division 
C i v i l  Aviation Authority, London, U.K. 

It i s  important t o  gain e a r l y  experience of the rap id ly  emerging technology of I n t e l l i g e n t  Knwledga Based 
Sysrems (IKBS) within a research o r  rapid-prototype e n v i r o l w n t .  I n  th in  respect  both t a c t i c a l  and s t ra -  
t e g i c  c o n f l i c t  reso lu t ion  o f f a r  s u i t a b l e  a reas  f o r  examination. A t  present a l a r g e  proportion of 
c o n t r o l l e r  time is spent  i n  s i t u a t i o n  assessment through monitoring the cur ren t  a i r space  s i t u a t i o n  and i n  
resolving p o t e n t i a l  c o n f l i c t s .  



An IKBS approach would be appl ied t a c t i c a l l y  t o  handle s i t u a t i o n  of p o t e n t i a l  c o n f l i c t  10-30 minutes i n  
advance of occurring. This would have the object ive to  maintain separa t ion  standards i n  the en-route 
phase of f l i g h t ,  incorporat ing r u l e s  and c o n t r o l l e r  exper t i se .  Knowledge required includes route s t rue-  
t u r e  within a defined region, separat ion s tandards,  a i r space  restrictions, a i r c r a f t  performance, f l i g h t  
p r o f i l e s ,  a i r c r a f t  in ten t ion ,  weather and surve i l l ance  i n f o r m t i o n .  Human f a c t o r s  would necessar i ly  play 
an important p a r t  i n  the e l i c i t a t i o n  of con t ro l le r  exper t i se  and i n  determining the r o l e  of IKBS i n  the 
main-machine in te rac t ion .  

A n a t u r a l  extension to  shor t  term c o n f l i c t  reso lu t ion  would be the s t r a t e g i c  r o l e  of t o t a l  t ra jec tory  
plarming o r  flow management, including a i r c r a f t  intent ions.  

The Mitre AIRPAC (Advisor f o r  the  I n t e l l i g e n t  Resolution of Predicted A i r c r a f t  Conflicts) has already used 
IKBS techniques t o  develop a r u l e  based system f o r  describing the reso lu t ion  of the two-aircraft c o n f l i c t  
s i t u a t i o n .  Systems such a s  AIRPAC o f f e r  the f a c i l i t y  f o r  gathering and assessing c o n f l i c t  reso lu t ion  
expert ise .  

Stanley Ratc l i f  f e  

Consultant 
C i v i l  Aviation Authoeity, London, U.K.  

E a r l i e r  speakers have pointed out  the d i f f i c u l t y  of building and va l ida t ing  software t h a t  can suggest 
s a t i s f a c t o r y  so lu t ions  to  ATC Probleme, even under laboratory condit ions,  where the  r u l e s  can be defined 
before the programmers begin work. 

I n  the r e a l  world, ATC must dea l  with frequent changes i n  a i r space  geography and operat ing ru les .  I n  the  
UK,  examination of NOTMS shove t h a t  some change i n  ATC r u l e s ,  l a r g e  or small,  would be needed about once 
per  day. I f  software i s  to  produce so lu t ions  cons i s ten t  with these r u l e s ,  and the r u l e s  concerned a r e  
embedded in ,  but d i s t r i b u t e d  throughout, the  software, the  t asks  of t racking d m  the  software implica- 
t i o n s  of each change, and of making appropriate  modifications, l a  c l e a r l y  prohibi t ive.  A knowledge-based 
system o f f e r s  a chance of e f f e c t i v e l y  separat ing the problem - solving l o g i c  from s s ing le  e x p l i c i t  s t a t e -  
ment of the geographical cons t ra in t s  and o ther  condit ions t h a t  the  so lu t ion  must s a t i s f y .  

This o f f e r s ,  perhaps, hope of overcoming the d i f f i c u l t y .  

Geoffrey C. Howell 

Director of Research 
C i v i l  Aviation Authority, London, U.K. 

Currently the requirements of expeditious flow and s a f e t y  are mainly achieved by the separat ion of c i v i l  
and mi l i t a ry  a i r c r a f t  i n t o  t h e i r  nm airspaces.  C i v i l  a i r space  planning i n  Europe i s  based on t h i s  con- 
c e p t  leading t o  control led a i r space  f o r  en-route s e c t o r s  and Terninal  Uovement Areas. 

Mi l i t a ry  p e a c e t i w  t ra in ing  i s  requir ing l a r g e r  amounts of low l e v e l  routes: t h i s  i n  turn leads to  
problems of Radar Survei l lance.  One a r e a  of p a r t i c u l a r  concern i s  the  North Sea where low l e v e l  m i l i t a r y  
a i r c r a f t  wish t o  operate  c lose  t o  c i v i l  hel icoptere eupporting North Sea o i l  and gee operat ions.  

The s h o r t  and longer t e r n  e x p l o i t s t i o n  of RNAV and 40 Navigation inevi tably leads t o  the  d e s i r a b i l i t y  f o r  
the equipped c i v i l  a i r c r a f t  t o  obtain d i r e c t  routaings. Also advanced metering and spacing concepts c a l l  
f o r  con t ro l  of f l i g h t  paths  200 miles from major a i r p o r t s .  The mi l i t a ry  a r e  very unhappy about any 
increase  i n  the  volume of control led airspace.  The b a s t  ao lu t ion  t o  t h i s  problem would be t o  f i n d  a way 
f o r  m i l i t a r y  and c i v i l  a i r c r a f t  to  share airspace.  To do t h i s ,  b e t t e r  co-ordination of plans i s  needed 
through accurate  and up-to-date exchange of f l i g h t  plans and progresr. 

Thu8 the s t rong conclusion t o  draw is t h a t  data  bases f o r  a l l  l e v e l s  of planning and cont ro l  of mi l i t a ry  
and c i v i l  a i r c r a f t  should be b a t t e r  co-ordinated i n  the f u t u r e  and up-to-date information of mi l i t a ry  
a c t i v i t y  displayed c l e a r l y  t o  the  c i v i l  s i r  t r a f f i c  c o n t r o l l e r s  and v ice  versa. 



Jean J.E. Coupez 

Lieutenant Colonel d' Aviatian 
Commandant du Centre de Contrale du T r a f f i c  Asrien, Belgique 

La coordination du t r a f i c  s 6 r i e n  c i v i l  e t  m i l i t a i r e  peut s ' e f f e c t u e r  de t r o i s  fagons d i f f 6 r e n t e s  : 

a. Les cont ra leurs  du t r a f i c  s s r i e n  c i v i l a  e t  m i l i t s i r e s  se trouvent co te  B c o t e  (elbow coordinat ion)  
dans un m8me centre .  

b. Lea cont ra leurs  du t r a f i c  ae r ie"  c i v i l s  e t  m i l i t a i r e s  se trouvent dans un &me c e n t r e  m l s  11s s o s t  
s6parSa physiquement. La coordination se f a i t  par des noyens de t616communication mais l e  dialogue 
personnel e n t r e  con t r6 leurs  e s t  a is6.  

c. Lea cont ra leurs  du t r a f i c  a6r ien  c i v i l a  e t  n i l i t s i r e s  s e  trouvent dans des cen t res  s€par€s a t  l a  
coordinat ion a ' e f fec tue  unlquement par den moyens de t616communication. 

Pour des ra i sons  propres a chaque Eta t ,  on rencontre ees  t r o i s  types d l f f 6 r e n t s  de coordination c i v i l e -  
m i l i t a i r a  au s e i n  de 1'OTAN. Les d i f f6ren tes  so lu t ions  son t  3 peu pres 6quivalentee pour au tan t  que dans 
l a  ces  d 6 c r i t  ~ o u s  c. ,  l a  connaleeance mutuelle des eontr8leurs  du t r a f i c  a€r ien  s o l t  r6al isSa au moyen 
d'lchanges, v i s i t e a ,  e t c .  

Georges Maignan 

Directeur du Centre Exp6rimental. EUROa)NTtlOL, BrBtigny, Prance. 

Evolution of Simulation F a c i l i t i e s  t o  support Research Studies  and Experiment of ATM Syetems 

The EUROCONTROL Experimental Centre - Bietigny - i s  one of the 7 European Units working i n  the 
f i e l d  of ATC Research, Studies  and Experiments. Many of these u n i t s  a r e  represented a t  t h i s  
Meeting. 

Our t r a d i t i o n a l  job l a  ATC simulation. We have a r e l a t i v e l y  powerful real-time ATC simulator which 
l a  commonly used and commonly financed by the EUROCONEZOL Member S ta tes .  

Our views and plans f o r  upgrading t h i s  s imulator  i n  order  t o  experiment i n  the  a rea  of A i r  T r a f f i c  
Management Systems and of systems with c loser  air-ground coupllng than today i s  as f o l l w s :  

. To rewr i te  the  t r a f f i c  generation programmes (what we c a l l  the "Navigator"), mainly t o  
have more r e a l i ~ t l c  a/c performances, including performances of PMS-equipped a i r c r a f t .  

. To add a few r e a l i s t i c  a i r c r a f t  (between 2 and 10). the f l i g h t  decks of which a r e  simula- 
ted by etsnderd graphic displaya (Multi-Cockpit Simulator).  

. For these r e a l i s t i c  a i r c r a f t  t o  develop a "mult i -aircraf t"  FPlS 

. Possibly a t  a l a t e r  s tage,  to  connect the  ATC aimulator to  an appropriate  f l i g h t  aimulator 
somewhere i n  Europe. 

. To add t o  the standard ATC posi t ions,  some advanced ATM posi t ions with means of presenta- 
t i o n  more e x o t i c  then today's S t a t e  of the A r t .  Currently we are working on pro jec t s  such 
a s  3-D type of display and knwledge-based expert  systems t o  a s s i s t  the planning 
cont ro l le r .  

The fu ture  ATC System i s  unknwn. We have t o  experiment with various scenarios. P l e x i b i l i t y  
i n  programming these scenarios  i s  necesaary. 

Currently we have s t a r t e d  with: 

. The most complicated one with a very advanced degree of automation. We have given i t  the  
name "ARC 2000". 



Simulat ion of Andre Benol t ' s  Zone of Convergence Concept wi th  t h e  "4-0 descent  advisor"  
presented by S ip  S v i e r s t r a .  

Complementary experiments a r e  contemplated f o r  t ransmiss ion of f l i g h t  p r o f i l e a  and a / c  s t a t e  
v e c t o r s  v i a  Mode-S data- l ink and by satellite. I n  t h e  PRODAT ATC Programme a real-t ime 
s imula t ion  wi th  a c t u a l  use  of t h e  space aegment i n  t h e  s imula to r  is  foreseen.  

The work t o  be done t o  achieve these  goa l s  is important and expensive. Discuss ions  a r e  i n  progress  
i n  t h e  va r ious  EUROCONTROL Working Groups and Psnela  t o  s p e c i f y  t h e i r  p l an  and t o  sha re  t h e  work 
between t h e  va r ious  European ATC Research Uni ts  i n  o rde r  t o  avoid unnecessary dup l i ca t ion  and 
expense. 

V. David Hopkin 

RAF I n s t i t u t e  of Aviat ion Medicine, Parnborough, Hants, U.K. 

MAN I MACHINE INTEKRELATIONSHIP 

In t roduc t ion  

There seems t o  be genera l  agreement that any automated a i r  t r a f f i c  c o n t r o l  systems belong t o  t h e  
d i s t a n t  f u t u r e  and t h a t ,  i n  t h e  meantime, p o l i c i e s  and plana should he  made on t h e  assumption t h a t  a i r  
t r a f f i c  c o n t r o l l e r s  w i l l  cont inue t o  have r o l e s  wi th in  t h e  system. Over t h e  yea r s ,  evidence has accumu- 
l a t e d  t h a t  t h e  human c o n t r o l l e r  cannot f u l f i l  pass ive  r o l e s  we l l  and t h a t ,  i n  p a r t i c u l a r ,  h i s  performance 
a s  a system monitor is poor i f  h i s  r o l e  is t o  watch equipment func t ion ing  and t o  in te rvene  r a r e l y .  There- 
f o r e  any p lans  which envisage man pr imari ly  a s  a monitor imply s e r i o u s  human f a c t o r s  problems which can 
be d i f f i c u l t  t o  r e so lve .  

The presence of t h e  c o n t r o l l e r  o f t e n  r e s t s  on argument6 t h a t  he can be f l e x i b l e  and innovat ive ,  
c a n  compensate f o r  system d e f i c i e n c i e s  o r  inadequacies ,  and can in te rvene  e f f e c t i v e l y  i n  emergencies t o  
mainta in  t h e  i n t e g r i t y ,  s a f e t y  and e f f i c i e n c y  of t h e  func t ion ing  system. There a r e  l e g a l  i s s u e s  i f  he  may 
r e t a i n  r e s p o n s i b i l i t y  f o r  a i r  t r a f f i c  c o n t r o l  func t ions  even when using equipment which he cannot indepen- 
den t ly  v e r i f y  s a  accura te ,  r e l i a b l e  o r  t rus tworthy.  I t  i s  important  t o  recognise  that hunan f l e x i b i l i t y  
can he  exe rc i sed  only t o  the  e x t e n t  t h a t  t h e  man-machine i n t e r f a c e  has been designed t o  permit  f l e x i b l e  
and innovat ive   action^. 

At ten t ion  

I n  t h e  p a s t ,  p l ans  have tended t o  assume t h a t  the  c o n t r o l l e r  w i l l  be  a b l e  t o  a t t e n d  cont inuously  
t o  t h e  con ten t  of h i a  d i s p l a y s  and u i l l  mainta in  e n  up-to-date p i c t u r e  of the  a i r  t r a f f i c  c o n t r o l  
s i t u a t i o n  s o  t h a t  he can in te rvene  e f f e c t i v e l y  a t  any time, should t h e  need a r i a e .  Yet p r a c t i c a l  
exper ience,  such a s  t h a t  gained by conference a t t e n d e e s  l i s t e n i n g  t o  papers  f a r  a few daya, demonstrates 
t o  each t n d i v i d u a l  t h a t  it is n o t  p o s s i b l e  t o  s i t  pass ive ly  and mainta in  a t t e n t i o n ,  even t o  t o p i c s  of 
acknowledged i n t e r e s t ,  wi thout  daydreaming and l o s i n g  the  thread of t h e  speaker ' s  remarks from time t o  
time. S imi la r ly ,  i f  a c o n t r o l l e r  becomes a pass ive  monitor of e n  a c t i v e l y  func t ion ing  system, occa- 
s i o n a l l y  h i s  a t t e n t i o n  w i l l  l apse .  Th i s  i s  n o t  a c r i t i c i s m  of the  profess ional ism of a i r  t r a f f i c  
c o n t r o l l e r s  bu t  a s t a t ement  about  a fundamental human c h a r a c t e r i s t i c .  Exhorta t ions  t o  t r y  harder  t o  main- 
t a i n  a t t e n t i o n  cannot  r e so lve  t h e  problem which i s  no t  p r imar i ly  a ma t t e r  of mot ivat ion bu t  of r o l e s ,  
functions, t a s k  designs  and r e s u l t a n t  l e v e l s  of human a c t i v i t y  and d i r e c t  involvement. 

An apparent  consequence i s  t h a t  t h e  system must be designed t o  remain s a f e  when t h e  lDsn is n o t  
a t t e n d i n g  as we l l  a s  when he is. This  18 q u i t e  a r a d i c a l  not ion.  I t  does no t  imply t h a t  a t t empts  t o  
engage and mainta in  human a t t e n t i o n  t o  t h e  a i r  t r a f f i c  c o n t r o l  s i t u a t i o n  should be abandoned, bu t  i t  does 
imply t h a t  t h e  s a f e t y  of t h e  system and of t h e  a i r c r a f t  under c o n t r o l  should n o t  be  p red ica ted  o n  t h e  
assumption t h a t  theae  a t t empts  w i l l  always be success fu l .  E i the r  human r o l e s  must remain a c t i v e ,  o r ,  i f  
they can become pass ive ,  t h e  c o n t r o l l e r  w i l l  sometimes n o t  be a t t e n d i n g ,  and the re fo re  be unable t o  in t e r -  
vene e f f e c t i v e l y  and a t  once i n  s sudden emergency. 

Role D e f i n i t i o n  

One way t o  t a c k l e  t h i s  problem is t o  asaume t h a t  t h e  man w i l l  he  p resen t ,  t o  d e f i n e  t h e  r o l e s  
which he must p lay,  and t o  opt imise  h i s  a b i l i t y  t o  f u l f i l  them by means of s e l e c t i o n ,  t r a i n i n g ,  t h e  provi- 
s i o n  of s u i t a b l e  equipment, and t h e  design of appropr ia t e  t a sks  and procedures.  Thia op t imisa t ion  of 
hunan func t ion ing  could be  done independently of the  op t imis ing  of equipment func t ion ing .  H i t h e r t o  i t  has  
been axiomat ic  t h a t  i f  a func t ion  i s  performed by t h e  machine i t  does n o t  need t o  be performed a l s o  by t h e  



man, and should no t  be. Human r o l e s  have been determined i n  the  p a s t  not s o  much by what the c o n t r o l l e r  
can do a s  by what the machine cannot do. This approach has led t o  many present  d i f f i c u l t i e s .  An a l t e r -  
na t ive  i s  t o  optimise human r o l e s  i n  t h e i r  own r i g h t ,  regardless  of whether t h i s  involves dupl icat ion of 
funct ions with the  machine. This means t h a t  funct ions a r e  not a l loca ted  t o  man o r  machine b u t  the job of 
the man i a  designed a s  an  e n t i t y  t o  f u l f i l  i t s  object ives  independently of those of the machine. Where 
t h i s  r e s u l t s  i n  man and machine both performing c e r t a i n  funct ions i n  p a r a l l e l  t h i s  m y  sometimes be s 
p o t e n t i a l  e x t r a  source of sa fe ty .  Normally the man would be performing the funct ion a t  s much simpler 
l e v e l  s i n c e  he can handle much l e s s  data  i n  a given time. It should o f t e n  be possible  t o  crass-check any 
major discrepancies  between human and machine products. The discavery of such discrepancies  may become an  
a i d  t o  sa fe ty .  

Adaptabi l i ty  

Human e f f ic iency  u l t imate ly  depends on optimising human r o l e s  i n  t h e i r  own r igh t .  In the  fu ture  
i t  u i l l  be poss ib le  f o r  the machine r a t h e r  than the man to  do much of the adapting. I n  the p a s t  it has 
been assumed t h s t  man's g r e a t  s t reng th  i s  adap tab i l i ty ,  and ro lea  and taska have been designed on the  pre- 
aumption t h a t  he can adapt.  Recently, adap tab i l i ty  has a l s o  become a Charac te r i s t i c  of machines. It 
u i l l ,  f o r  example, becom possible ,  i f  necessary, t o  design and conduct man-machine dialogues i n  which the 
machine adapts  the  l e v e l  a t  which the dialogue is conducted t o  the most appropriate  l e v e l  according to  the  
man's knowledge, s k i l l  and understanding, a s  revealed by h i s  responses during the i n i t i a l  a tagee of the 
dialogue. This machine adaptat ion can be an i t e r a t i v e  process throughout the  dialogue. Such machine 
a d a p t a b i l i t y  may a l s o  a s s i s t  the opt imisat ion of human ro les .  

Workload 

Doe way i n  which machine adap tab i l i ty  may enhance humn r o l e s  is by giving the  c o n t r o l l e r  g r e a t e r  
in f luence  over h i s  own workload. Host people who can s e t  t h e i r  own workload choose t o  be busy r a t h e r  than 
i d l e .  This suggests  t h a t  the  a i r  t r a f f i c  c o n t r o l l e r  should be a b l e  t o  do almost a11 the  work himeelf when 
the  t r a f f i c  is l i g h t ,  and should allow the nachina t o  do much of the work and confine h i s  tasks t o  broader 
s t r a t e g i c  r e s p o n s i b i l i t i e s  when t r a f f i c  i s  heavy. This gives the  man some cont ro l  over h i s  workload. 
nachine a d a p t a b i l i t y  i s  necessary t o  achieve t h i s  but i t  has recen t ly  becoma a p r a c t i c a l  r a t h e r  than an  
i d e a l i s t i c  aim. It is d i f f i c u l t  t o  reconc i le  the  attempts of individuals  who have cont ro l  over t h e i r  o m  
workload t o  keep themselves f u l l y  occupied with the apparent cruaade t o  reduce workload i n  a i r  t r a f f i c  
con t ro l .  I n  many count r ias  a feu s i r  t r a f f i c  con t ro l  job8 and a few famous or infamous c o n t r o l  s e c t o r s  
can generate  high and burdensome workload and it is then necessary t o  check frequent ly t h a t  the high 
workload i s  n e i t h e r  unaafe nor inducing occupational hea l th  problems. Nevertheless such jobs a r e  i n  the  
minori ty ,  and even i n  them the high workload does no t  general ly  apply a l l  of the time. Therefore the  need 
t o  reduce workload, o f t e n  tekan a s  self-evident during t h i s  conference, needs t o  be examined ouch more 
c r i t i c a l l y .  It c e r t a i n l y  seams dubious aa a principle .  The aim should be t o  ellable the c o n t r o l l e r  t o  
inf luence o r  s e t  h i s  nm workload ra ther  than t o  reduce workload i n  a l l  pos i t ions ,  times and circumsten- 
cea. The reduction of workload does no t  necessar i ly  resolve many e x i s t i n g  problems, but may bring f u r t h e r  
problems i n  i t s  t ra in .  

Oae of these i s  t h a t  people who a r e  given more passive r o l e s  r e p o r t  t h a t  they f e e l  l e s s  sure t h s t  
they understand the s i t u a t i o n  which they are cont ro l l ing ,  and they becosa anxious l e ~ t  they lose  t h e i r  
p i c t u r e  of the t r a f f i c .  This e f f e c t  seems to  occur as a i d s  a r e  introduced. It occurs p a r t l y  because of 
t h e  passive r o l e  which these a i d s  may engender and perhaps p a r t l y  because of an  incomplete understanding 
of h w  the various a i d s  work. It i s  no t  possible  t o  deduce from using the t y p i c a l  a i r  t r a f f i c  con t ro l  
problem solving,  decis ion making o r  p red ic t ion  a i d  how f a r  i t  should be t r u s t e d ,  what i t  would look l i k e  
i f  i t  f a i l e d ,  and which f a c t o r s  have been included i n  t h e  decis ion,  ao lu t ion  o r  p red ic t ion  proposed. 

The i s s u e  has t o  be more throughly addressed of what the  c o n t r o l l e r  needs t o  know about an a i d  i n  
o rder  t o  use i t  e f f i c i e n t l y .  The c o n t r o l l e r ' s  necessary knowledge any take one of two for-: it m y  r e f e r  
t o  t r a i n i n g  and experience i n  the l ense  t h a t  the  knowledge i s  a lready possessed and re l iance  i s  placed on 
human memory t o  r e c a l l  it when appropriate ,  o r  i t  m y  r e f e r  t o  the man-machine i n t e r f a c e  design i f  t h i s  
i n t e r f a c e  must be used t o  r e t r i e v e  the necessary knwladge from the system but  re l i ance  is a t i l l  placed on 
human memory to  r e c a l l  w h a t  is ava i lab le  and how t o  r e t r i e v e  it .  The machine may be used t o  draw the 
c o n t r o l l e r ' s  a t t e n t i o n  t o  necessary knowledge, but only i n  p a r t i c u l a r  pre-defined  condition^. I f  he is 
required t o  r e j e c t  o r  accept  a decis ion,  so lu t ion  o r  predict ion,  then some r a t i o n a l e  is necessary t o  do 
t h i s .  The r a t i o n a l e  depends on knwledge of which f a c t o r s  have already been incorporated i n  the  automated 
proposal end which have not and could therefore form a basin f o r  r e j e c t i n g  it. 

Individual  Differences 

At t i tudes  t o  individual,  d i f fe rences  appear t o  be somewhat ambivalent. During s e l e c t i o n  it is 
aasumed t h a t  ind iv idua l  differences a r e  s u b s t a n t i a l  and t h a t  it i s  posaibla  t o  c a p i t a l i s e  on t h e m  by 
selecting those individuals  most s u i t e d  t o  a i r  t r a f f i c  c o n t r o l  because of the combination of a b i l i t i e s ,  
s k i l l s  and a t t r i b u t e s  which they possess o r  have p o t e n t i a l  t o  acquire .  Thereafter  individual  d i f fe rences  
tend t o  be seen a s  an  encumbrance because indlvidual  c o n t r o l l e r s  do n o t  behave uniformly and cannot a11 
achieve comparable l e v e l s  of performance. However it may be poss ib le  t o  t r e a t  individual  d i f fe rences  a s  
an  a s s e t  by saasuring them more c a r e f u l l y  and by using c e r t a i n  aspects  of them a s  p a r t  of the bas i s  f o r  
a l l o c a t i n g  c o n t r o l l e r s  t o  f u t u r e  jobs. 



One r e c e n t  research t o p i c  wi th  s u b s t a n t i a l  ind iv idua l  d i f f a r e n c e s  i s  d i r e c t  vo ice  inpu t ,  where 
those  who a r e  a b l e  t o  produce c o n s i s t e n t  r e s u l t s  a r e  now c a l l e d  'sheep'  and those  whose performance is 
e r r a t i c  and e r r o r  prone a r e  c a l l e d  ' goa t s ' .  This l a  seen  a s  a  nuisance, bu t  sugges t s  t h a t  performance i n  
d i r e c t  vo ice  i n p u t  t a s k s  might be s u b s t a n t i a l l y  enhanced by a n  appropr ia t e  s e l e c t i o n  procedure. Indivi-  
dua l  d i f f e r e n c e s  can be a n  a s s e t  which is no t  apprec ia t ed  s u f f i c i e n t l y  i n  a systems con tex t  where t h e  man 
is  viewed p r imar i ly  a s  a system component and v a r i a b i l i t y  between components which are nominally t h e  same 
is frowned upon. 

Manual Functions 

As a i r  t r a f f i c  c o n t r o l  systems evolve, e x i s t i n g  manual func t ions  tend t o  remain i n t a c t  o r  be 
replaced by automated a i d s  which s u b s t a n t i a l l y  r e t a i n  t h e  manual form. This  may no t  be t h e  way t o  o b t a i n  
t h e  most e f f i c i e n t  automated a i d s .  It may be necessary t o  r e c a s t  func t ions  s u b s t a n t i a l l y  r a t h e r  than t o  
automata e x i s t i n g  human func t ions  aa  they s tand.  

Teams - 
I n  a i r  t r a f f i c  c o n t r o l ,  a s  i n  o t h e r  a p p l i c a t i o n s ,  most a i d s  have been devised f o r  ind iv idua l s  

r a t h e r  than f o r  teams but  a i r  t r a f f i c  c o n t r o l  i a  l a r g e l y  a  team a c t i v i t y .  Replacing man-man i n t e r a c t i o n s  
wi th  man-machine i n t e r a c t i o n s  has major i m p l i c s t i o r ~ s  f o r  tea. r o l e s  and team func t ion ing .  T r a d i t i o n a l  
forms of superv i s ion  or  a s s i s t a n c e  may no longer  be p r a c t i c a l ,  t h e  s h a r i n g  of t a s k s  and r e s p o n s i b i l i t i e s  
may no longer  be f e a s i b l e ,  and p ro fess iona l  norms end s tandards  may f a i l  t o  develop because t h e  evidence 
gleaned from t h e  behaviour of one's col leagues ,  which forms t h e  b a s i s  f o r  t h e i r  development, may no t  be 
p r e s e n t  when t a s k s  include feu  team a c t i v i t i e s  and c o n s i s t  e s s e n t i a l l y  of man-machine i n t e r a c t i o n s .  

Ul t imately  b e n e f i t s  a r e  sought i n  terms of s a f e t y ,  e f f i c i e n c y  or money. It t h e r e f o r e  seems 
s t r ange  t h a t  many of t h e  func t ions  f o r  which computer assistance has  been t r i e d  a r e  those  a t  which the  
unaided c o o t r o l l e r  a l r eady  appears  t o  be highly  e f f i c i e n t ,  and i n  some cases  approaches t h e  t h e o r e t i c a l l y  
maximum a t t a i n a b l e  performance, so  that any b e n e f i t s  measured and expressed only i n  t h e  above terms must 
remain marginal.  A more l o g i c a l  approach may be t o  aak f i r s t  what t h e  c o n t r o l l e r  does no t  do we l l  and 
then ensure t h a t  he  does n o t  have t o  perform func t ions  f o r  which human beings a r e  ill s u i t e d .  High on t h e  
l i s t  of such func t ions  would be monitoring, Evidence accumulates t h a t  t h e  human being needs a c t i v e  r o l e s  
i n  o rde r  t o  mainta in  h i s  a t t e n t i o n  and kmowledge of t h e  system, t o  in t e rvene  i n  an  emergency and t o  a c t  
f l e x i b l y  wi th  a  f u l l  understanding of what he i s  doing and of t h e  consequences of h i s  ac t ions .  This  a l s o  
may be enhanced i f  t h e  machine i s  adaptable .  Perhaps i t  would be b e t t e r  t o  de r ive  a h ie ra rchy  of func- 
t i o n s  i n  terms of those  which lend themselves most t o  s u b s t a n t i a l  improvement i n  q u a n t i f i a b l e  terms. 
Again t h e  s t a t e  of equipment development makes t h i s  a p r a c t i c a l  op t ion  where formerly i t  was no t .  

Accep tab i l i ty  

Con t ro l l e r s  have developed s k i l l s .  I t  is o f t e n  remarked t h a t  one of the  most important  a s p e c t s  of 
any a i d  i s  i t s  a c c e p t a b i l i t y .  This  is l inked t o  the  e x t e n t  t o  which t h e  c o n t r o l l e r  can understand i t  and 
l e a r n  t o  t r u s t  i t .  Some a i d s  do n o t  s e l l  themeelves bu t  have t o  be p o s i t i v e l y  s o l d  f o r  t h e i r  merits t o  be 
apprec ia t ed .  Other a i d s ,  such as co lour  coding, s e l l  themselves only too  we l l  and can l ead  t o  u n r e a l i s t i c  
expecte t ton8.  Perhaps time should be  s p e n t  an  d i scover ing  t h e  f a c t o r s  which determine t h e  a c c e p t a b i l i t y  
of the  a i r  t r a f f i c  c o n t r o l l e r ' s  work, t a sks  and equipment r a t h e r  than simply i t s  e f f i c i e n c y .  A c o n t r o l l e r  
w i l l  tend t o  use equipment e f f i c i e n t l y  and s a f e l y  i f  he accep t s  i t .  I f  he does no t  accep t  i t ,  he may 
demonstrate how unhelpful  it is, and i t s  p o t e n t i a l  may never  be f u l l y  r e a l i s e d .  The need f o r  accep- 
t a b i l i t y  should be addressed and t h e  main determinants  of t h e  a c c e p t a b i l i t y  of new a i d s  need t o  be iden- 
t i f i e d .  
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