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Overview of Final Report

The final report on the Space Shuttls Booster Data Management System (DMS)
for NASA contract N4S8-30186 ig in two volumes., The major items covered
in Volume I are a discussion of the study resulta, a description of the
booster mission, and a deseription of the functional raquirements of the
assumed avionics system. Volume IT is devoted to subsystem interface
description, subsystem computational requirements and a deseription of

an analysis progran generated and used during the study.

The reader should firsy read section 1 for a summary of the atudy, the
major study coaclusions and booster mission description. Section 2
provides a detailed discussion of the DMS configuration and sizing
analysis, The reader interested in the detailed description of a parti-
cular subsystem is dirscted to the functionsl requireﬁents in section

3, the interface requirements in section 4 and the computational require-
ments in section 5, Section 6 presents evalustion program, relisbility -
analysis and configuration mechanization details. The table of contents

will direct the reader to the particulsr subsystem of intereat.
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4.0 BOOSTER STSTEVS TNTERFACE DESCRIPTIONS

The development of the DMS requires detailed definitions of &1l subsystems

it interfaces with, This section is concerned with the data flow betwsen .
the IMS and other subsystems. while section ‘5 is concerned with the -acétion of
the DMS upon this data, The method of transmission of data between the IMS
end other subsystems is highly dependent upon the DMS‘cqnfiéuration. Thaers
are certgin interface parameters whieh can be d;fined independent of the DMS
csnfiguration. Data transferred between the DMé and other subsysten equipment
will be data representing the numericai magnitude of a paramster or coded data
indicating the state or an action, or the command of a sﬁate or action within
subsysten equipment‘of‘the IMS, Discrete inputs and putpuis are a special
form of coded data. Numerical values may originate in or be requirad'by sub-
system equipmeﬁt as aﬁalog voltages, modulated é%.voltagés, or special encoded
parallel or serial digital data.. Much of this data will r§quiré convérsion
befor; it can be used int;rﬁally.in‘any DMS compgter. The electronics required
for conversion will be assumed part of the DMS and not par@ of the subaystem
equipment. If the IMS 1s a cenitralized system then all inte?face data wiil
be through the data bus system and converslions will occur at.the ‘subsystem end
of the data bus.. If the DMS is decentralized withlocal computers at the major
subsystem elements then special input/output conversion -equipment could be
implemented.as part of the local computer, The requirements to interface
directly with a digital computer will be different from the réquirements to inter-

face with the data bus system.-

Tn this. section those parameters delineated for each interface dats element

transmitting numerical values are:


http:implemented.as

range~ This is the difference between the minimm and maximum values
that the transmitted paramster may portray, e.g.,. whole value gyro
outputs will have minimnm and maximum values of -180 and +180 degrees

respectively producing a range of 360 degrees.

regolution -~ This is the slze of the smallest change in the parameter
which must be transmitted. This is different thaﬁ accuracy which ig a
measurement of how closely the trensmitted data represents the paramster
being measured, For example a rate gyro could have-a scale factor error
causing measurementinaccuraciesf@f1°/%_at large rates but have a res-
olution requirement of .10/5. The 1°/s scale factor inaccuracy would
cause a minor varlatlon of the attitude control loop short-period time
congtant while if the resoclution were increaséd'ﬁo1°/é the att;tude
control loop would develop a liﬁit cycle oscillation of possibly in-
tolerable magnitude. Resolution is a measuremant‘of the least significant

bit value which must be transmitted.

sampling ratg ~ This is a measuremsnt of the rate at which the data

must be updated elther by the IMS or for use by fﬁe MS, This meésuremsnt
i1s dependent upon the intended use of the dgta. Data items may be used
by more than one- system and their rate requiremsnts may vary with mission.
phase. For exampie the attitude gyros are used by both the strapdowm
navigation computations and the attitude control systém. The sampling
rate requirements will be determined from that system having the highést
rate requirements. An example of data rate requirements restricted to
particular mission phases occurs with the val;e commands to the reaction

Jet system which is used only during coast and the early portion of reentry.

—~



Data Subsystem source or destination - The orginating source sr final

destination .of all data indicates the type of conversion electronics

required,

The paramsiers delineated for each interface .data element tranamitting

coded states is:

Number of possible subgystem states

This 1s the information required to determine the ‘mumber ;ﬂ binary
bite needed to transmit the status of a subsystem., In any subsysten
tpere is the pogsibility for some modes to operate only exclusively
of other modes, e.g., the TACAN Distance Measuring Equipment (ﬁME)
cannot be in a track mode simmltaneously with & search mode. There .
are other modes which may operate independept of ppé anotheﬁ, €.8iy
the- TACAN may or may not be delivering good bearing data independent

of the IMS operation.

Required response time
A change in sﬁbsystem status requests an. action by the IMS, The

action required of the TMS must ocecur within a set tiﬁe after the
status change. ‘This set time results in specifying either the rate -at
which status data must be sampled or in some instances specifies that

the status must be transmitted on a special priority interrupt line.



This section delineates all of the input/output requirements of the-

Strucﬁurgg

Propulsion

Electrical power generation and distribution
Navigation and guldance |

Flight control

Qpefatipns management

gystems. The parameters listed for each input/output data item are thoée listed

ébove.

I : T
4.1 STRUCTURES
étructures include performance monitoring, landing gear deployment, and

geparation control and monitoring.
. . ’/_ ﬁ.... - -"f,-r,.\
bela1 PEﬂfomch"ifbﬂn_‘bRIﬁG

§tructura;aper£ormance is'mpnitqred by vibration, stress, and temperature
sensors. This date will be recorded during the mission flight phases for post
flight analysis and data reduction. The IMS will be resﬁonsible for:

1. BSensor checkout during prelaunch
2. Control of date recording during flight
3. Poet flight data reduction

D?ring flight the data geqeréteq by the majority of these sensors will neot
i%terfaca with the IMS but only with the recorder througﬁ-the data bus system,
Recording of the sensor outputs are of primary interest during periocds of
large sensor butﬁut values, The data rate requireﬁents for the transmiseion
of vibratipn-dgta.to the recorder will be very high'if_ﬁhe numbersof sensors
is large. It is possible for some IMS configurations to have largs data rate
rpéﬁiramsnts on the main data bus system which will make the addition of

- -



vibration data to the main data bus system prohibitive, Since the
recording of vibration datais not eritical to the mission (except imitial
flight test nmissions where mission objectives are the gathering of vehicle
data) redundancy requirements do not aspply. For these reasons it is
probable that a separate data bus system willl be constructed for the
purposes of collecting and recording specilsl wvehicle data, Such & con-
figuration has the addiiional adventage of being a nearly independent sub-
gyaten with & minimum interface with other systems so that it can easily

be removed if its use is found no longer necessary.

Figure 4~-1 shows the configuration adapted for <this study for the recording
of specisl vehicle-data as applied to the vibration sensors. Digital
rather than analog recording is assumed bscause it a;lows for the use of
identical equipmsnt as that requirsd by the IMS data bus system, it exhibits
better noise rejection than' enalog multiplexing, allows for the insertion
of sensor identification codes, and provides compatability with date reduction
equipment. BEach vibration sensor ocutput is= comnected dlrectly to an analog-
to digital converter. The converter output is connected through switching
and control electronies to ‘the recorder data bus. There are several methods
of mechanizing the recorder data bué, however thess mﬁchanization details
will not significantly effect the DMS. Data bus addressing and control
electronics will communicate with the individual vibration sensor A/D
converter and data bus interface electronies through the recorder data bus
to command the time shared multiplexing of the converted sensor outputs

onto the recorder data bus. The data bus addressing and control electronics
is commanded from the mein data bus through data bus interface electronics,
The commande which can be issued to the data bus addressing and control

glectronics are

« oOtandby « Test Reéord Fast
. Record (slow speed . Test Record Slow
. Record (fast speed)

-5
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These commands will origiretes in the IMS-computers and will be issued as

a functlon of mission phase and required recording rate as determined from
aenébr measurements., The commends will not be issued at a set iteration rate

but only as required.

Figure 4-2 shows typical'acceleration power spectral density vibration levels
for a liquid fueled booster. The fast recording spee&_ghould be capabls cf
accumulating vibration data out to 1300 Hz. which will require at a minimm
2600 samples per second. The range required f9r each sansor output is.iﬁsgfs
and a resoluiisn of .05g's. The slow recording speed should be capable of '
covering the frequency range where‘the majority of subsystem esquipment
resonences occur, 30 to 150Hz which will. require a minimm sampling rate of
300 samples per sgcond.‘-A convenient ratlo betWween fast and slow recording
speeds would be 8¢1, For the purposes of this study it will bs assumed that
there are a total of 15 vibration sensors to be recorded which will be sampléd
&t 3200 samples per second for high-épeed recording and 400 samples per second-
for slow apeed rec;rding. Each sampling will result in a 10 bi% dété word,
Every 16th sample will be used to acoumilate non-vibration data such ;s
temperaturs and stress sensor outputs which are sampled at a much lowsr rate,
The high speed data rate requirements are then 512,000 bits per second and the.

low speed rates are 64,000 bits psr second,

The determination of recording speed is dependent upon séﬁeral.ﬁeasureﬁents.
One of thse measurements is vibration magnitude. Several of the.vibration
gensors (for this study three are assumed) will have an interface directly
with the main data bus in addition to the fecorder data bus. When interfacing
with the main data bus the sensor outputwill be-eonverted to & pseudo RMSsvalue
by full wave rectification and filtering. This RMS value will be converted

-
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to a digital number and transmitted to the IMS computers upon request of. the
IMS, Figure 4~3 shows a typlical BRMS vibration ﬁistory of & liquld fueled
booster1. Collection of vlbration data will be of most interest during
pe}iodaoflarge vibration activity. One criteria for determining when high
speed recording shquld occur 1s when vibration magnitudes exceed a fixed
threshold value, If this threshoid value could be predetérmined early in the
space shuttle design phase then the A/D convérter in the interface slsctronics
between the vlbration sensors and main data bus could cénsist of a threshold
detector producing a single bit conversion, i.e.,, discrete output. In the
interest of flexibility it is assumed that an 4/D conversion with a range

of 0-16 g's and a resolution of «5 resulting in a 5 bit output word will be.

used,

When IMS computer isgsues commands to control the recorder daia bus it must also
issue commands to control the recorder, The commands which can be issued to

the recorder from the IMS for use in this application are:.

» Standby

+ Record Fast
. Record Slow
o Rewind

«» Playback

When ever commands for recording are issued to the data bus addressing and
control electénics, commands must also be issued to the. recorder’ so that the
data bus and recorder are operating at compatable speeds. These commands are

thus also lssued as requirsd and not at a fixed iteration rate.

Checkout of this sfstem requires first the recording of data and then the play-
back and analysis of the recorded data. The major events necessary for

checkout are:

-9- .



PRECEDING PAGE BLANK NOT.FILMED

1

on the booster that would cause at least some low magnitude
sensor output, such as fueling the booster main propulsion

tanks or mating the orbiter to the booster,

Playback Playback compatability with the IMS is ﬁrimarily contingent
upon the ability to read the recorded date at a rate slow
enough to allow the computer to process the data. The
usual method of providing speed compatability is to record
data in records which are short enough'to be read into memory
in their entirety, After each record is read it is precessed
with intermediate results stored in a feduced form or outputted.
The recorder is stopped after feading each record and waits
for the computer to finish its computétion aﬁd command a ﬁew
record to be read before the recorder is started again, This
requires a gap in the data on the tape to allow roem for stopping
and starting the taps, To geﬁerate a true gap during the
recording proceaé requires a loss in data during the gap generation
time. A method of writing coﬁtinéus data on the tape and yet
allow reading operations to occur as if data was written in
records spaced with stop/start gaps is to insert an end of
record mark after each record when recording and the immediately
sté;t the next record leaving no gaps, Assuminé initiall& the
tape is stopped in the middle of a racord a re&dioperation isg
performed after issuance of a read command by ignoring all data
from the read electronics until the fifst end of record mark

ig found at which time data is read and tranamitied to the IMS
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until the next en& of record mark is encountered at which
time the recorder is stopped. Bsfore reading the next
record the recorder is commande& fﬁ read in reverse until
an end of record mark 1s encountered and the stops. The
issuance of the reverse command can be done automatically
by the recorder electronice after the recorder stops at the
completion of each read command. .
As described above data will be recorded &b two different
gpeeds. A finite time will be required'dufing the fecord
operation to change the recorder speed during which time
no data will be recorded, These gaps will be ma?ked with
an extra end of record mark at the béginﬁing of the gap and
an end of record mark st the end of the gap. The extra end
of record mark at the begimning of the gap will inhibit the
reverse read operation associated with the reading of.the'
data. record just prior to %he gap., IDsta recorded at high or
low speed will appear the same on the‘?apé; When the tape
speed i= reduced for low speed recording the pulse width of
each data bit will be increased so that each data bit oc;cupies
the same linear tape length. AIl data~can"thus be read 4t
the sams speed. The IMS program for reducing the recorded
data will required the speed at-which %hé data?was:@eéqidadus
The recording speed can be indicated by speclal codes in the
end of record mark.

The temperature and stress sensors are-treated primarily in the same manner

as the vibration sensors. The outputs from these sensors is sampled at a slow-

er rate  than the vibration sensors and the data recorded interspersed with

-] 2=



the vibration deta. The actual recording rates for each sensor will be a

function of the number of sensors and the recorder capabilities. . Select

vibration sengor outputs converted to RMS values along with select temperature

and stress sensor outputas will be used by the IMS in determining the spesed at

whick data is to be recorded. For the purposes of this study the following

assumptions will be made concerning data flow required for the recording

of struetural sensor datsa,
Vibration Ssnsors

Kumber to be recorded

Range for recorder

Resolution for recordsr

Word length for recorder

Fast recording samples per sensor per second
Slow recording samples per sensor per second
RMS outputs to the IMS

BMS range

RMS resolution

BMS aamples per sensor per second

BMS word length to IMS

Tegpgraturé Sengors

Number to bes recorded

Range for recorder

Resolution for recorder

Word length for recorder

Fast recording samples per sensor per sacond
Slow recording samples per sensor per second
Sensor outputs v IMS -

Range to DMS

Resolution to IMS

Word length to DIMS

Samples per sensor per second to IMS

-3~

15
-25g to +25g
.05g
10 bits
3200
400
3
Og to 16g
.5g
10
5 bits

15
0°F to 2500°F
20°F
7 bits
I
5
3
0°F to 2500°F

20°F

C 7 bits

10



Stress Sensors

Number to be recorded

Range for recorder*®

Resolution for recorder®

Word length for recorder

Fast recording samples per sensor per second
Slow recording sampleg per sensor per second
Sensor outputs to IMS

Word length to DMS

Samples per sensor per second to IDMS

DMS/Recorder Data Bus Controller

Command word length to Data Bus Controller
Command word rate to Dats Bus Controller

IMS/Structural Recorder Interface

Command word length to Data Recorder
Command word rate to Data Recorder

Record length from recorder

7 bits
40

7 blits
10

3 bits
a8 required

3 bits
as required
3210 bits

The record assumed here is composed of 321, 10bit words which are divided into

20, 16 word fields plus 1 end of record word. Zach field contains .15 vibration

sensor samples and 1.temperature, stress, or other sensor sample.

In order

to meet the sampling rate requirements of the temperature and stress sensors éacl

gdensor must be sampled only every fourth rscord. -The end of record word will

contain codes indicating whether temperature and stress sensors are recorded

in that record.

*Note: Range and resolution of the stress sensors is dependent upon the sensor

chosen and the method and location of mounting.

measurements should be made 4o 1% of full scale.

~14~
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4.1.2 Landing Gesr System

The space shuttle booster has three landing gears; a nose gear, a right
main gear, and a left main gear. The landing gear are used during the
landing phases of either a normal or ferry mission ana-during the takeoff
phase during a ferry mission. Prelaunch ground checkoutvof tbe landing
gear system mﬁst occur after the vehicle is lifted for placement in a
vertical position. The signal interface with the DMS for each landing
gear 1s assumed identical, Figure 4—%.‘ shows this signal interfgce .
for the nose wheel landing gear system. The primery power source for
operating the landing gear system is hydraulic. Modern aireraft some—
times employ a pneumatic supply system for backup, howsvgr, with
redundant hydréﬁlic systems on the space shuttle it is assumed that a
backup pneumatic system will not be required. Each Landing geag‘when
stowed is covered by a door to protect the gear from the environment

and to give the booster a smooth aerodynamic shape. fhé doors are
automatically locked in position when fully open or fully closed. _Tﬁe
DMS can monitor the locked condition and must give an unlock command
before the doors can be opened or closed. After thelﬁoors are unlocked
an open or closéd‘command must be issued by the DMS. ‘?he'DMS checks
door operation by monitoring the door position and the hydraulic
actuator hydraulic fluid temperature and pressure. Each landing gear

is lowered or raised by the same procedure as‘the doors.are opened or
closed, i.e., an unlock 'command is lssued and then a raise or lower
comménq. Monitoring of the gear up and locked or the gear‘down and
locked, the gear position, and the hydraulie aetuatbr fluid temperature
and pressure is provided. It is assumed for this study that ;ach landing
gear wéll have four wheels, The four wﬁeels are mounted on a bogie whick

must be rotated into a stowed pogition before the landing gear is raised,
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and rotated into the operational position after the fanding gear is lowered.
Before issuing the stow or deploy bogie command & release lock command
pust be issued. The DMS is provided with signals indicating a locked con-
dition in the stowed or deployed position, the bogie position, and hydraulic
actuator fluid temperature and pressure. Each landing gear is capable of
being steered. Nose wheel steering is vsed during the taxi operatioﬁ..
Main gear steering is employed to reduce in magnitude or eliminate the need
for the decrab manuever. The DMS is provided with the capability of
issuing a steering command and receives signals for monitoring of the
steering position and hydraulic actuwator fluid temperature and pressure.
Each wheel has its own brake which is activated by the DMS. Brake
temperature and pressure plus hydrualic actuation fluid temperature and
Pressure measurements are sent to the DMS. Each wheel has an accurate
tachometer attached which measures the rotational speed of each whée;.

The speed of each wheel is used to verify touchdown, to activate the
anti-skid system, and to determine taxi velocity. Bach gear has a shock
absorber with its position monitored for the purpose of determining
touchdown. If the shock absorber bottoms.during 1anding ; warning is
displayed indicating a possible overstress of the vehlcle durlng landing.
The electrical supply voltage and temperature of the landing gear
electronics is monitored. The DMS has control over determining which
redundant hydraulic system subplies the landing gear systém‘and can
monitor the ﬁydraulic éupply pregsure to the landing gear system.

Each brake has an associate anti-skid bypass valve to remove braking

power from any wheel which has stopped while the others are rotating

or is slowing more rapidly than the others. Figure 4;35' is a complete
list of all interface signals between the DMS and the Landing Gear

System.
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SIGNAL SOURCE | TYPE RANGE ResLl- m?glfr‘g)m %E&E
Doors, {Nose, Left.and Right Gear)
Opon Command T3 DM3 | BIS . ) 1 AR
Cloge Command {3) DHS BIS 4] AR
Hydraulic Actustor Pressure (3) 168 AR- 0—-300013351 25pal 1 4
Hydraulic Actuator Temp (3 168 AN 0-1000°F 20% 6 2
Position (3) 168 a% | 0s90°" 3 5 2
Closed and Locked (3} LGS DIS T AR
Open and Locked (3) s | pIs 1 AR
Relense Loek Command (3). DMS DIS 1 AR
Gear, {Nose, Left and Right)
Ralge Command {3) mis DIs 1 | 4R
Lower Gommand (3) DMS Dis 1 AR
Hydraulic Actuator Pressure {3) 168 AN | 0-3000psi 25psi, 7 4
Eydranlic Actuator Temp (3 LGS M 0-1000°F 20°F 6 2
Lowering Position (3) 16S a | 0-90° 3° 5. I 2
Up and‘Locked (3) IGS Dis 1 AR ’
Pown and Lacked - . 3 168 DIS 1 AR
Release Lock Command 3] ms DIS 1" AR
Bogie (Hose, Lefi and. Right) . B T
Deploy Command (3) DMS pIS EE
Stow Cenmand - (3 DHS DIS 1 AR
Hydraulie Actustor Pressure (3) 168 o | 0-3000pe1 25pai 7 L4
Hydraulic Actuator Temp {3) 168 Fi 0-1000°F 200 | .6 2
Position )] 165 | o0 32 5 2
Deployed and Locked (3 LGS DIS 1 AR 5
Stored and Locked (3} 168 pIs 1, AR
Bslease Bogle Lock (3} M3 DIS 1 AR
Steering (Nuga, Left and Right) '
Nose Wheel Steering. {1) DMS AN -90° to +50°| .25° | - 10 .8
Main Gear Steering L@ M AN | -20° to +20°| ,25° 8 4
Hydraulie Actustor Pressure (3) 1L0S AN | D-3000psi | 25psi 7 -
Hydrawlic Actuator Temp.  (3) 168 AN 0-1000°F 20°F 6 2
Noge Wheel Feedback (M 168 AV | -90° to 4987 .25° Ao- K
Main Gear Feedback (2 163 AN -20° to 20° | .25° g 4
Brakes (4 each cn Nose, Left N
and Right Gear) ~
Command - (1) S | o-ioog - 172 1 7. 4
Hydraulic Au'i:uaifor Pregsure(12) LGS AN 0-3000ps1 25psi i 4 i
Hydraulic fctuator Temp  (12) 108 "av | o-1000% | 20%F 5 2
Fressure o (13) iss AN 0-1000% 1% "7 4
Temperature (12) 168 M |- 0-1500°F 20°F C 7 2]

Figare 4-§ Landing. Gear System (LGS)/RMS Interface
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4..1:3: SEPARATION CONTROL

The orbiter has primery responsibility’for orbiter/booster ‘

saparation. The booster sctivity with this function under nominal
operating conditions is entirely one of monitoring. - %he:boogfei and
orbiter are attached during the boost phase by 3 expigsive bolts. The,

squibs for these bolis are tested and ignited by the orbiter. The

booster monitors the separation proéedure by communications'froﬁ the orbiter
and by measurements of the resistance of a wire which bacomes s;vered at
separation and the‘temperature of the squibs. In an emergency abori
situation the booster will also have the capability of igniting the explosive
bolts. The abort conditions under which the booster has the authority to
initiate separation are of the follow;ng ffpes. If during powered hoost

a potentially catastrophic failure in the booster occurs such ag a ruptursd
oxidizer ¢7 fuel tank or Iine where it becomes criticalfthat ‘separation
occurs lmmediately to proteet the ;rbitar from a booster egPloqion,the ﬁooster
will initiate separdation. This bypasses the time deiay‘reguipéd td‘commnnicatg
a separationlcommand to the orbiter +to have the orbiter exeoute. the command.
If during poéered boost 2 failure occurs calling for separdtion which is

less tims eritical and booster/orbiter comnrunica‘bioné ﬁa’ye failed the booster
will initiate the separation. A failure which shuté'down the Boost@r main
engines would be of this type. If,at the end of powered boost with the
orbiter/booster communications failed,and the orbiter fails ‘to inftiate the
separation or -1f the orbiter initiates separation either under abort or
nominal conditions and separation does not occur the booster will initiate
separation. The signal interface between the IMS aﬂé séparatiansystem in the
booster 1s shown in figure 4-6. The IMS can issue an arming and separation
command to the squib system of each bolt. From each bolt the DMS receives

the results of the separation command by discretes indicating the ogcurence
~19- ' '



of a temperature pulse caused by the explosion of the squib and by the severance oI wirs

vhen physical ssparation of the orbiter and booater occurs. The booster alsc fionitors.
the temperature of each squib during prelsunch, launch and boost to determine if soma heat

sourca has saused the squib temperature to rise to a eriticel walue, Tt is assuped that

811 thres explosive bolts sre serviced by the ssme slectronic package; the DMS has control
of slectricsl power onfoff and can measuce the supply voltage and electronic temperature.

For test purposss the IMS can sssumo & test coofiguration in which the electronics simlate
a1l separaticn reiponses upon rotelving an arming and separation command if the bullt
in +nat emrimmant detarmines that the sevaration system 1s operable.

sm}m;. SOURCE TYPE RANGE f,.,%gm' w?ggTIS.g:-m jgg_
Bolt #1, 2, 43
Aeming Command  (3) DMS pIS ) I AT
Separation Command {3} .. . ... NS _{.._.Dis S R\
Temperature Pulsé {3) 8s DIS : 16
Soparation Resistance (3) 83 DIS i 16
Temperature {3) ss AN 0-500°F 10%F 6 1
Electriesl Power on Command ms bis I AR
Electrieal Supply Veltage 88 wo | 0-30vde .3vde "1
Electronic Temperaturs ss AN 0-500°F 20%F 1
Test Configuration Command DHS DIs " AR,
Teat Confipuration Accomplished 38 DIs 1

Figure 4- 6 Separation System (SS)/DMS Interface
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4.2 Propulsion Systems

The booster has 3 separate propulsion systems. These are the maiﬁ boost
rocket engines, the reaction jJet system used during coast and the cruise
air breathing engines. ZXach of these propulsion systems interface with
the TMS.

4.2,17 Main Rocket Engines

It is assumed that the booster will contain 12 main rocket engines. Various
techniques are being suggested for closed-loop control of the staged com-
bustion cycle for these engines. No single approach has been proven at this
time, but the following interfzce description is consistent‘ﬁith preliminéry
recommendations made by Pratt and Whitney Aircraft. Potential control’po;nts
are shown in Figure Ab-;. The control technique is to establish an open-
loop program which sets the preburher oxidizer valve, mein chaﬁbér‘oxidizer
valve, and preburner fusl valve in accordance with a stored program that
relates wvalve greé and hence valve position with required thrust and mixture
ratio, The control system interface in terms of aansof and‘controlwsignal

data rates and accuracies is shown in Figure 4-8«

In addition to controlling the engines the DMS will have comtrol of propellant
mapagement and utilizstion, This function includes sensing the level, tempera-—
ture and pressurs in each tank and controlling solenoid valves. Figure 4-9
1ist§ the interface requirements betwesn the fuel management systems and the

NS,
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WORD
SICHAL SOGRCEy TYFE RANGE RES, LERGTH RATF
Main Charder Oxidizer Valve Command ™S AN 0-100% 1% 10 8
Main Chamber Oxidizer Valve Position MPES AN 0-100% 14 10 g
Preburner Oxidizer Valve Command DMS AN 0-100% J1E 10 &4
Praburner Oxidizer Valve Fosition ¥pS AN 0-100% 2 10 {64
Preburner Fuel Valve Command s AN 0-100% A€ 0] 10 8
Prebirner Fuel Valve Position MPS O} AN 0-1003 4 10 g
10X Speed Inducer Oxidizer Velve Cemmend 3 N | o-1002 A8 10 64
LOX Speed Inducer Oxidizer Valve Positlon MPS AR 0-100% 1% 10 64
LOX Turbopusp Speed MpPS AN 0-100% .13 10 |64
IH» Turbopump Speed MPS I AN 0-100% % 10 64,
10X Flow HPS AN 0-100% it 10 8
1H, Flow MPS A 0-100% 1% 10 8
Main Pump Iniet Lox Temperature MPS AN 0-100% 253 8 4
Main Pump Inlet IHa Temperature MPS N 0-100% . 25% g 4
Main Pump Inlet Fuel Preasure uPs AN 0-100% 2 10 &4,
LOX Low Speed Inducer Exit Prasaure ¥ps M 0-100% % 10 64
Heat Exchenger Exit Temperature MPS AN 0-100% 255 4 8 g
Eight Preburner Tempsratures MPS N 0-100% 25% | 64 2
Maln Chamber Skin Temperature MPS AN 0-100% .25% 8 2
Mozzle Coolant Temperature ¥PS AN 0.100% 258 g 2
B fteen Solenoid Valves IMS . | DIS 15 2
Figure 4~ 8 Main Propulslon Systen/DMS Interface
wolve IH2 Isclation Discomnect Valves s DIS 12 AR
welve TOX Isolation Dlsconnect Valves S DIS 12 AR
Six 4o Vent Valves s bIs ‘ 6 AR
Stw Lox Vent Velves s DIS 6 AR
our Iy Fill and Drain Valves NS + | BIS A AR
our Lox Fill and Drain Valves S DIs ° A AR
onn IHy Pressurization Valves s DIs 10 iR
en Lox Pressurization Valves s IS 10 AR
o I Squib Actuated Pro~Valves ms  jDIS 2 AR
Lox Squib Actusted Pre-Valves S DIS 2 AR
Valve Posis ion Feedback PMS DIs - &8 1
en Lox Level Sensor Qtupubs PMS AN 0-100% +25% 80 1
en IH, Level Sensor Qutputs PMS AN 0-100% 259 g0 1
en Lox Presaure Sensor Qutputs PMS AN 0-100% .25% 80 2
en 1H, Pressure Sensor Outputs M3 AN 0-100% .25% | 80 2
{ve Lox Pressure Switch Outpuis M8 DIS 5 2
ive IH. Pressure Switeh Outputs PHS DIS - 5 2
our Lok Temperatures PMS A 0-100% .25% | 32 2
our IH, Temperatures PMS AN 0-1004 258 | 32 2

Figure 4~ 9

Prapsllant Managetent System/DMS Interface
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4.2,2 Resction Jet Propulsion System

Figure 4.w%0 is a schematic of the reaction jet propulsion system., The
figurse shows_only the hydrogen gystem; the oxygen system is identical.l The
reaction jet system uses a gas generator driven turbopump t¢ supply pressur-
ized gaseous hydrogen and oxygen to the reaction jJets. There are 16 reaétion

jets on the booster contained in two rings.

For redundency thrse gas generator systems are used to supply the 16 reaction

5 and-H2 solenoid valves shown on the rockets are controlled by

the £light control system and are not considered part of the reaction jet

{

propulsion system control. Figure 4 ~11 shows the interface requirements

jets. The O

between the reaction jet propulsion system and IMS.

4.2.3 Cruise Engine Sysiem

Thé booster is assumed to have six crulse engines. Thrust level commands
to each engine are provided by the autothrottle control law in the flight
control system.- In addition to throttle commands it will be the responsi-~
bility of the DMS to issue start and shutdown discretes, control the fuel
air supply to the engines, and to monitor engine performance. Figure 4 -12

shows the interface requirements between the cruise engines and DMS.
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WORD

SIGNAL SOURCE | TYFE RANGE RES LENGTH} RATF|
i
Three CHa Gas Generator GHp Control Valves s DIS 3 2
Three GH, Gas Generator 00, Control Valves s DIS 3 2
Three CHy Gas Generator Igiition Voliages s DIs 3 2
Three GH; Gas Generator Turbine Speed RIP A% 0-100%8 | .25% | 24 2
Nine GH, Gas Generator Temperstures RYP AN 0-100% 258 72 2
Three Gff,, Gas Generator Pressures RIP AN 0-~100% .25% 24 2 .
Thres GO, Gas Generator GH, Control Valves S Iis 3 2
Thres GO03 Gas Generator 602 Gontrol Valves s IS 3 2
Three GOp Gas Generator Ipfiition Voltapes 4 B1S - 4 3 2
* |Three HO,, Gaa Gensrator Turbine Speeds RIP AN 0-100% 258 | 24 2
Nine GO., Gas Generator Temperahure RIP AN 0-100% 25% 1 712 2
Three 68, Gas Generator Pressures RIP AN 0-100% 254 | 24 2
Forty-Eight Propellant Control Valves mis BIS A8 AR
Sixteen Rocket Chamber Temperaturas RIP AN o-100% | .25 |128 8
Sixteen Rocket Chawber Pressures RIP AN 0-100% .25% 1128 8
CH. Tank Pressure RIP AN 021004 . 25% 8 2
GCJ2 Tank Pressure R® AN 0-100% .25% 8 2
GH2 Flow RIP AN 0-100% 5% 8 2
Gﬂz Flow RIP AN 0-100% .25% 8 2
Fotd Line Temperatures end Pressures (5) RIP AN 0-100% .25% i0 2
J:
Figuve 4-11 Reaction Jet Propulsion System/DMS Interface
Pngine Start Diseretes ™S DIS 6 . AR
ire Tesh Dlserste s IS ’ 6 AR |
1 Control Valve Command .t ¥i) 0-100% .25% | A8 P
Air Control Valve Command et AN 0-100%. 2538 | A8 A
fenition Voltage Command s pIS . 6 AR
en Flow Control Valves ™is DIS k) 4
our Vent Control Valves mis DIs . 4 . &
“iControl Valve Position CES AN | o-100% 258 | 48 4
ngine Inlet Pressure CES N . 0-100% 255 |48 4
ngine Inlet Temparature CES AN 0-100% J25% 1 4B 4
Two Turbine Temperatures Per Engine. CES AN 0-100% 25% [ 94 4
Engine Speed CES AN 0-i006 |, .25% | 4B 4
wa GHy Flow CES A 0-100% |- 254 | 16 4
GH., Tank Level CES AN 0-f00% 4 .25% |16 4
wo GH2 Tank Pressure CES AN 0-100% .25 | 16 4

Figure - 12
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4o 3 Electrical Power Generation and Distribution

Electrical power is: supplied from two sources, umbili;al power during
prelaunch and & generator driven from a hot gas geaer;tor supplied
turbine. The generator produces 115/208V; 400 hertz power which
feeds an ac distribution system and converters which generate 28

volts de which is fed to a de distribution system.

4e3.1 Electrical Power Generation

Ay

Figure 4-13 is a block diagram of the msjor elements of the electrical
generation system. Hydrogen and oxygen are supplied to the gystem from
the main propellent tanks throﬁgh quad redundant -shut off valves and
pressure regulators. " The hydrogen supply is addit;onally controlled by

a regenerator bypass. Excess hydrogen is collected from the turbine
exhﬁust and mixed with the main supply hydrogen in the preheater, The
regenerator bypass controls the total hydrogen supply to the system by
1imiting the hydrogen supplied from the main supply tanks. The hydfogen
and oxygen are preheated before combustion inorder to change the hydrogen
and oxgyen to the gaseous state and to insure total consumptioﬁ of the
oxygen in the combustion process. The supply's of oxygen and hydrogen
from the preheater are controlled by a servo valve which accurately
controls the quantity of each to the combustor. The combustor is supplied
by an overly ‘rich hydrogen mixture in order to guarantae complete oxygen
consumption thus reducing oxidation of the ﬁurbine_parts during operation.
Excess hydrogen is also used to control the combustion temperature. The

hot gas is used to drive the turbine. The +turbine is connected to the

27
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generator through a conatant séeed drive transmission. The
transmission compensates for variable turbine drlve speeds and
generator load variations.- Constant speed is required to provide

a fixed frequency output from the generator. Figure 4-154isa list
of the monitoring and control signal interface between the electrical
generation system end the DMS. On the space shuttle gooster there
are thres identical electrical generation systems. The signal in-

terface shown. in Figure 4-15isfor one systsm only.

4e3.2 Flectrical Distribution System

A disgrem of the ¢lectrical distribution s}stem Including de c&nvertars‘
is shown in Figure 4~1/ Each of the three generators.and umbilical
power is capdble of being connected to anﬁfone of-th%ee essential AC
buses through circuit breskers controllable by the DMS. Each of the
easential ac buses is capable of béing.céhnected'to.any one of three

ac to de povwer converters and any one of three non-essential ac busses
through DMS controlled circuit bra&keés. The Gutpu#séf each converter
are capable of belng connected to any one of three'éssepﬁial dc buses
through IMS controlled circuit breakers. Each'suhs§stem is connected
through IMS ontrolled circult breakers to the appropriate ac or de

bus, Critical subsystems are capable of being supﬁliéd from mors than-
ons bus, thouéh_noy similtaneously., No provision ig'pyovided to parsllel
génerators or g@nverter outputslhowever, generator speed control will
attempt to keep all generators synchronized such that an.inadvertant
paralleling of generators due to circuit failures will nét demand

excessive currents from the paralleled gemerators., Protective diodes



will be provided to the IMS between umbilical powsr and each generator
in order to parallel each generator with umbilical power for a short

. period during the swltch from external to internal power in order to
avold switching transients. Figure 4-16 18 a list of the iﬁterface
signals between the electrical distribution system and the IMS.

Frequency measurements are synchronizéd to the eomputef clock, Two
words are read into the DMS for each frequency measurement. These
two words are generated from the 400 cycle power line. One input
word is the contents of a counter register which éonfinuoﬁély counts
the positive slope zerc crosaings of the‘ac voltage. This counter
Tuns continously, is not reset and overflows are ignored., The
second word is a counter counting 40Kc elock signals énd reset QVBry
time the first counter counts, These two words are gampled four éimas
every second. If the ac supply frequency is exactly 400 cps then the
difference in two .semples of the first word will be counts and the

difference in two samples of the second word will be O counts.

The synchronizing voltage is derived by registering the maximum
difference between umbilical and generator voltage ocouring between any
two DMS samplings, If the maximum voltage between the umbilical and
generator is small, over 4 second {i.e.,, the time between two samplings)
it is knowm that thg two sources are nearly synchronized in frequency
and phase and the switching from one source to the-ofher can oceur

with little switching transients.
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SIGNAL ' SOUKCE | TYPE mmce | et | e | Feso
Circuit HYreaker Commands
Umbilieal to EAGE (3) DMS bIS AR
Generator to EACE (9) DM3 pis - AR
EACE to Converter (9] DMS - DIS AR
EACE to NEACB (9) DHS DIS . ) AR
Converter to EDCB {9) DMs Dis AR
EICE o NEDCR (9) DM3 DIS AR
Monitoring Signals
EACB Current {3) DS AN 0-100% 5% 5 4
NEACB Current (3) EDS AN 0-100% 14 5 "4
EDGE Current (3) EDS g 0-100% 14 5 4
HEDCB Gurrent {3) EDS AN 0-100% 14 5 A
Generator Syne Voltage (3) EDS AN 30004300V | 5v 6 4
Umbilical Frequency Coarse EDS AN ‘0-128counts | Tcount 7 4
Umbilical Frequency Fine EDS AN 0-10Ccounts | leount 7 ' 4
Converter Temperatura (3) #03 AN 20 to +85%d 5% 5 b
Converter Voltage (3) E0S AN 0 to 30v .57 [ A

Pigure 416 FElectrical Distribubion System (EDS)/DMS Signal Interface '

I

02 and HZ Shut OfZ Valve
. Commands {8)

0, and N, Prohaater Pressure (=)
02 and 1{2 Preheater Temperaturef2]
Regenerator Bypass Valve Command
0, and H, Sefvo Valve Comsand (2)
0, and H, Heater (2)

(Z)2 and }_!2 Corbustor Inlet
Pressure (2}

0, and H, Gombustor Inlet Temp. (2
Combustor Qutput Temperatwre
Turtine Spsed

Turbine Exheust Temperature
01l Temperature

0il Pump Quiput Temperature
0il Quentity

0il Control 'Valve

Generator Gross Speed
Generator Fina Speed
Generator Voltage, Phase 4,B,C.(3
Generator Current Fhase £,;B8;C.(3)
Generator Field Current Control
Turbine rms Vibration

s
EGS
EGS
DMS
s
DMs

EGS
© s
8
e}
58
508
e
BSS
DS
BGS
EGS
EGS
BGS
DMS
03

DIS

; Eeess

EEREEBEEREEER

BB

Al
AM
Al
AN

300-400psi
0-100°F
Closed-open
Closed-opsn

300-400pat
1000~1400°F
1000-1400°F
0-70000. rpm
200-500"F

| 150-190°%
0-1000psi

o-100%
0-100%
O-12Baounts
0-100counts
0-150vac
0-50 emps
0-100%
0-8.107%1n

1p=si
19p.
1z
1 -

1psj(.
8F
4°F

600r pm.
4F

1%
10psi
2%

1%
Teount .
1 count

I dvac

‘Tamp
1%
2.1074n

] w) ~F =
PR ]

oo o e

[N - SR RS - B - ST T (R R R R R

P A N N N N T N

Flgure 4~1% Electrical Generstion System (EG-S)/DMS Interface
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4.4 BNavigetlon and Guidance

Navigastion is the process of determining the locatlon and velocity

of the vehicle while guidance is the process of de'bermiﬁing the

desired vehicle position and veloeity and the genera'@i‘o_n of commands

to force the desired and actual position an;:i veloelty to ‘coineilde.,
Navigation requires sensors which measurs either the vehicle's

position and/or velocity with respect to a known reference o the.
vehidle's change in position and/or veleeity with respect to its

known position and veloecity. To perform navigation the DMS computers
mugt interface with navigstion instruwents, The only interf:‘aca with
external equipment required by the guidance system 1s an interface with
data entry whereby the pllot can enter the valuss requ:f:red to speeify
the desired mission £1light path., Datz entry is discussed wnder

gection 4.;? and thus only the navigation sensor interface rsguirements

will he diseussed in this section,

VAV Strapdown Tnertisl l@aviga'biozz

The sensors required for inertial navigation(using a gtrapdown con
Figuration capable of ‘surviving any three sensor failures)are 6 linear
accelerometers and 6 gingle degree of freedom gyros. Figure 4-17 is a
blo‘ck diagram of & gingle degree of freedom gyro and its torquing and
IMS interface electronics, The gyro conbains a balanced rotor driven
by a spin motor supplied from the 3 phase 400 cycle essential ac bug.
The rotor is zgnunted in a single gimbal having a plickoff and a torque

motor. During operation the pickoff angle is continuously driven to
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Figura 4~17 Singla Degree of Freedom:Gyro Mechanization

Spln Motor Excitation Plekeff Execitation IIHS

$ i

- Pidkore |Gl |
Q‘D Gyro Filter <
|Biaa Reg.-, ; { .__iRotor Speed
| Glocking g:':j:q %s:el A AC Circui}; ‘.Preakar ‘““E‘“‘”‘““'
Gate i i“ BC_Circult Bresker Coumands
—'l- -t~ Heater Commands
i |, Scale Seale: I s N CH
Glock Factor “Factor l - -,
- > %"—r;ﬂla JFactor
’_: +_Scele Factor
.__J._DUEPply Voltage
. ! ‘b _AC Supply Voltage
| o outpus
: - | Blea = -
1 Temperature
. N BN .
L Supperting
Parmanent . Perpanent] .
‘Hagnat: . Ligaments, I Magnat s
51 ) k '8 ' Sensitive .
M1 b ™ Hz ' -
‘ ; . ) ) Axia
Permaneht _ [ Pernanént
Magnet . L’ Magnet
Supporting . . =
. - Ligaments —p
2
[}
Lo Ampl s t H
y
[Zero .| Zero
iCrosaing ‘Crossing
Detector Detector
3 T
Adder 1 i Subtractar
I *. Register 1 Oudput, o

- Flgure 4-18 Vibrating String Acceleromoter
re

33



zero by the torquer through en electronic servo loop. If the gyro

was perfect the rotational rate about the input axis would be pro-
portional to the torquing current. In an actual instrument there are
numerous error sources which are partially correctqd in the torquing
loop mechanization. In order to provide a digital interface and
eliminate effects of torquer nonlinearities the gyro is pulse torqued
rather than proportionally torqued. 4 high precision‘reference clock
1s generated. At each clock pulse a decision is made to command either
a constanf positive, constant negative or zero torque_pulse for the
next clock period., This decision is baged upon the magnitude of the
filtered pickoff output. The instrument output iz the .acecumulated
algebraic count of the torquing pulses. Specisal provisiéns are provided
for thé elimination of two major error gources, scale factor and bias
errors. oScale factor errors originate in torquer.nonlinearities and
tolerances in the electronic generation of the torguer current,
Correction of scale factor errors is accomplished by adjusting the
positive and negative torquing pulse current magnitude., Pickoff and
torquing current null errors produce a continuous steady state bias
while mags unbalance in the gyro causes bilsses proportional to
accelerations experienced by the instrument. These biaseé are removed
by constantly supplying a computed torguing eurrent to‘tha g¥yTo.

Scale factor and blas errors are sensitive to temperature which is

therefors controlled within narrow margins,



There are several types of acéeleromeiers used in inertial navigation
systems., The most commonly used accelerometer in stabilized platform
applications In a pendulous integrating gyro accelerometer (PIGA).
This instrument has igherent disadvantages when applied to a strapdown
navigation system. The instrument output is proportioned to both
linear acceleration and angular rates. When mounted on a platform
stabilized to inertiel space,angular rate inputs to the instrument

are zero, In a gtrapdown application the instrument output would have
large angular rate components which would have to be subtracted in
order to obtain pure linear accelerations. In designing an |
accelerometer  each design decision is based wpon ébtaining highly
accurate acceleration outputs. If the design is also constrained

by a requirement to obtain accurate angular rate outputs a sacrifice
in linear acceleration will result. Because of the lim§tations of

the PIGA, a vibrating string accelerometer will be agsumed as the
strapdown linear acceleration instrument on the space shuttls booster.
Figure 4~18 shows the internsal mechanization of a vibrating string
accelerometer, The heart of the instrument are the two masses, bH and
Mé separated by a spring and supported along the instfumen£ gengitive
axis by two taut sfrings, S1 and 52. Ezch mass is also supported by
four ligaments, two as shown in the plane of Figure 4-18.and two
normal to the plane of figure 4-18, The‘two masses and gtrings are
made as identical as possible. When the ingtrument is not being
subjected to an accéleration -along its sensitive axis ‘the tension on

the two strings is the same. An acceleration along the instruments
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sengitive axis causes an increase in the tension on one string and =
decresase in the tension on the other siring, The two strings are

made to vibrate at their resonant frequency. To do this,permanent
magnets are built into the instrument such that each string passes
through a strong magnetic field. As the strings vibrate they move

in this magnetic field causing a current to be induced in the stéing.-
This current is amplified and fed back to the string in such & manner
that a sustalined vibrastion at the natursl frequency of the string

oceurs, If T1 is the tension in string 1, T2 is the tension in string 2,
TB the tension in the interconnecting string,and a the agecelerstion being
experienced by both masses aiong the sensitive axis direction,theﬁ the

équations relating temsion to acceleration for the two mssses are:
T, - T, = Ma (1)
5 = T, = Méa (2)

These two equations assumed that both masses are being simultaneously
boted upon by the same accelerations. This is a reasonable approximation
in the frequency bandwidth of interest for the instrumept‘being employed as
an ‘accelerometer in that the two masses are constrained by the strings -

to remain with the instrument. Adding squations 1 and 2 yields:
T, - T, = (¥ +¥))a (3)

i
If the tension in the strings under static unaccelerated conditions is T0

dnd the change in tension dus to an acceleration of magnitude a is gﬁhTz

—%-



and - A 'l‘_] then

T, = Ty- AT, (4)

T, = T,+AT, (5)

and equation 3 becomes
AT1 + AT, = (M_I +M2)a - (6)
In the linear range of the aceelerometer
AT, = Ka (7
AT, = Kaga (8)

The resonant frequency of a uniform vibrating string is proportionazl to

the square root of .the temsion on the string thus
£, = 6, y T (9)
1 1 1
£, = G, j‘f; (10) |
substituting equations 4,5,7 and 8 into 9 and 10 ylelds
£, 0= 01\} Ty - K48
£, = G

By Taylor's expansion
~ 8 lf
1 (e irmaf o (Ke) 5k ] y
€=C,Ji[’“z('7‘;*)“8 'i";'")'ié ) al )] ()

L ﬁr::’.?)_,_f_ fﬁ)“ L(mB EWALAY
g_:cdi[f*z(ro (7% )76 7;)’/25' T )“

e
b
S
™
\_“‘.’
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These series ére rapidly convergent if K1a and Kza arse small,

To To
From equations 7 and 8 these ternms

bacome Z&TE and 15T2 » The accelerometer iz manufactursd so that the
T A

0 0 .
ﬁre-stress on the strings is very high compared to the operating range
stress changes making the above serles rapidly convergent. ‘ Subtracting
equations 11 and 12 yiselds

~f; = (c -OWT + 22, K2+c ) a- Y% (G- ks
% (c, K, +CK a® - 0*((_‘2}{2 LK )4 +ans (i3)

7z T3

If the instrument is bullt symmetrical, i.e., the two messes and two strings

ére identical ths

My =M, =M (14)
¢, =6, =¢ (15)
K, = Kz" =K (16)

o K oK a’
1 2
V%o IEN

With a perfect instrument acceleration would be measured using the equation

VT (g,-£) B &2 (18
cK 2
. STO
The output of the amplifiers supplying excitation current to the vibrating

(17)

strings is & sine wave. The frequency difference of the two sine waves is

génerated by taking the difference in the number of zero crossgings on the
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two amplifier outputs over a specified constant time increment. The
input to the computer is this accumulated zero crossing difference.
With the computer, compensation is made for instrument nonsymmetry are

3

the 8~ term of squation 18 by applying the computation below

- 2 3 raay
AV = A11i - Ay = AT = AT (19)
The values of‘A1, A2 and As are determined from laboratory calibrations
of the instrument and Ao from laboratory and prelaunch calibrations, I
‘t; ';r-: I
45 tﬁg instrument output and AV the measured change in vsloclty over the

time interval between samplings.

The instrument is_highly sengitive to tempsrature and has.its temperaturs
controlled in the same manner as the gyros. Interface signals between
the accelerometer and computer include DC power supply'monitoring and contro:

signals as are used for the gyro.

The sampling rate and resclution required in interrog;ting the strapdown
accelerometer and gyros and solving the strapdown equafioq; has & major
influence on the speed requirements of the IMS, In orden_fb»determine the
sampling rate and resclution. requirements a simplified error -analysis on

each error source is parformed below.

GYRO RESOLUTION “In strapdown navigation the gyros are used to determine

the direction of all forces acting upon the vehicle,

An estimate of the velocity error generated by gyro fes—

olution is given by the Tormuls

. %
:-zv/R = fo £ a(t) sin (6m - 8) 4t
e .
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where the integratim limits cover the time from launch +to thrust
termination and a(t) ia total accelerabion and €m - © is the difference
between measured and actusl orientation. The formula represents a
Worst case estimate of velocity error in that rather than total
;gpeleration only the component of acceleration normal to the gyros
gensitive axis should appear in the formula. Errors_in.msasured -
égienhation, i.8., ém - © dus to gyro resolution will vary throughout
%%%%gj,g¥thin the range -R, to RQ. A worst case analysis agsumes that

(2

fm - © is slways at an extreme value Re. Assuming small values af Re

stich that the sine Rg is similar to Rg expreased in radians then performing

the integration in the above formula yields

B/ = v R

c - f£f0 .
where Vé ig the vehiecle final velocity.. Expressing RG in degrees and
= 15000 £t/sec yields

agsuming & value of Vf

Ev/ho = 262 Ry £t/sec

§GGELEROMETER RESOLUTION The accelerormeter outputs to the computer at
sach sampling are a measurement of the change in velocity along the
instrument sensltive axis direction since thetlast sampling, An error
gource in these magsurements is the resolution in msasuring the velocity
change defined as Rv' The navigation solution in the computer resolves the
velocity change into inertial coordiﬁaﬁes and accumulates the velocities in

each inertlal direction according to the formula

v =:E:£¥ﬂm cos O .

where.[kVﬁ'is the measured velocity change. The acceleromster mechanization

which acecumulates the differesnce in the number of zero crossings of two sins
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waves does not contribute to an accumulating velocity resolution error.
The resclution error is generated such that the sum of zsva'pulses
accumulated in the DMS will never differ more than 2Rv from a sum
obtained from an instrument having no resolution error. Thus the

velocity error due to accelerometer resolution is

Ev/ﬁv = 2R ft/sec

SAM?LING RATE = Errors caused by a finite sampling rate are due to the
integrations required in the strapdown navigation solutioﬁ. The basie
navigation computation requires the integration of a resolved acceleration.
The integration 1s approximated in the IMS by a summation process. Several
integration approximations exist. Rectangular integrafion will be used

to determine the errors cauged by sampling because it is the siﬁplest to
analyze and will 1éad to 8 conssrvative snswer in that Sther Integration
schemes have in gensral increased accuracy. In order to analyze_the

effects of sampling,a simple boost trajectory must be assumed. The

resolved acceleration of the sample trajectory is then integrated over

one sampling period and the approximate integral valpe dévaloped by the

DMS subtracted from the true integral result to generate the error accumilated
during one sampling pericd., This error is then sunmed over the total
number of samples in the boost trajectory. The error over a single sampling

period is given by ‘ )
F= (7 (a,+a+)cos 6+ dt- T(a,+at) cos ot
=T .
whore the assumed trajectory is caused by the vehicle experiencing an

acceleration composed of & constant term,hao, plus & constant acceleration

rate, &, andturning at a constant rate,é. The sampling interval is T,



Performing the integration yields, R N c
= %s Sindt - %.o. sind (+-T) + '%1 £os ot - —gzm Si-T)+ f: sindt
- (t Tg)é $in&(+-T) - T{a,+at)cos ot _
using trig identitlies and assuming that 8 T is small such that cos 6 T-
=1 end sin 0 T = 0 T ylelds:

L]

E =-T2 a cos 'Qt

To accumulate the velocity error due to sampling over the entire boost
flight this error must be evaluated for each sampling instant and summad
over all sampling periods. A worst case evalustion resulis if 6%; is

dosumed to be zero resuliting in
/T a s 4
Eofr = 2 (-T*d) = =TTz

(=

where T, 16 the total boost time from launch to thrust termination, The
chenge in acceleration, a s 18 caused by the expenditure gf vehicle'mass
as fuel is used while thrust is meintained near constant. A worst case
agsumption ie that the initisl acceleration at launch 1s zero and thus the
total achieved final velocity can be attributed to the a’ term. If this
is assumed with a final veloclty 6f 15000 ft/sec and & total flight time,

T

r of 200 seconds than

E v/T = 1507 ft/sec

Th determining the values of Rv’ RO and T both practical instrumentetion
constraints and allowabls navigation errors must be considersd. Any velocity
and position errors existing at booster thrus£ termination can be corrected
by the orbiter. The correction must be paid for by a weight penalty in

additional fuel expended by the orbiter,

40



One phase A orbiter design has vehicle properties of

geparation welght W 730,000 1bs
fuel weight Wé 500,000 1bs
thrust F 900,000 1bs
specific impulse ) Isp 451 seconds
The total velocity increment ecapabilities of this vehicle is éiven by
"I Wf‘ ‘
__S_E--—X'- I
\Q:J e :-?ISP]"’"T\«}}-\—'{??
3 W= FE. 2 2

Evaluating this integral using the above numbers gives

Vo = 16,670 £t /sec.
Practical numbers for Rv, Re and T are .2 ft/sec., .02 degrees and 1/64, sec.,
respectively. According to the above analysis these numbe}s will result

in a total additive error of 8,0 ft/sec. This results in a losa of .05%-

of the orbiter velocity capability. This is é very small portion of the

total avallable orbiter velocity capabilities and is assumed aceceptable,

Figure 4-19 is a list of all interface signals between a single gyro and
accelerometer and the IMS, There are a total of 6 gyros and 6 accelerometers
on the booster and thus. the total list for the vehicle is 6 times that

ghown in Figure 4-19
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SIGNAL SOURCE TYPE|{ RANGE %ﬁ”" mfﬁ&g}“ %g
flotor Speed {Gyre) sss | 0-400"/s 15 /s 9, 4
. AG Circult Breaker Commands (2) DMS DIs - 2 AR
DG Circuit Breaker Commands (2) DMS DIS 2 AR
Hoster Command (2} DMS nIs 1 4
~8egle Factor (Gyro) DMS A 0-1 -005% 15 AR
+3eale Factor (Gyro) DMS a0 oo - L0058 15 AR
TC Supply Voltage (2) 888 AR 0-30vde 3vde 7 4
A6 Supply Voltage, Phase A (2) 558 AN 0-127v v 7 4y
AC Supply Voltage, Phasa B (2) §88 A 0127 v 7 4
AC Supply Voliage, Phase & (2) 885 AN 0-127¢ v 7 &
* 48 Output (Gyro) sss & | -1%n° .02v 7 64
Bias (Gyro) s AN 0-1 J005% 15 A
Tegperature {2) 835 AN 75-125°F 5% 7 4
& V Output (Acceleromater) 588 AN =3—+3{ps .2fps 5 64
Figure/-19 Strapdoun Sensor System (533)/DMS Interface
Pitot Pressure ADS AN 0-23psi .012psi 13 8
Statie Pressure ADS AN 0-23psi, .012pai Tt 8
Angle of Attack Top Pressure " 4DS & | o-z3pss JOtzpst| 11 .8
Angle of Attack Bottom Pressure s | " am | o-23pss .o2psi| T '8
Angle of Attack Right Pressure ADS AN 0-23psi 012pai M 8.
Angle of Attack Left Pressure ADS AN 0-23psi 012psi k| 8
Probe Temperatura 4pS AN | -100 to 50%. .25% 10 8
Supply Voltage DS MO} D to 30v e s AR
Electronic Temperature 4AD8 AN 75 to 125°%F| 1% & AR I
Power on Command Ms | AN 75 1o 125°F| 1°F 6 AR
Figure 4~20 Alr Deta Sensor (4D5)/DMS Interface
AC Fower on Command M3 DIs " AR
DG Power on Command ms | bIs AR
AC Supply Voltage, Phase & MEC A Y 0-127v 1w 7 1°
AC Supply Voltage, Phase B MFC AN | O-12%% 1w 7 1
AC Supply Voltage, Phase C MFG AN 0-127v v 7 "
DG Supply Voltage MFC Y] 0-30v 3v 7, 1
Gyro Rotor Speed MFC e 0-127count “Teount ) 7 1
Xixis Gyro Pickoff MFC & | 0tose® | 1° 8 Ty
¥ Axis Gyro Pickeff MFC ax 95 to 9571 i° 2 4
X Axis Gyro Torguer DS AN -0 +o 90° 1° 8 4
Y kris Gyro Torquer DS AN 95 to 95% | 1° 8 4
Oscillater Frequency MFC AN 0-127 count| 1 count 7 1
Bearing Output Ksin'¥mh MFC AN -10 to 10v | .02v 10 4.
Bearing Output Kz2os Ymh MFC AN -10 to 10v | .02v 10 4
Electronie Temperature MFC AN 75-125%F .5%F 7 1
s - P18 : 1

Heater Command

Pigure 421 Magnetic ¥Flux Gate Compass (MFC

}/DMS Interface



b, 2 Alr Data Sensors

The alr data sensors consist of probes into the atmosphers, measuring
static atmospheric conditions and the dist?rbance of the aetmosphere
caused by the vehicle motion. All atmospheric data is ﬁeasured using
two probes.combined into a-unit called ' a piltot-static tube which
will be placed on the nose of the booster. This probe is used to
genge two pressures and a temperaturs., Pitot pressure‘is-the pressure
of the air rammed into a port on the fromt of the pro@a. The ports
for the static pressure measurement are along the side of the probe
and thus proviée still air pressure. The temperature sensor measﬁres

the heating effect of the compression of the air in front of the probe.

The second probe méasures the four pressures used to deterﬁine angle
of attack and side siip angle. This i& a cylindrieal probe having
four slots, one on each side, one on the top, and ond on ‘the bottom.
The difference in pressure betwsen the top and botiom glofs is used
to measure angle of attack, and the diff@rence in preé&u;e between

the two side slots is used to measure side slip angle.

Pressure tranducers.are used to convert the pressures sensed by the-
two probes to an analog votlage. An analog to digital converter is
then used to convert these voltages and the temﬁsrature.probé outpﬁt
to & digital format. Figure 4--20is a l1ist of fhe signals which inter-

face between the air data probes and the IMS.
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4ebo3 Magnetic Flux Gate Compass

The magnetic flux gate compass provides data to the DMS regarding the
bearing angle with respect to the earth's north magnetic pole. The
output of the magnetic flux gate signal is a typical three wire synchro
signal. Thus magnetic heading qémh’ is in the form of two voltages

i and'?FE related to magnetic heading by the formulas:

W= KSING ' (1)
and

v = KCOS\th (2)
The magnetic flux gate compass has a sensing element cqns@sting of a
%riangular soft iron core stabilized in the earth's tangent plane
Ey a gyro. Two magnetic windings, primary and secondary,‘are wound
ébout the sof't iron core. The primary windingiis excited by an AC
current of 48T cycies per second and drives the core into magnetic
saturation in both directions with desaturation periods between each
saturation drive. The secondary winding is connected so that any

induction from the primary is suppressed.

The earth's magnetic field is alternately excluded and admitted to the
core as the core is alternately saturated and desaturated by the primary.’
This modulation of the earth's magnetic fisld is picked up by the second-
ary winding, The modulation frequency is 975 cycles per second, filtering
allows for further rejection of any 4874 eycle per second prim#fy
induetion into the secondary. The secondary coils are arranged so that

& unique output occurs for each angle with which earth's magnetie field
intersects the core. Figure A-é% is a 1list of the DMS/Magnetic flux

gate compass interface signals.
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The interface signals consist of commands ﬁo switch the ac and de
supply voltages. Analog signals are required to monitor the ac and

dc supply voltages. The gyro rotor speed is monitored by a .countér
which counts pulses which are generated.once each rotor revolution:

The counter is 7 bits long and read by the DMS once per second.

The counter will overflow several times during the second between
3Fterrogations by the DMS., The DMS will assume that tﬂe rotor speed is
within a wide speed band and thus receives a fine measurément within

the assumed speed band.

The magnetic flux gate compass gyro is -a vertical seekiné gyro ir a
normal gircraft aﬁplication. Vertical seeking gyros .&re ;onstructed
such that mechanical torques and the gyro automatically kéep-the gyro's
angular momentum vector aligned with the total acceleration vector on
the'gyro case. The only éccéleration sensed by the gyro is the reaction
force between the. aircraft and gyro opposing gravity in avtypicai air-
craft application during consfant velocity cruise. Thus thé-gyrbfs :
angular momentum vector is automatically aligned with the vertical.

A vertical seeking gyro is inadequate for the magnetic flux gate compass.
to be available on the space shuttle during reéntry when large aero~
dynamic accelerations are experienced, Thgs for the spéce shuttle
application a standard two axis gyro will be used haviné pickoffs,

and torques on the sensitive gyro axis. The DMS will slave the gyro

to the outpuls of the inertial navipation Euler angle attitudes at a

4 per second rate. The frequenéy of the 487% cps oscillator is measured
by a counter and read into the DMS at a 1/§econd rate. The temperature
of the electronics and gyro is measured and controlled by a heater commang.

The two voltages represented by equations 1 and 2 are read by the DMS at

four times per second. =47~



hobeod TACAN Receiver

The Tactical Air Navigation System (TACAN) is designed to give a
continous indlication of bearing and dlstance from an alrcraft 4o a
TACAN ground station. There are 126 frequency channeis assigned for
TACAN usage. Each operational ground TAGAN station is assigned a
gingle channel, If more than a single TACANW station is éperating on
the same channel,the geographic separation will be such‘as to eliminate

all possible ambiqulities between the two statlons,

The TACAN ground station produces & theoretically infinite number of
courses or radials which radiate from the_station 1ike spgkes from the
hub of a wheel. These radials are pm vided with azimuth intelligence
by a comparison of the phase difference between £wo radiéfed signals;
These signals conslst of a pulsed reference phase signal and s variable
phase signal which is directional and exhibits & variable phase versus
azimith relationship., The reference and variable phaéé gignel are
radisted from an antennas array consisting of a central-antenna and two
¢ylinders. The entire antenna rotates at 15 revolutionS‘pérf second.
Ths innef cylinder has sn embedded reflsctor to disﬁo?t the radiastion
pattern of the central antemma into a cardioid pattern. The outer
¢ylinder has nine embedded reflectors resulting in a'modﬁlation of

the basic sine wave nine times.for each Béoo'phése_diffefence. This
modulation techniqus results in niﬁe electrical degreeé being equated

-

t0o one azimuth degree.

A pulsed reference sigmal is utilized for conparison with-the variable

signal‘(sine wave). This signal is transmitted each time the maximum
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lobe of the cardiold is at & bearing of megentic east.  Within the
receliver the phase measurement is made with respeet to a wvariable
signel zero crossing point. The output of the receiver phase
measurement electronlcs is the magentic bearing angle from the

transmitter to the receiver.

The measurement of dlstances from the vehicle to the TACAN ground

station is accomplished through utilization of an interrogation/response
techniqua. The vehicle transmitts an interrogation pulse to the ground
station transponder., The vehicle receiver determines fhe time requirea
between the original pulse transmission and the receipt of the transponded
pulse. Slant rangs is then computed by knowing the prgpoéation speed of

electromagnetic radiation,

Special features are designed into the distance measurement system to ensble
simmltaneous usage by up to 100 vehlcles, The wvehicle transmitted inter-
rogation pulses occur at.a random fraquency. The distance measurement
receiver operates in a search or track mods. In both modes the receiver
looks at a narrow time slot for the transponded return. In the search

mode this time slot is adjusted until the ratio of received returns to
transmlitted pulses is high at which time the track mode is entered. In
track the time slot is slowly moved so as to keep the return pulses always
cenfered in the time slot. DPecause the pulse transmisaion rate from each
vehicle is random the probability of receiving a large number of replies

initiated by other aircraft during the time slot period is low.



Figure 4-22 shows the interface requlrements between the TACAN and

the DMS. The interface includes the normal AC and DG powsr on commands
and primary power monitoring réturns., The transmitter required of the
distance measuring equipment. (DME) will have its frequency crystal
controlled. The erystal will be mounted in a temperafufe‘controlled oven,
The receiver transmitter channel selscted by the pilot will be indicated
to the IMS. The bearing measuring equipment will return bearing to the
IMS and & signal indicating that the system has achieved phase lock 6n
the receivéd beafing signals, The bearing measuring equipment can be
tested by commanding a tesi and supplylng a bearing valﬁa. The normgl
bearing output from the TACAN should indicate the test value within some

small tolerance band after the bearing valid discrete iz -set.

Slant range is determined from two TAGAN returns: the ceﬁter of the slot
bosition and the position of the return in the slob.’ The center of the
slot- 1s measured as a time from the transmission of the interrogation
ﬁulse. Under normsl operation, multiple returms will éé'receiwed in. the
slot during the pericd between two IMS samplings .of the position of the
teturn in the slot, The data generated as the return élo? position is the
élgebraic sum of the position of all returns accumulated since the last
bMS sampling., The TACAN distance measuring system also éelivers the total
éﬁmber of interrogationé transmitted and replies recei%ed'since the lest
iﬁMS sampling. The DMS commends the center of -slot position and a test
configuration., In the test configurstion a fixed delay'of the transmitted
intgrrogation pulse is inserted into the receiver channel creating a known

ﬁulse return.,
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boldiab Landing Systems

The space shuttle booster avionics system will include an Advanced
Instrument Landing System (AILS) receiver and & standard Instrument
Landing System (ILS) recelver. The ATLS is included to fulfill the
zero-zero landing requiremsnts and thé ILS to extend the number of

landing fields agvailable for use by the booster.

ATLS

The AILS system provides azimuth, elevation and range from the vehiclse
to the end of the runwey. Figure 4-23 gives the AILS/DMS interface
requirements, The power to the AILS is controlled by two discretes,
one for DC and one for AC power. The supply power voliages and
electronics temperature is made.avallable to the IMS for. monitoring
purposes. Range 1s obtained by the vehicle's AILS transmitting a pulse
and receiving a transponded return from the ground station, The
operation of the ATLS Range squipment is similar to the operation of
the TACAN DME, The ground station reiurns are tracked by a narrow time
slot, The IMS hazs control of positioning the time slot center. The
accumulated sum of the position of the returms in the-time slot and the
total number of returns received are available to the IMS. The number

of pulses transmitted by the AILS is also sent to the DMS.

The AILS operates on an iterative bases. Each 1/5'of a_second is divided
into 6 equal parts, each 1/30 of a second long. During one of the 1/30
second periods elevation data is received, during another azimuth, and
during another range. Flevation data is received by the AILS as g series

of .pulse paiirs, The two pulses constituting a pulse pair are separated

—-52n



by 12 microseconds, The separation between each pulse pair is 40
microssconds when the elevatlon angle is O degrees and the separation
increases by 8 mlcroseconds for each degree of elevation angle up to

10°.

Azimuth data is also recelved as a series of pulse palrs. The sep-
aration between the two pulses constituting a pulse palr is 14 micro-
;econds when the vehicle i1s left of the runway center iinq,and 10
microseconds when right of the center line. The sepération between
pulsge pairs is A0 microseconds when the vehicle is above the extended
runway center line, and increases by & microseconds for each degree

in azimuth that the vehicle is off the center Iins up to 5° left or

right,

A five per second rste is imcompatible  with the selected IMS iteration
retes. A valid diserete 1s associated with range, elevation and simuth
returns. These discretes are set when data is being récéived by the

DMS at the end of the 1/30%! of a second period associated with the
particular data typs. The discrete is reset when the data 1s redd in to
the DMS. The discrete thus informs £he DMS if data is being received

by the ATLS and if the data is fresh.

Two discretes are available to command the AILS into one of itwo different
test configurations. AILS operation 1s tested by comparing range, sle-
vation and azlmuth values received wlth the test configuration commanded

against expected results.
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IS

The Instrument Landing System (ILS) is much less sophisticated then

the AILS system, The precision of the system'disallows~a Z8To-Zaro
1andin% capability. All msjor airports have ILS ground installations.
The space shuttle booster is provided with en ILS to.assist landing
operat%?ns for those airports where AILS is not available, The ILS
provid?s azimith and elevation data plus outer, middle and inner
marker beacon range data. Continuous range dats is qbt&ined if +the
airport also has.TAGAN IME. Figure 4—#4 shows the ILS/EMS interface
requirements. The interface includes AC and DC power on discretes,
monitoring of the supply voltages and the temperature of the electronics,
The elevation angle is measured with respect to a line inclined at

2-%9 with the horizontal., The aximuth apgle is measursd with respsct
to the extended runway center 1ine. ?he marker beacons are three trans-
mitters located along the exbtended runway. centerline which rediate =&
fan shaped pattern. The vehiclé IS delivers a discrete to the IMS

as 1t passes over the markef beacon. If the signal strength being
received by the ILS is sufficient for good reception,a discrete is
issued to the DMS, The DMS has the capability of ;ommanding the ILS

to assume one of two different test configurations. Each test config-
uration exercises the ILS equipment producing a fized elevation azimuth

and marker bsacon output to the IMS,
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RESOLY- | WORD LGTH | RATE
SIGNAL SOURCE | TYPE: | RANGE TION (er7s8) - | /sEC.
DC Power on Discrete DS bis 1 AR
AC Powar-on Discrete DMS DIs * 1 AR
DG Supply Voltage ILs AN 0-30v 3v 7 1
AC Supply Voltage, Fhase A ILs AN 0-127v ™’ 7 1
AC Supply Voltage, Phase B ILS AN 0-127v iv 7 1 .
AG Supply Voltage, Phase G ILS AN 0127w v 7 1
Electronics Temperature ILs AN 75-125°F 1% 6 1
Elevation Angle 1is A | 0 L25° 7 1
Azimuth Angle ILS bis U1 1
Guter Harker Beacon ILs pIs 1 “1
Middle Merker Beacon ILs DIs 1 R
Innsr Marker Bescon iLs IIis 1 i
Test Gonfigu?ation Digeretes DMS IIS 1 AR
) Figure 4-2, ILS/DMS Interface
AC Power on Command oMs Dis A AR
DG Power on Command s Dis N 1 AR
46 Supply Voltegs, Phase A RL | . an | o-1om 1v, 7 R
AC Supply Volkage, Phase B REL | AN 0-12%% . 7 ) :1
AG Supply Voltage, Fhase G . Raks - AN 1277 1'v‘:_ 7 i1
DG Supply Voltage RAL AN 0=-30v v 7 "1
Electronics Temperature RAL | 75-125°F 5% 7 1
| _Altitude L RAL AN 0-20,000F% | 10L% 13 1_
Signsl Strength RAT, & | c-to0z %, ‘9 1,
Bite Output . RaL | - AN ' 20 "1
Test Confliguration Command BMS DIS H 1 AR
Oven Temperature HAL A ] 75-125°F 5% 7 1
Heater Command IMS DIS : 1 "1
Figure 4-25 Rader Altimeter (RAL)/DMS Interface
AC Power on Command huicd DI8 i AR
BC Power on Gommand WRA DIS -1 AR R
AC Supply Voltape, Phase 4 VRA AN 127v 1v - 1
AC Supply Voltege, Fhase B WRA AN Oo-127v v 7. 1
AC Supply Voltege, Phase C- wra |° a¥ | o127 Tv O
DC Supply Voltage WRA - 8% | o-3ov v 7 o
Electronics Temperature WRA - AW '_75-12501“ | 5% 7 "
Oven Temperature WRA an | 75125 5% 7 1
Heater Command MS DIS ) ’ 1 7
Test Gonfiguration Gomgand ' DMS DIS "1 AR
Bite Output ViRA AX 30 ) 1

Figure 4-26 Weather Bndar (WRA}/DMS I

s
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b da Rader Sensors

The space shutile booster will contain two radar sensors. These
are s radar sitimeter snd s weather radar. The radar altimeter
will be used during the final reentry phase, crulse and landing.
During reembry the radar albtimeter is used to doternine when to
deploy the air breathing engines and to control the flight path.
During cruise the radar altimeter will be used for posgible in-
ertial navigetlon updates (the pilot must supply local ferrain
elevetion through keyboard entry), and in es*bahlis:hing & minimum
altitude. During landing the radar altimeter will be used to esiab-
1ish a minimum altitude and an altitude dlsplay to the pilot.
Figure 4- ;'25 is a I1ist of the Radar Atimeter/DMS interface re-
quirements, The signalsinclude the AG and DC power on commands .
and monitoring sighals providing measurements of the AC and DO
gupply voltages to the Radar Altimeter. Tﬁe temperature of the
Rader Altimeter ele;?.%rcmics is also returned. The measured al-
titude sbove the terrain and the signal strength of th; radar
returne are provided to the IMS, The radar altimeter will include
butlt-in test equipment (BITE), which will gemerats a 20 bit status
word for testing by the DMS. For ground checkout, the IMS can
command the radar altimeter into & test configuration and test all
of its outpu?s to the DMS against expected values. The radsr al-
timeter requires an accurate time source in order o measure altitude.
This time source is generate;& by a erystal controlled oscillator
which is mounted in & temperasture controlled oven. The IMS controls

the oven temperature by turning s heater on and off,



The DMS Interfaces withthe weather radar only for the pﬁrpose of -
checkout, temperature control, and operation monitoring. Figure 4~ 26
is a 1list of the weather radar/DMS interface requirements. The inter-
face signals include an AG and DC power command from the DMS. Supply
voltage magnitudes and the electronics and oven temperatures are made
available to the DMS. A hester cémmand from the IMS is:used to comtrol
the oven temperature. The IMS has fhe capability of commanding the
weather radar into a test configuration. In both the test and
operational configuration, a built-in test equipment (BITE) output is

generatved by the weather radar.

4oy TMiscellaneous Flight Instruments

There may exist several independent flight instruments which interface
with the DMS only for the purpose of ground checkout and inflight
monitoring. The interface assumed fﬁr this function will be 7 discrete
inputs and 14 analog inputs. The discretes will indicate if the associated
instrument has been turned on. Power switches for these instruments

will be located on the instrument. Fach of the analog inputs will be

7 bits long. The inpuﬁs will be sampled at a 1 per second iﬁerafion

rate.



4.5 Flight Control

The primary function of the flight control system is to maintaip the
vehicle at the desired attitude. The desired vehicle attitude is
determined either from the guidance system or directly from pilot
commands, Attitude is controlled by commanding torqueé on the wshicle,
The manner in which torques sre produced is dependent upon the.mission
flight phase; during boost thrust vector control of the main rocket
engines is used, during coast the reaction jet control system is used,
and during reentry, crulse, and landing aerodynamic control is used,

A secondary system generally considered part of the flight control
system is the throttle control of the cruise air breathing engines.

Figure 4~27 is a 1list of the flight control input/output requirements,

The pilot and copilot are each provided with a sidestick. controller used
to command pitch and roll raté. A detent switech is closea when elther

a pitch 6r roll input to the sidestick is greater than a set value.:

If the sidestick controller is below the detent value the pilot commands
are added to the automatic gﬁidance conmands allowing minor variations
about the guidance flight path. If the pilot command is above the

detent value, the guidance commands are zerced giving the pilot un-

obatructed control of the wehicle.

The pilot and copilot both have access to throttle controls for the

cruise air breathing engines (six engines are assumed for the booster).
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SIGHAL lsouRck |TYPE | RANGE  {RES, | WORD RATE
. LENCTH
Sidestick Controller Pitch Rete Command (2) FCS | AN |} H00% 241 10 16
Sidestick Controller Roll Rate Command (2) FCS | AM H00E | .25 10 16
Sidestick Conioller Dutent Discretes {2} FCs | DIS 4 16
Engine Thrust Compands (6) IMS | AN | 01003 | 1%} 10 8
Engine Response Signals (&) Fes | aw | o-100% .| .49 8 8
Throttle Daternt Discretes FCs bLs 12 - 8
Rudder Pedsl Command (4} FCS | AW 0-100% | 1% f 10 16
Rudder Detent Discretes (2) FCS | DIS 2 16
Pitch, Roll, Yaw (FRY) Beep Trim Fes | bEs o . iz 8
PRY Rete (4) Fos | AN | i20% [L0i% 12 32
PRY Rate Gyro Test Command (4) s | pIs | 4 1
PRY Rate CGryo DG Voltape Fos { AN | 0-30v | .3v S
PRY Rate Gyro AC Voltags (Fhase A, B, & G)(4) FOS | AN |- 02w |1y 7 1
PRY Rate Gryo Temporature (4) FOS | AN 75-125°H 197 6 1
PRY Rete Gyro Pover on Discrates (2) S | IS 2 AR
PRY Rate Gyro Rotor Speed Status (4) FGS | DIs 1 1
Acceleration (2) FeS | AN | #2568/cq .125F/52 12 | 32
Accelorvometer Test Command {2) s | bIS . 2 1
Accelaromatar Status (2) Fes | prs 2 1
Pitch + Roll Thrust Vactor Servo Command B | AN 5° 019 10 32
Piteh - Roll Thrust Vector Serve Command BS. | an | w50 .01: 10 32
Yaw + Roll Thrust Vector Servo Command mis | A 5% .01 | 10 32
Yew - Roll Thrust Vector Serve Command s AR 5% «01 10 32
Twelve {12) Thrust Vector Positlon Feedback FCS AR 5% _.01? 10 32
Thrust Vector Servo Power On Discretes Ms s B 7A AR
Twelve (12) Thrust Vector Servo DG Supply FCS | AR 0-30v < .37 7 1
Thrust Vector Serve Statas FCS | IIS 28 ]
Reaction Jot Commands s DIS 16 32
Reaction Jet Return Status FeM | DIS . 16 32
Elevon Commands (2) ms | AN +100% 25 10 32
Rodder Gommand S | AN Frafsie 2 2% 10 32
Flap Command s | AN 01008 |43 " 8 8-
Elsvon Position {(2) FC5 | AN Hong. | .83 8 1
Rudder Position FCs AN H00Z 87 | 8 1
Flap Position FOW | AN 0-1 ooet A3 8 1
Aerodynamte Controls Powsr On Discretes s DIS 5 AR
Elevon DG Supply Voltage (2} FCS | AN 0—30v Svy 7 1
Rudder DC Supply Voltage FCS AN - 0-30v v, N 1
Flap DG Supply Voltsge FCS | AN O-30v 3V 7- 1
Trim Motor Commends s bIs 6 8
Trir Motor Status FCS | DIS "6 8
Pilot/Copilot Stetion Select Switch Fe8 | BIS | T 1 16
Throttis Positions (6) FCs AN 0-100¢ {.1% 10 8

Figure4-27  Filight Control Syotem (FCS}/IMS Interface
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Each individusl throttle position is input to the IMS computers.
Fach throttle has two detent positions, i1dle and maximum power, which

are msede available to the IMS as discretes.

The position of both of the pilotts and copilot!'s rgdde% pedals are
input to the computer. The difference in the rudder pedal position

of the controlling station acts as a commend to the rudder during sesro-
dynamic flight, A rudder detent position determines if the pilot
command is added to the guidance command or if the guidance command

is zmerosd.

Trim discretes from switch positions at both the pilot and. copilot
stations 'are inputs to the IMS. There are two bits from each station
for each vehicle attitude, i.e., pitch, roll and yaw. The two bits
contain coding for +,- and 0 commands. Th; DMS dissues -commands to the

trim motors and tests the trim motor status.

There are four asngular rate instruments on the booster; one for sensing
roll rate, one for yaw rafe, and two forpitch. rate. Two piteh rate
gyros are used for better suppression of bbdy bending in the pitch axis.
Each rate gyro output is made available to the DMS. Fo@r test command
discretes can bs issued to each rate gyro which cauée‘caiibrated torques
to be applied to the gyro. The ac and dec supply voltages and electronics

temperature fof-each gyro are input to the IMS. The IMS issues ac and



dc power on dlscretes., An indication of proper gyro rotor speed is

input to the IMS as a discrete status bit.

The booster contains two linear accelerometers as épeéial flight con- -
trol sensors. These instruments are mounted at body stations having the
most desirable bending characteristies. Qne inétrument is mounted with
its sensitive axis normel to the body X sxis and in the vehicle pitch
plane. This inatrument is referred to as the normél accelerométer.

The other instrument is mounted with the sensitive axis normal to the .
body ﬁ axie and in the vehlele yaw plane. This instrumént is referred
to as the lateral accelerometer.. The ocutputs of each accelerometer are
input to the-IMS, The TMS can command the accelerometers into a test
configuration and recelves a status indication from bullit-in test

equipment.

It is assumeﬁ that the booster has 12 main rocket engines and that each
rocket engine 1s capable of being vectored. A hydraulic éervo on

each rocket engine is used to vector the‘engine. Rach engine when vectored
causes torqﬁe ébout two axis, either plich aﬁd roll of-pitch‘and yaw.

The commands fo each £hrust vector servo is one of f;ur types, either
piteh plus rall, pitch minus roll, yaw plus roll, or yaﬁ minus'roli.

The DMS issues these four commands which are routed to the appropriate
enéine. Position feedbacﬁ gignals from each thrué% vector servo‘are

roturned to the IMS for comparison with the commanded position for test
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purposes. The computer issues power on discretes and receives dec supply
voltage values., A two bit status indicator is returned to the IMS

from each servo.

The reaction jet system consists of 16 reaction jets. Fach jet receives

an on~off command from the ﬁMS and returns an on-off status to the IMS.

There are four asrodynamic surfaces controlled by the IMS. These are

the right and lef? elevon, the rudder, and the flapé. An individual
command is issued to each surface by the IMS and thé position of the sur-
face returned for testing purposss. A power on command is'isaued by

the IMS to each surface servo and the de supply voltage value returned

to the IMS for testing.
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4.6 COMMUNICATIONS L

The communication subsystem squipment, outlined in Section 3.6 °, provides
for two-way flow of information between the booster and ground facilities,
boostar and orbiter, and booster flight crew. The equipmént used is comparable
to that found in current spacecraft‘and large commercial sircraft. The
autonomy requirement and the desire to simplify flight crew functions for

the short booster miasion tends to minimize tye exterp&l communications.
However, during the development and qualification tests of the booster, voics,
data, and command capability to the ground will be reqﬁired for all mission
phases. This will assist in ‘the ground personnel tasks of monitoring and
analyzing booster ferformance to confirm the degign or to determipe required
modifications (7). For the operational missions, the booster, if unmanned,

will require data and command capability from the ground at all timeas.

This section discﬁsses interface requirements between ‘the coﬁmunication
subsystem equipment and the data bus and data management computers, Inter-
face details developed in this section are then used in later:sections for
detenmin;ng total system input /output, -computer memory, and software require-

ment.

Frequencies for the commmnications equipment discussed will either be given’
as an exact figure, or by an abbreviation or letter deslignation. Abbreviations
for radio frequencies .follow established dtandards (2).



%4.6.1 VOICE -COMMUNICATIONS

The primary volce communications equipment are the VHF and UHF transceivers
necessary to talk to MSFN or FAA stations. Volce reception ié also avail-
able on frequencies assocliated with the navigation and landing aids; AILS,
T1.S, and TACAN, The audio tones and identification signals associated with
thege aids are considered as belonging to the voice communications subsystem.

Voice communications ecapabllities of the S-band transponder are described

in Sections 4.6.2 . and 4.6.3.

Tt is anticipated that there will be no requirement to digitize voice signals
and carry them on the data bus., This will, then, 1imit DMS functions as
regards the volce commmnication subsystems to testing, monitoring, and control
operations. As complete asutomatic checkout of the voice communieation
subsystem and the assocliated antennas could involve gignal aimulators that
surpass the complexity of the equipment being tested (7), 1t is assumed that
only a gross onboard checkout of communication unlts ﬁill bs performed. A
detailed cheekout will be conducted on the ground &uring the meintenance cycle
using adequate test equipment. Preflight and onboard checkout will use the
minimum equipment necessary to provide reasonable aésﬁr&nce of satisfactory
equipment operations, Thq booster checkout system will have the capability

of  performing RF parameter checks, ranglng célibrations, and other similar
typeoTunetions through DMS programs and onboard test equipment (%1). Switch
and connector checks are also performed under IMS control. Monitoring functions
consist of verifying, displaying or recording the positions of on/off switches
controls, frequency selectors, headset connections, and-antenna or voice -
recorder switches. Control functions consist of the rémpte operation of

these commmications as required by operational modes.

-



A modification of current Apollo communication equipment (8) will satisfy
volce requirsments for

. booater to and from MSFN
. booster to and from orblter
o Intercommunications.

Figure 4 -28 chows an arrangement which emphasizes the role of the data bus
and the IMS computer in monitoring and controlling commnication funetions.
The following table lists a frequency assignment -of VAFA and VHF B tmans—

ceivers for pre~flight, boost and separation voice:

From __ To VEF Mode _ XMIT . RCV.

Booster MSFR Simplex A 296,8 _296.8

Primary MSFN Booster  Simplexz A 296,8 296.8

. Booster Orbiter Simplex B 259.7 . 259.7

| Orbiter ‘Booster Simplex B 259.7- 259.7

Booster  MSFN Duplex A 296.8 259.7

] MSFN Booster Duplex A "R96.8 259.7
Secondary |/ .

Booster Orbiter Duplex B 259.7 296.8

j Orbiter Booster  Duplex B . R59.7  296.8

The in'berc';omnnmication equipment permits in-flight communication between
the crew memberé » and preflight communication between fhe flight erew and
booster servicing persomnel. Commmnication iz conducted using hand-held
(MIEE 1 end 2) or oxygen mask (MIKE 3 and 4) microphones, and headsetes.

To use the intercom (I/G) » the microphone selector switch is set to I/C and

the push-to-talk (PTT) button sctivated.
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Pigure 4-28 Voico Communications Block Diagram

B p<

Anterna
Selsctor
296.8 259.7
ne me
v
VAP HF
- - -1 A B
Display and ;
l Controls l ‘ |
. l'r“ﬁ“’ ] i
Pitot [~ | quato [
€ GCeater | Inter .
.- ! Hoadeet .| Com
i Pad Pre Modulation
] ..’_Mike + ProcesscT  S-Band
6o~ | T oaaust | |_s-pent -
Pilot 2 |
I } VI
e —— T— 1 T
Dats
s
- Bus Yoice
ompute
¢ i . Recorder
RESOLU- | WORD LGTH] RATE
SIGNAL . SOURCE TYFE RANGE . TI08 - | -(BITS) - |* pz
Voice Communications
Volume Controls (12) CMS AN 0-28v =g ] o1
Mike Audio (4) ons N 0 - .5v .c02v g T
Radioc Master Control (3 NS DIS : 1 ‘ 1
Headset Jack (2) CHS |- DIS i 1 1
VHF XMET Cont (2) DS bIS B 1 1
VEF RGVA Cont {2} DMS IS g 1 o1
Comm: Sel (5 |- mMs DIS 1 "1
Audio Selector 73] s |- Dis 1 1
Horm-Aux, (7} s .| Dis. 1 1
Range Voice Select (2) s DiG 2 1
VHF Fregq. Select (3} s DIG 5 1
UHF Frequency Select * . (2) D¥S DiG ! 7 1
Comm Test {5) i DIS . 1 1
MBON Broad/Sharp {2} CHsS pIs 1 1
MBCN Coatrol (2) DMS Dis . 1 1
Mike PIT (4) cis DIS 1 1
Intercom Control (2) 2,31 DIS 1 1

Figure 4~-29° Voice Com:nunicaj.ions/l)MS Interface
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An additlonal VHF communications system ﬁill.mset voice .requirements with
MSFN during flyback and is also compatible with FAA enroute and landing
facilitiea. This system provides a capabllity for 360'channels in the
frequency range from 118.0 to 135.95 MHz, It is anticipatéd that three
independent VHF transceivers wiil be provided: VHF1, VHFZ, and VHF3.
Control panels for each of these units will becoﬁe part of the audio center.
Current control functions,-which will be supervised by the booster BMS,.
congist of the following: ’
. COMM SEL switeh - Two frequencles can be pre-selected on each
VHF ppitf(making it possible to -have a tolal of six different
frequencies selscted at one time)., On. each VHF unit? only one
frequency can be used at a time, but. the COMM SE; feature permit;
gwitching in the other freguency when desired.. This eliminates
having to dial a new frequency at a critlcal tims.
. Frequency Th-use Lights - Indicate the position of the COMM SEL
switch~(1ig£t i1Tuminates on side,correspop@ing to switch poslilon
and other light goss out). L '
. TFrequency Selsctors - Eﬁch of these conelst of a window. and two )
knobs, The first digit (™") of the frequancx‘is-pérmantly marked
in the ﬁindow. The next two digits (18 thru 36j are set by one kmob,
and the decimal portion (.00 to .95 in increments of .05) is set
by the o%her knob. -
. COMM TEST - This pushbutton momenta;ily disables the squelch control
c¢ircuits, causing background noise to be heard;‘thus giving an

indication that the receiver section is gt111 functi oning.
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NORM - SAT - This swltch will have no functioﬁ for booster operation
and should be kept in the NORM position, SAT position,pérfains
to VHF communications via asatellite.
VOL - A knob for volume control of each VHF unit.
Audio selector - Are On-OFF toggle switches marked to indicate
the radio unit to which each psrfains.
NORM ~ AUX - In case of amplifier failure, moving this switech to
the AUX position cuts 1n a standby amplifier thus restoring inter-
phone communications and radic receiver outputs,.
RANGE-BOTH-VOICE - A three position switeh which permits selection
of either range or volce signals, or both, from the selected
VHF NAV (navigation) receiver.
Radio Master - Three radio master switches which control the 115V A.C.
or 28V D.C. power to (for example):

(2) TACAN, Marker Beacon 1, Weather Radar

(b) VHF-2, VHF-B, Marker Beacon 2, IME

(¢) VEF-3, UHF-2, VEF NAV-2, Glide Slope 2
Normally, somsumit's power supply is indeﬁendent of Master Radié
switeh position (clrcuit breaskers being.thé only controi oger power
ag long as power is supplied to booster systems). These units
typieally inelude:

Tntercom, VEF A, VEF 1, VEF NAV & GS<1, ATG Transponder
Two UHF units, UHF-1 and UHF-2, are the primary means for voice
communications with military agencies. Channels are also avail-
able to FAL facilities, This system has a capability of 3500
channels in the frequency range from 225.0 to 399.95 MHz with

incremental changes of .05 MHz., Ten of the available channels
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(those most likely to be used) are ﬁreset into each UHF unit.
Controls associatad with the UHF communlcations are:
. OCHAN SEL - Selects a preset channel an& displays ifs frequency
» COMM SEL -~ Same function as VHF comm,

o VOL - Volume control

When either of tﬁe VHF' NAV sets are iIn operation and the RANGE-BOTH-
VOICE switch is set to BOTH or VOICE, ground to alr volice communications
or aural identification of VHF navigation facilities. being monitored

is possible, The characteristics of these reéeiyed signals are (1Q):

« The simultaeneocus ground to eir signals are on the same frequency
ag the ILS localizmer( .all. 50 KHz spaced cﬂannels from 108.0
to 119.95). ‘

. The peak modulation depth of the carrier of 'this communication
channel shall not behgreater than 40 per cent.

 The audio frequency characteristic of the speech channel shall be
flat to within 3 db relative to the level a£.1000 hertz over
the range 300 to 3000 hertiz.

o The loecalizer provides an i@entification‘aignal using two or
three' signals of the Morse code sent at a apeed of 7 ﬁords per
winute,. .

« The identification eignal is rspeated six times per minnte and
its modulating tone is 1020 hertz plus or minus 50 hertz.

. The depth to which the radio frequency is modulated by the
identification signal shall be bastween tﬁe limits of 7 and 15

vercent.
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+ The transmigsion of speech or the i1dentification signal
should not interfere with the basic localizer function,
When speech is being radiated, the identification signal

is suppressed.

The receivers utilize a two out of five frequency selection

system, . Fraquency selection
can be tested and verified by the DMS in coﬁparing A to E

pin connections with cods requirements for each frequéncy.

Ground to air communications 3Is also possible from sanroute TACAN
stations. Each of the 126 TACAN channels is pairved with - VEF
navigational faeility in the 108.0 to 117.9 MHZ freguency band

(10) as in the following example:

TACAN. Channel VHF Channel
97 15,0
98 ‘ 115.1
99 . : 115,2

100 ‘ 115.3

MS tables will provide the completé ligt of matching fredheﬁcies

and will set a VHF chammel fo match the selscted TACAN chsnnel,

Vocie signais from ATLS ground stations to the booster will
be provided on UHF chamnels assoclated with éach AILS Distance
Measuring Equipment {IME) transponder channel. IMS will provide

information on matching frequencies.

As described in Section 3.6, =~ the merker beacon” receiver is pretune
to receive only a single frequency of 75 MHz, the freﬁuency‘of sirway

markers, and ILS outer and middle markers, Both aural and visual
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indications of sireraft passaée over a marker are provided. Current

indicators and controls consist of:

. Marker lights - Two sets of indicator lights (one for pilot,

one for copilot), Each set comsists of an amber, a purple, and

g white light. The amber lights respond to ILS middle markerg,
purple 1lights to ILS ouber markers, and whi:he lights to inner
markers or alrway markers,

BROAD/SHARP - A two position switeh which governs sensitivity of
the marker lights. Normally, a fan marker station is.identified
when the marker light comes on with the sensitivity control in
SHARP position. At the lower altitudes, the light remaigs on for
a relatively short time, but the time it stays on increases with
increase in altitude. BROAD position is even more sensitive

than SHARP position, receiving si;gnals at a grea-ter distance from
the statlion, and reacting in the. same maﬁnei' with resﬁect to
altitude.

MARKER -ON-OFF control

VOL - Volume control for beacon audio.

In the IS, the glide path marker beacons sre identified by dots, or

dashes repeated at fized time intervals,

IMS requirements for the voice communications subsystem are summarized

in Figure 4-29.
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%.6.2 COMMAND SUBSYSTEM

%he booster uées, as péft of $%s commmication gystem, a subselt of the

Apollo S-~band communications system. Figure ATBé‘ lists the typical fﬁnctional
tequirements (13) of this Apollo system (used on the Block IT Command and
Service module), and inﬁicatea those capabilities anticipa%ed for i@clusion

in the booster vehicle. The onboard communicétions equipment communicates .
with the Manned Space Flight Network (MSFN) cohsisting of unified S-band

EUSB) antenna systems located at remote site data proéessing (RSDP) units

all undér the control of Goddard Space Flight Center (GSFe), It is antie-
ipatéd that gufficient MSEFN eites will remsain in opefation for command snd

control of shuttle operations (7).

ﬁhe USB antenns system uses a single ;arrier freqnanj~in‘éabh-direction to
ﬁrovide fracking'as well as commmications witﬁ the'booster. Commumications

to both the booéteé and the orbiter; when ﬁated, can be. provided simultaneously
Within the beamwidth of the single anbemna. The.system will pack all data
acqulgltion, telemetry, ané command control in a.éingiefrﬁéib frequenc& band
which is 2270 to 2300 Miz for telemetry (down 1link) and 2690 to 2120 MHz for
command (up link). To accomplish this, two sets of frééﬁshciea are used,

separated by 5 MHZ on each up &nd down Iink spectrum,

The remote site data proceésing organizations have thg_fuhctions of sampling

and handling instrimentation dats from the vehicles; aéﬁepting, handling, and-
transmitting digital commands to the booster or orbiter; and processing and
disp%aying mission-information., GSFC acte as the primary switching center for the

72



FUNCTLON PERFORMANCE RIQUIRED : ’ BOOSTER
REQUIKEMENT
! 1
Two way Gapability shall exiast at all timss when in line of o Ton :
Voice sight of station i
- Normel volca: 907 word intelligibility |
~ Back up volce: 70% word lntelligibdlity I
L
. |
Telematry Contimous capability when in line of sight of stationt Yes |
Uises Pulse Code Moduletion (PCM) with design goal of 1
maximun bit error rate of 1 in 1 millicn. !
. H
Tp Data Continuocus capability te trensmit discrete comwands Yes 1
and complex diglital information from earth to space- |
craft when in line of sight of station. Probability |
of rejecting or not properly recelving & correcily ,
transmitted message {decoding, failure]} shsll be !
not greater tham 1 in a thousand. - \ :
Probability of accepting am imcorrect or false i
message {decoding error) shall bs no greater then ' 1
1 in 1 billion. i |
Trajectory By phese — cohersnt turn around of pseudo-random T ¥es T 1
Measurement noise (KRN) range code. Used when necessary to 1
update trajectory data. !
Talevision Justified es & msans of giving the public a pictorial . No '!
real-time aceount of the progress of Apollo lunar i
migsions. : {
! |
Scientifie, Thras chennels. A8 required by sclenmtific community o '
Bivmedical on a non interference basis to the misaion. '
Telemetry __l
Data and Capability to record operational date, volcé, and 'n E‘light Play-t
Voice Dump scientific data, and playback stored data when Back Not Required
in iine of sight of station, simultanecusly with . |
real time oparatlonal telemstry sod volce! I
Data and Capability to Telay voice or data from other vehlcles | -  TYes Il
Voice Ralay to enrth. . R .
Emergency Continuous capatility when in line of sight of station Yes
Key in event of equipment failure preciuding other S |
commmication. At & maximum rate of 25 characters : "
per minute, copy aceuracy shall be at least 0%
1

Figurs 1.;30 Apcllo S-Bend Commmnications
Fonctional Requirsmenis
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flow of data to RSDP's, range instrumentation aireraft, communication

satellites and Mission Control Center (MGCC), Houston.

The booster S-band equipment, the data flow, and interfaces with the
data bus and DMS are sﬁown in Flgure 4-31. The functions of
the S-band switches are outlined in Figure 4-32. .' The word
lengths (bit requirements) of these switchas.;re alsoc listed. This
information is used as a portien of the total S—ban&fand M5 inter-

faces requirements,

In addition to control and monitoring of switcbes listéd in Figure 4.21,
additional up link functions which have an impact on iqterface require-
ments include: '

:. Circult margin éal&ulations

. Modes of operation control-

» Acceptance and management of up-data

The performance of & communication chanﬁel depends ;aige;y én a Judicious
thoice of modulating parameters (phaseudéviations,'modhiatiqn indices, ete.)
and system paremeters such as transmitter power, receiver sensitivity, and
bandwidths, With these parameters, the commmication system's performance can

be assessed and predicted. The simplesf measurement of channel performance
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5 Link Bit Rato .
l : — ' pit | |z PNR~—)@
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IX;UHBER HAME FUNCTIONAL DESCRIPTION WORD LENGTH
{BITS)
51 Antenna Selecta one of the four fixed cmnidirectional 2
Selactor S~band antennas ,
82 Power Ampli- Controls power — output levels: 5 watis in low FA
“ fier Control power mode or 20 watts in high power mode
83 Pover Ampli- Select primary or secondsry power amplifier 1 i
fier select it . . .
54 S-Band Trens- Selacta S-band transponder to be used .2
ponder Gonbrol ) : i
85 Pre Modulation Gontrols 28 VIC input to 18VDC power 2
Procossor Power regulator :
56 Pra Modulation Selects either data or voice back up in- 1
Processor UP formation from command link. Veiece back .
Control up is primarily designed for contigency
situations
s7 Pre Modulation Selects down link tape or voice back up 2 :
Processor information as required ' .
Down Control !
g8 Up Data Rosets the relay assembly assoclated with 2 !
Link Control the ccmmand decoder snd controls 2BVDC !
powsr supply input to up dats link unit :
59 Telemotry Controls tape motion, cireuit emabling, 4
Tape Control and tape functions :
_ . . T S S
10 Signal Con- Controla powsr supply to signal condition- 2
ditioning ing equipment ' H
Equipmant . t !
Control ] ) '
511 S-Band Selscts S-band voice funciion for pilet h 4 \
Operation or copilot . 1
Control . Controls volims with analog range of 12
0-28V with resolution of ,2V
812 Up Data Iink Controls up data link degeder outputs io s 1 .
Telemstry - .. .
813 Pulse Code Sets telemetry high or low bit rates. Used 1
Modulation in eonjunction with switches 87 and 514 to
Telemetry galact different data modulation levels,
Inputs Used in conjunction with switch 59 to record
tolemetry data at high or low speeds :
s14 - Pulse Code Used to select primary volce or PCM functions, 4
Modulation or secondary relay or key capahilities
¥ods Controls
815 Renging Controls RF track output 1

Figure /=32 Command and Telematl:y Switch Functions
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is a -comparison of the required signal-to- noise (S/N) rutio in a given
bandwidth to yleld adequate performance and the actual signal-to-nolse

ratio in that handwidth.

The required signal to nolse ratio 1s that 8/ necessary to provide the
output intelligence - of adsquate qualiity. Figufe'A—BO d;fines this quality,
for example,in terms of maximum blt error rate for telemetr} end miminum
word intelligibility for voice. The circuit performance mergin (signal
margin) is the difference, stated in decibels (db), between the actual

signal to noise ratlo and the signal to noise ratlo required. The equation

(/%) actual (S/N? required ;2-’0

ghould be satisfied for Bati factory commmicatlons performancs.,

The db margin calculations for C~band up signals summarize the systam
transmitted power; gains, losses, noise spectral dansitieﬂ,'

predication nolse bandwidthe, and modulations losses. The equations and the
computer program to ganeraté the db margin summaries for each coﬁmunication
mode of operation are described in Section 5.6.2, ih;é program-is used dﬁring
preflight test, and inflight when shifting communication modes or experiencing
commmnications troubles., The parameters required, and their characteristics are

listed i Figure 4-33.

Comminication modes of operation are designed to aid in conservation of power
and optimization of signal margins by transmitting only‘ths intelligence
required by the operational situation. Figure 4-3,, summarizes the up-link
combinatio£s. In mode 6, for example, the PRN code is phase-modulated dirsctly
on the carrier and requires spproximastely 3MHz of bandwidth., The volce is
frequoncy moduleted onto a 30EHz subcarrier which in turn ie phage modulated

onte the carrier.

riry



SIGNAL . [goURCE | TYPE RNGE oo "‘(’g’{%‘?” g
S-Hand
Yalidity CHM3 Dis ~ 1 * AR
Up Data Out of Sync oS ‘Dis 1 AR
Time Word | ous | e ) 25 v AR
GND Word cMs | DIG 16 ' AR
RIC Word cM3 DIG é , AR
SPC Hord CHS DiG 27 " AR
“fast Request Word DMS DIG 2, i1
G Assembly ON/OFF pri] DIS . 1 L1
Voltage (6 steps) DMS DIG 0-28v 3 1
Calibration Start D¥s pIs 0-28v 1 1
‘Enable/Disable 1)) DIS 1. 1
Massage Accent ' cMsS DIS 1 AR
Freme Sync cMs PIG 32 AR
Word Sync CMS Dis 1 AR
Fnd of Message xS Dis 1 AR
Serial Start CcHS DIS . 1 AR
Serial Bit Syne- cMs . DIS : 1 AR
Serial Stop cis. | pIs 1. 2R
PCM Coder A .CHS AN &v v 3 -1
PCM Goder B oS A 0 57 o2 ‘1
ECH Ovtput Reg ™3 | AN 0-6v v -3, 1
Check Voltege mO" cMS an ) .5v 2 “
Check Voltage miv CKS M &y v 3 1
PCH Power Supply cMs A 20,0 w | s 1
S-Band Switches DMS DIG R 33 1
& Band Vol Comtrol- oMs AN 0-28v 0.2v 12 1
DB Margin Summary )
X4IT Power Booster Systems CMS -, AN O-20% JAw 9 1
XMIT Power Ground Systems ! CMS AN 0-20kw 4. o1lae 9 1
Transmitter Systen Circ. Loss [#335 AN 20 to +20db .1db 9 1
Peansnitter Antenna Gain 4 oms | aN -60 to +60db| .5db° 8 1
Antenna Pointing Loss s AN -60 to _60db .5db 8 1
Slant Range DMS bIG 1000n mile] Tmm | 10 1
Carrier Frequency CMS AN 0-2500 Mz 2.5 MHz 10 1
Receiver Antenna Gain cMs AN =40 to H04H .5 -8 1
Receiver Circuit Losses M3 AN - -5 to +5 db | .1db 7 1
antenna Noise Temperature oS Fry 200-3008 | Ik -9 1
Receiver Noise Temperature s L 2000-3000K 10k . ' 9 1
Noise Bandwidth oS AN 0-10 MHz JMEE 8 1
Fodulation Index -CMs DIG 0-2 .01 9 1

Figure 4-33 Communications System {cMS)/DMS Interface -

-
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) - HOINTLATECH SEBCARAIER
HODE THFORMATION TECIRIQUES FREQUENCY
1 Carrier Ranging P on cervier -
2 garrior woice T/ 30 kH=
3 Carrier up-data | PSRN/ 50 Xz
A Carrier vanging PH on carrier -
Volce FM/PM 30 kHz
5 Carrisr ranging ™t oon carpler -
Tp-data PSP/ 70 ¥Es
& Carrier ranging P om cerrier -
Volce M/ 30 kHa
Up deta PSK/FH/EM 70 kHz
ki Carrivy volce FM/PA 30 kHz
Yp-dets . PSK/AM/A 70 YHz
8 CarTiet
Voice Fack-up FHARM 70 ¥Ho ‘
3 !
Figere 4-34 Uplink Modes 1
3
1 Garrisr .
Yoice M/ 1.25 MEz
51,2 KBPS TIM FOH/PH/PY 1,024 Mz
-4 Carrier *
PRR : FH op Usrrier -
51.2 KBPS POH 1,024 Mz
Yodea v FH 1.25 ¥MHz
3 Carriar
FRY P om Cayxrier L=
Voice FM/PH 1.25 Milz
1.6 KBPS PO/ /PN 1.024 Mitz
4 Carrior .
Yaice e 4.25 His
1.6 KBPS P4/ TH/EM 1.024 Miz
4 tarriar
1.6 KBPS POM/F /P 1.024 Mis
&, arrier
Xey i 512 kiz
7 Carrisr
PEN P on Garrier -
g CarrPer
Baclkup Voica Pd op Carrier -
1.6 XKBPS - POM/PM/FX . 1.024 ¥tz
L] Carriar
PR Y on Garrier . -
1.6 EBP3 PEM/PM/PN 1.024 MHz
Figure 4-35 Do Tink Modes
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Similarly, the up-data is'frequencyuyodulated onto a 70 kHz subecarrier and
then phase-moduleted -onto the carrier. Mode 8 is an emergency mode in which
the backup voice is frequency-modulsted onto the up-data -chamnnel and then
phase-modulated onto the carrier, A4 computer program corrslates comqpnication

mode and equipment configuration with the booster operafional mizsion modes.

The acceptance and manegsment of up-data requires a knowiedge of command word
structure, transmission rates and spscific typss of cpmﬁands expected during
the booster mission. It is assumed that the command word structure will be
similar to the Apollo/Saturn format (8) shown in Figure 4~§6 with the
inférmaﬁion bit inte?pratation adapted to shuttle‘missiqn.reduireﬁents.

In order to ensure that nonvalid command rejection ratios are met, éach'in—
formation bit is encoded into five sub-bits by the RSDP_ground station prior to
transmisgion. ‘The sub-bit scheme shown. in the éommand wofd structure of

Figure 4 -36 is ome of the possible arrangemsnts. Here the VAccddeils
different from the SA and deta codes. The SA and the dgté-;odés are the same

with a "l"sub-bit code the complement of the "O" sub-bit code.

Data is tfansmitied to the vehicle at a rate of 200 information bits par
éecond‘or 1000 sub bits per second. A phase shift keyed (PSK) frequency
modulation (FM) technique is used to tranemit the dsta. The transmitted
aignal is composed of a reference and an information signal., The information’
I8 in phage with the refergnpe for a ™" and 180 degrees out’ of phase

for a "O",  Figure 4~37 shovs the major equipment of the up-data limk unit
of the S-band sygtem. The sub bit detéctor exﬁmines five bits and, if éoding
requirements are met, sends a "W or "O" to the décodef unit;- If the infor-

mation tone does not match the reference tone, an out of synchramization
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Figure 4 «36 Commanil Word Siruclure

- SEC

Test

CTE
GND 3

‘ﬂ—va —la— g —ple—— RIE ——8]

1011001l11000100100001‘11'01’1‘0'1-10

- l\1 k l\ " Information Bits

111 {elof1]{je]i|o]1]o0 1]o{ 1] 0] 1] sup Btts
VA Code 54 Code Data Code
VA; Vehicle Addresa .GND; Guidance and Navigatlon Data
Sh; System Address OTE; Central Timing Equipzent
RTC: Real Time Commend, §PC;  Stored Program Conrand
§-Bend . Indio .| 7 contrel Timing e
Recaiver Lentar - i Equipment
c ;
(Voice Tack-up) i
Time a
= . GUD 1+
70 YHz . Dat Sub Bit nyr : . "
Diserizinator L b Bl I o °
Detector Dacoder Duffer ang .
ﬂo“
. . B
: ' ht {Test u
Pre Modulation »
Precessor ° i l Validity 5
, Not Sync -
L

Figurt 4-37  Up Date Link Processing
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condition is detected and the DMS is notified to initiate recovery procedures.
The decoder unit assembles the bits according to codes, and shifts them into
the buffer storage until the end of message at which time the information
bits are put into the data bus along with a valid message discrete., If
coding format requirements sre not satisfied, then the DMS initiates a
request for retransmission of message. Upon recsipt of a valid message, the

IMS performs reasonableness tests before telemetering a message acceptance

discrete to the ground station.

The commsnd word is configured so that each command will only be accepted

if it has the correct vehicle address, systems address; bit structure, and

word length. The vehicle address code could be used for example to distinguish
between the mester, front, middle and rear data processors of the orbiter and
booster (7). The system address is used to diétinguish between the RIC,

GND, TEST, CTE and SPC codes., The additional bits are'&ata-bits_having

a predstermined mesning.

Guidance and navigation (GND) data are commands designed to provide updated
information to the selected vehicle, The GND codes can be interpreted as
keyboard symbols, The corraaponding keys can then be activated to update

or vary compuber memory contents.

The Test code is a request fromground stations for information such as self-

test results, computer memory contents, or status of indicated equipment.

Whenever the ground' station receives an indication that the booster's timing
gystem ie not accurate (poseible in reply to a Test request), the grouné
atation will provide correct timing data to the central timing equipment (CTE)
and the IMS, The CTE code has the appropriate mumber of bits assigned to glvs

seconds, minutes, hours, and days information.
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Real time commands {RTC) are commands used to control booster equipment. -
They ars of the ON/OFF variety, sucﬁ as: Landing Gear UP/DOWN, PCM Mode
VCICE/RELAY, Power Amplifier HIGH/LOW, or Renging ON/OFF, A stored

program commaﬁd (SPC) will incorporate timing and computerAinstructibns.

For example: Leave holding pattern at 123452 GMT, (This exeample illustrates
the agsunptlon that MSFN or a FAA system equivalent to USB is avallable

throughout the mission - including control of an unmanned landing). -

e

Figure 4r33‘ lists Interface qpquirements for both
the up and down link data functions. Section 5.6 desceribes the computsr
bmograms requiraed for the validation, processing, and menagement of up-

link informstion.



4.6,3 TELEMETRY

The telemetry subsystems uses the S-band equipment shown in Figure 4-31
Data flow follows the down signal paths indicated in the diagram., Figure
4-32 shows the combined requirements for command and telemetry switech
functions. 4Analogous to the information provided on up-link functions in
section 4,6,2 , this section provides details on the down-link characterstics
of '

. S—bana Down-link spectrum

» Margin Cazlculations for S-band Down Signals

« Down Link S-band Modes of Operation

Following a discussion of telemetry formatting, syncﬁronization, and data

raduirements, a list of combined up and down link interface specifications

is provided.

The design of
spectra to accomodate multiplelchanne&é ig based on consideration of chammel
performance, interferences, end equipment limitations. The down link is
generally power limited in comparison with the up 1link. The pseudorandom
noise range code (PRN) is transmitted as baseband, dirgctly phase modulating
the carrier; It is important to locate the voice and telemetry intelligence
in the spectrﬁm for minimm interference to and from the range code. "The
use of subcarriers permits control of the carrier power reduction and provides
the necessary isolation among ramge code, télemetry, and voice. The optimm
location of the subcarriers is in the first null (at 1 MHz) of the range code.
The digital PCM, being more susceptible to interfefenée, is placed close to
the first null at 1.024 MHz whers the total PRN code power 1s relatively léw,

the voice subcarrier is located at 1.25 MHz.
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The margin celculatlons for S-band down 1link signale are shown in
Figure 4~38, The discuasion in seotion 4.6.2 of circult margin
calculatione and parameters for db margin summaries applige to down link

tranamissions,

The down 1link S-band modes of operation are listed in Figure 4-35 . . All
these modes are made available 1o conserve power by using only that spectrum
necesgary to satisfy the requirsments at the time, and to assure at least

some limited form of communications in the event of degraded system performance
(caused, for example, by failure of a power amplifier or an antenna). Mode

2 is the primary high -date mode desigmed for critical phﬁses'of ‘the mission.
In this mode, the PRN code phase modulates the carrie?, and the voice’
frequency modulates a 1.25 MHz subcarrier which then phase modulates the earrier.
The telemetry data is a 51.2 kilobit per second (KBPS) POM wave train which
phase modulates a 1.024 MHs subcarrier, which in turn phass modulates the
carrier, Mode 3 has egsentislly fhe same function with only a 1.6 EKBPS
telemstry stream on a 1.024 MHz subcarrier. Mode 4 is a reduced activity mode
vhere a minimum amount of* data is required by the ground gtations for monitoring,
The other modes are possible transmission combinations which can be used to.
optimize cireult margins in contingency situations. ‘The emergency key
capability is provided by amplitude modulating a 512 kHz subearrier which
phase modulates the carrier. The backup voice capability is provided by
directly phase modulating the carrier with the backup voice signal. (It

is anticipated that the orbiter will, in addition to the phase modulated modes
of transmlssion, have a regmirement for frequency modulated (FM) wodes of
S-band transmission. As these modes apply to television, bilomedical, and
recorder playback transmlssions, it is assumeéd FM communication modes are not

required for the booster.)
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Booster to MSFN

Transmitter Power (20w)
Pransmitter Cirewit Loss
Antenns Gain
Polarization Loss

Receiver Antenna Gain
Receiver Clrcuit Loss
Noise Spsctral Density

Path Loss (2500 nm at 2282.5 MHz)

Composite S/N Ratio

13 dbn
6 db
-3 db
3 db
172.,8db
44, db
1db

204 dbw
. 7542 dbw ’

Down Volce

Composite S/ Ratio 75.2
Modulation Loas 9.8
Bandwidth (20kHz) 43.0
Received S/N Ratio 22.4
Desired S/N Ratio 10,0
Signal Margin 144

" Down Range Code -
Composite S/N Ratio 75.2
Modulation Loas 18.7
Bandiidth (1.5 MHz) - _17.0
Re?eived S/N Ratio 39.5
Desired S/N Ratio 6.0
Signal Margin 33.5

Dovn Telemetry

Composite S/N Ratio

752
Modulation Loszs . . 9,8
Bandwidth (150kHzl ) 51.8
Received S/N Ratio . 13.6
Desired S/N Ratio 13.0
Signal Margin. =6
Down Carrier
Composite S/N Ratio 75.2
-{ Modulation Loss . 12.6
Bandwidth (800 Hz) - 29.0.
Received S/N Ratio 33.6
Dgsired S/N Ratio - 12.0
’ 21.6

Figure 4+38 Margin Calculations for S-Band Down Signals
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Pulse code modulation (PCM) telemetry is used because of its many
advantages: excellent nolse rejection properties, very high data accuracy,
digital format versatility in hendling different data rates, and high
bandﬁidth officlency. PCM usea time division multipléxing proeedures,
Following signal conditioning, mulitiple data channels are samplqd sequentially
on & repetitive basis for transmission over a single chamnel. Some definitions
applicable to time divigion multiplexing are: (12)
. Commutation: Sequential sampling, on a repetitive time-sharing
bagls, of multiple data sources for tranam%ssion on a single channel,.
o Frame: One complete commutator cyele, including synchronizing
signal. N
e Frame raﬁe: Rumber of frames p;r second,
° Ggmmutation rate: Number of commutator inputs sampléd per second.
» Channel sampling rate: Number of times an individual channel (time
slot) ig sampled ﬁer éecopd.
» Sub commutatlion: Commutation of s cﬁannel ér tine glqt to cafry a
number of parameters that ére gampled at a réte that is slower then the

frame rate.

. Super commutation: bommntation at & higher rate to carry paramsters
sampled faster than the frams rate. .

. Mhin frame: Each parameter is transmifted in'a distinet time.slot

. referenced to a synchronizing word or channel; k group of these para-~
neters, with ifs sync words, is called a main frame,"

. Master fraée: A get of main frames iong enough to ‘include one cycle

of the slowest sub commutated qhannel.
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Many combinations of the various levels of commutation are possible and
have been uged in spacecraft applications., Figure 439 illustrates the
principles involved (16), and is a combination which fits this study's

use of sampling rates of powers of 2, Another example is the Gemini

format. Apollo formats are designed to output the data in a master frame
in one second (51,200 or 1600 bits), The booster telemetry programs will
have the capability to shift telemeiry formats as requireﬁ by communication

modes and ground station capabilities.

Three elements of synchronization ars necessary for PdM_systems:
1. Frame synchonization word which marks the 5egiﬁning of the frame.
2. Word synchrogization, §rovided by a synchronizing bit which marks
the béginning of a wordﬂ ) ‘
3. Bit synchronization, required to mark the time for identifying the
gense of the digit , and implicit in the pulse train.
Computer programs recogrize synchronization diséretes or signals and control
inputs into the telemstry bit stream as required by-the gselected formet:
. Apollo high speed - 51,200 bits in 1 second
. Apollo low speed - 1600 bits in 1 second
Gemini - 122,880 bits in 2.4 seconds

Model -~ 16,384 bits in 2 seconds

Also associated with +the control of down link déta 1s the construction and
monitoring of & map for each frams. This map indicates the location of syne
words, digital information from the data bus (and its 6pigina1 form of

discrete, serial, or analog), and parallel digital or analog words not used

by the DMS. A typical example of this map, requirsd for ground decommutation

purposes, is shown in Figure 4-40.
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(::) Synchronizing words
Main Frame
Masgter Frame

Supercommutation

Subcommztation

Sub-subcommatation

32 words ﬂ16 frames per aecondf

64 frames (2 seconds long)‘_

One 4-word superframe (wordsé,14,22,30 are
tied together to sample sensor 63. 64 worda/sec.

One g-word subframe.(to chanmel 4) 2 subframes/sec

One 8-word sub-subframe (to channel 28)
4 subframes/sec. . .

Figure 439 Model for PCM Télemetry Format



//////2511 2?1;220 220

113 114 M5 116 117 118 119 120 121 122 123 12, 125 126 127 128

26 aynchronization bits
6 frame identificatlon bits

A 1 = vord mumber in frame pete e
7k J = chamsl {or subsystenm) number D | Dlacrotes off
1 k = data type 1S | Digltal Serdal gﬁ*
1 = word mumber in channel A | Anslog/Digital
84 | Signal Conditioned Analog
PA | Pre Conditioned Analog } oy Lase
PD | Parellel Digitel Bus

Figure 440 Typloel FOM Formet for a Telemotry Frama



To minimize the total down link requirements, various data compression
algorithme are used. Date compression routines may be grouped into
three generel classes: (1) compression by an encoding or curve fitting
method whereby the data may be reconstructed after compression, (2)
compression by computing some statistical properties of ‘the data (such
as mean or variesnce) and transmitting this statistieal property only,
and {3) compression by complete data reduction (performiﬁg computsations
onboard and transmitting only the results of a particular test). The

optimal routines are used as dictated by IMS functionsa.

Telemetry calibration is used during flight and prelaunch checkout to

agsist in determination of telemetry equipment accuracy. . Computer routineg
can control the Calibrator - Controller assembly which furnishes the cal-
ibration inputs to the telemetry components. Control signals urider IMS ‘
supervision consist of: Calibrator-Controller Assembly'dN, Select Calibrgtion

voltege (6-steps), Calibration Start, and Calibration gate Enable/Disable.

Figure 4733 1lists the interface-requiremsnta for the S-band command and

telemetry subsystem. Section 5.6, describes the programs used to:

« Control the formatting and timing of .down link data
o Compress data to be telemetered -

+ Test and calibratetelemstry equipment

. Control communication modes
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RECORDING

The recording subsystem uses currently available megnetic tape equipment

and techniques to record

Volce communications from the flight crew to a ground station,
to the orbiter; or between the booster pilot and copilot
Down link deta transmitted by the telemetry subsystem for post’
flight verification of S-band equipment ‘
Flight data required to satisfy the regulation of the Federal
Aviation Administration
Maintenance data to assisi in reconstructing flight history and
performing post flight diagnostics
Flight qualification data to vérify structural strain, and vibration
paramateré for initial flights
Standard check lists and special symbols for displdy subsystems

. = in contrast to the above information which is recorded in
flight and read back after flight, the displgy.data is assembled
prior to flight and 1s used during preflight and inflight operations,
This mass storage function is included in this section in order to

combine the read/write and other characteristics of tape system.

For initial booster flights, flight quelification data will require the use

of an assigned tape transport while the telemetry, maintenance and flight

data records will time share the other tape unit. When the need for flight

qualification deta becomes minimel, the tape units used for recording digitsal

data can be time shared among the exlsting requireﬁants;

Recent proposed rules of the Federal Aviation Administration have recommended

changes to Féderal Aviation Regulations which would: (26)
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(1) Increase the recorded flight date raquired for large Jet alrcraft
certified for flight above 25,000 feet. Figurs 4#43' 1iste these
requirements.,

(2) Require a device which automatically prevents data erasure after
crash impact on flight recorders which erase and re-use tape

(3) Require a device to assist in theAlocation of flight recorders under
water ”

(4) Require a means to correlate the time of recorded data with the time

of radio communications between the airplane and eir traffic conitrol

Current large commercial aircraft use a cockpit voice recofder system as an
aid for ineident or accident investigative purposes. It is anticipated that
the booster's voice communications will be recorded on a similar system.
Inputs to the magnetic tape of the recorder are the pilot's and copilot's
microphone iﬂputs plus the gemeral cockpit sound in@ﬁxs from an araa
microphone contained in the voice recorder control panéi. The control

panel is normally located on the overhead panel and includes an area micro-
phone, test meter, test.switch and erase switcﬁ. The test meter has a pointer
and a dial with a greeﬁ range, When the test switch is pushed, the meter
point reads in the green range to indicate that the three input channels
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SIGHAL souree | Tvee | mance gg‘;““‘ E”?S?Tg‘)m f/‘gg'
Flight Recorder .
Elepsed Time oMs DIG + 4 seo 13 1
Atitude pMS | DIS | ~1000ft - maxd +1000% | 11 .1
srepoed mes | AN | 60knots-1.20) ) x ljkm;t.s 9 1
Verticsl Acceleraticn ~ DS AN f-3g - 6g +.1g 7 18
Beading DS an | 380° +2° g .| !
Angle of Attack s <aN | -20% - 40° +.5° 8 P2
Pitch Attituds S N | £90° +1° 7 | 1
Pitch Bate ms | AN | 4 30%/sec + ?ofsec 5 i1
Roll Abtitude ms | av | z180° +2° T i1
Roll Rate s _ANW + 180%/sec + .30/530 6 : 1
Yav Attitude pss | x| x30°- + 20 5 ‘2
Yav Rate ‘ MS _'AN + 190%6es + 3%/sec 6 )
Piteh Trinm DHS A | Full Ramge | x+5° 8 '
Pitch Control S AN | Full Range £1° 7 2
Lateral Control s | AN | Full Range +2° 6 t1
Yaw Control ms |- _'.AN Full fange * ?o 7 } 2
Engine Thrust s AN | Full Range 2 6 i1
High Lift Devices D48 | . AN | Full Range | x3° 5. | 11
Anbient Air Temp me | A 60 -55% 1 +2% 3 b1
VYoice Recorder o . i '
Parking Brake ON/OFF Dvs | Dis ! 1 | w
_ RECORD/PLAY/OFF Switch . HS Dic S ~-2. ] e
Microphons Liosure {2) RCS Dis : i :AR
Magnetic Tape Unit E :
Function RS | DG l 19 :
Tdentifier s | .DIG , 8 1
Record Data ms | oo 1 16 | !
Status S | DI ' g i
Busy N s | DIs | 1 .
Read Data _ ' ms | | DiG i % | !
Primary Power RGS | DIS ' 1 :
Tape Handler Power RCS Is - ' 1
Handler Conirol DM3 DiG : 2 !
Cabizet Temperature RS AN} 20-70% 1% 6 "4
Blower Monitor RCS DIS : 1 ;
Alera Control RCS +] DIS 1 !
Model Switch ms | e : ! 2 :
DG Power #1 . RCS AN -26.5%§c 2.7 4 11
DC Power #2 RCS AN 26.5 2.7 4 1
DG Pover £3 RS an {150 0.8 6 R
DC Power #L RcS AN -15.0 0.8 6 ! 1
DG Pawer #5 ;.1 I B 2R P B X 7 ]y

Pigure 4-41 Recorder Syzstem (RCS)

i
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/B¥8 Interface




Figure 4-42 shoss a block diagram of the magnetic tape subsystem (MTS).
The date prepared for magnetic tape storage is recorded using standard
recording techniques. Figure 4-43 lists characteristics of the MTS assumed
for this stqdy.

In addition, a function and
a status word are required to deseribe the characteristics and capabilities.
of the tape system¢. The DMS 1ssues com@ands toltha MIS by means of the
function word and control signals. The MTS inspactg the function-wor& and
performs the specified operations. These operations ars sf five basic types:
read, write, backspace, rewind, and master clear. Thése:basic commands are
modified by format, address and other designatora, Figufe 4~4J, deseribes the
characteristics of the function word option; These cﬁardcteristics afe_the

MIS repertoire of instructions assumed for this study.

At the end of each funetion performed by the MTS, theﬁMTS conﬁroi unit will
form a status wordvand yub it on the d;ta bus fo;'intérpfetétipn by IMS progranms.
The bit structure of the status word en;bles the'compuger progran to determine
the status of the magnetic tape unit and whether or qo£ the requested operation
was completed successfully. If errors occur, thsp MTS'rﬁutines will perform
the appropriste recovery procedures. Figu}e 4—45 descr@ﬁes £he conditions

indicated by the status word.

Figure 4<41 lists the MTS and data bus interface requirements, Computer
programs are required to read check list and other information into display’
memory, and to record telemetry., flight data, maintenance, and flight
qualification data; Computer programs are also used for testing the funection-

al capabilitiea of the MTS,
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Figure 442 Magnetlc Tape Subsystem.Block Diagran

Data Bua 1

Function I I
|

Identifier I Tape
i Transport #1
{

Data 1
I

s ]. | Control
Tapa
Computer Control Unlt
2 = - Transport #2

|

Status §
i
i Tape

'Busy : Transport #3
1
|

Data 1 Tape
| Transport #4

Monitor f -
]
b et e e e —— T —

Modes

Taps Spead
Density
JInterblock Gap
’ Formatl .
Stapt-Stop Time
Tapa Length
Rewind Time
Transfer- Rate
Data Capacity

Read filrits

80 inciea per.second

800 bytes per inch/200 bytes per inch * -
0.6 inch

9-track NRZIL

5 milliseconds

2400 feet

less than 180 segonds

64,000 8-kit bytes per mecond (maximum}
3 x 108 bits

Figure 4-43 Mapgnetic Tape Charaeteristics
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FURCTIONR

OPERATION

Masgteor
Gl_ear

e Read
Foruard

Road
Backward

Hrite
Hormal Gap

Hrite !
Extonded fap

Backspace

Ropeat

Search
Forward

Search
Backward

Haquest Transport
Status

Bawind-Clear Write
Enable

Stops tapa motion {except rewind). Setz the taps wnit
in ready state_to accept & new fumetion word. Used when
MI8.1s in 1llogical stata,

Reads one recording according to the format stated in
function word, Moves tepe in forward dirsction and trans
fera 8-bit frames from the tape to MTS control unit,
The frames are checksd for parity and assembled into
proper bit stream for placing computer worda on the dafa

Reads one record backward to the next interrecord gap !
(back one record) according to format im the funetion :
word, Characters are essembled in the ssme position as
in a forward read, Computer words are transmitted 1n .
reverse order, A ' . -

Moves the tape forward and records the nermel inter-
record gap (IRG). Control unit disassembles the data bus
informetion to bs written., If the request is answerad,
ths writing process is continued, Otherwise, an end of -
write 1s recognized and recording is terminated. CRG !
and IRC characaters are added to assist in the reading!
process. : )
; ¢ §
The selected tranaport records sn extended interrecordi
gap {XIRG). Other cpsrations are the ==me as in the |
normal write. .

Tape moves in the Teverss direction cne rocord., The tape
is ther properly positioned in the IRG for resding or_
writing., Parity is checked while backspacing and, if an
error occurs, hoted in the status word, !
Revinds the tape backwerd to the load point at rewind
speed, T . M.

Indicatos to the MTS that tape motia should contimue in
anticipation of & future command of like function, format
and transport selection. Used with read and write, the
repeat permits hendling more then one racord at a time,
Uoed with rewind, the repeat provides automatic recovery
as the tape is rewound to the load point then contimnes
10 read the first record.

Reads records from the tape in the forwsrd direction and
compared the first werd of each taps record with an
ldentifier word which ia transmitied to the MTS control.
mit. When a compare is affirmetive, the record found
is sent to the DMS as in the read forward opesrdtion.

Boads rocords frewm the tape in the backwerd direction smd
compares the first word encountered (the last word of

sach record) with en identifier word. When a find is made,
the read backward operation is performed,

No taps operation ic porformed, MIS sends status word.

Performs & normsal rewind of the tape %o load point end
clears the write enable, Selected transport can no -
longer ‘perform a write funciion without manual inter—
vention, -

.. Figure'i-4/, Magnetic Tapa Function W?rd Inrtrantians
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http:backward.to

DESGRIPTION

CONDITICH
Inproper The improper condition bit is set whenevsr
Condition « Tape transport ls not in ready condition
. « Foruard command issued when tape ia positioned
at end-of-tape
» & reverse comeand is sent when tapa 1s at load point
+ & wrdte Instruction is issued to & tepe transport
' that hag no write enable .
Transport - The {ramsport ready bit is set if f
Ready « Power is OW
: . Magnetie taps reel 1s momnted a.nd tape is properly '
: Ioaded
+ Tape mark dstector lamp is operating
No Write Informa DMS that attempt was made to write on taps with
Ensble a write enable lockout
XIRG Indicates that extended interrecord gap has bean sensad
Dotocted during the tape read opsration
Cutput Timing Indicates that data, identifisr or code words not .
Error received during preset time period following receipt of
function word by MIS control mnit
Input Timing Indicates that IMS has failed to sceept a word plnced N
Errox on the date bus by the MTS coutrol before the next word

Incorract Frane
Count

- CRC

Error

LRC
Error

Last Tape

Motion

End of Tape
" Low Tapa

Load Point

Parity Error

1s ready for transmission to the IMS |

i
Indfcates that the finsl word of the record wag in-
completd. Caused hy: .
+ One or more characters not properly Tead or recorded
» Bad apots in the taps cavsed characters to be lost
« Reading a record with the wrong format

Tha Cyclic Redundancy Check (CRG) character is written
&t the end of each tape block for the possible recovery
of single track errors. " If & itrack in error indication
is encountered, the CRC error btit is gset .
The Lengitudinal Redundency Check (LRC) character is
written following the CRC as an aild in the detection of
read errors. A longitudinal redundancy check bit is
written in a track if the Ilongitudinal count is other-
wise odd,

At the completion of an operatiom, the status word
indicates the direction of last tape motion (i‘oward
or backuaz'd)

Woen the end of tape rai‘lectiva marker is sensed end
of tape bLit is set

A pressure-sensliive detector hes sensed less than 100
feet of tape remsining on the selected transport reel

Indicates that an operation requesting backward motion
of the tape is being attempted with the selected tapa
positioned at load point -

A parity biv is formed in each charscter frams, If
this verticsl redundance check is in error, the parity
error bit is set. .

[
Figure4d-45 Magnetic Tape Status Word Tndicators
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L.5 BEACONS

The existing air traffic comtrol (ATC) system gathers data on the pogition of
thy alrcraft by means of an L-band secondary radar system. This system,

an outgrowth of the identification, friend or foe (IFF)_systems, is

known asg the air traffic control radar beacon system\(ATGRBS). Adreraft
transponders are presently required in positive controlled airspace, ana tﬁe
alrspace in which transponders are becoming mandatpry is being increasgd.

In addition, improvements to the present system are being planned ‘éo

prevent overload and saturation of current ATCRBS facilities (3).

Characteristics of the present ATCRBS are described in Section 3.5. and
in references 2 and 4 . ATCRBS is a radar beaéon gystem ( |
in vhich a ground interrogator transmits a ﬁair of‘tiﬁﬁ—coded pulges from

a highly directional.anterns at 1030 MHZ, The booster transponder in turn
replies at 1090 MHZ., The feply coﬁs&sté of up fo”14 coées,and‘tﬁo framing,
pulses radiated non-dirsetionally.. This reply is received bj the ground -
facility and is transmitted to its associated diéﬁlaj:gﬁd'digitél‘signal
processing equipment. The system is used in conjunét@qn with tpe priﬁary
(skin return) radar. In order that simmltaneous presentation of beacon and
radar information” call be achieved on the sgma control center diéplgy, the
radar aﬁd beacon antennas are mounted on the same pedestgl_a#‘the radar site.
Range correlation is achieved by transmitting the beacon interrogations in
synchronism with the radar at a predeteriined time before the radar time,

to allow for the réquired beacon procesgsing time, Béoqter-aziﬁuth information

is derived from an antenna mounted azimmth pulse generator,



Interrogation pulse-palr combinations (?1 and PB) are shown in Figure
btB, J These are referred to as itransponder modes. A pulse (sz

is transmitted on a omnidirsctional antenna in conjunctipn with the
directional pulse pair, P2 is deslgned to suppress aireraft responses
to interrogator sidelobes, and its effectlve radiated power is greater
than any sidelobs at any azimuth, Transponder modes 3/A and C are used
extensively for FAA operated systems. The other modes are wused af

military or civil sites, or are avallable for expansion purposes.

Any detected- pulge pair which has the correect spacing ?ill eausge the
booster transponder to reply with a code containing the requested dats,
identity or altitude., TFigure 4.-47 hdefines the pulse nomenclature

and gpacing, and.lists the pulse values for an identification reply code.
The delay between the receipt of the interrogdtion and the transmission of
the reply is 3 microseconds, A speclal position idéntification pulse

1s menuelliy-initiate by the pilo£ at the raques% of thée ground controller

to resolve ambigulty between identity codes.

Tmprovements in ATCRBS will evolve from the current beacon system and will
have a high degree of compatibllity with the present system. Reply require-
ments from airborne transponders will include azimuth.and range information

as well as identity and baromstric altitude codes..

The identification code functions is independent of the IMS, except for
testing., The primary function of the DMS as related to ATGRBS is to .,
encode altitude, range and szimuth information and make it avallable

to the ATC transponder when a request is sent by ground facilities.
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Mode Application Pulpe Spacing {Mlerossoonds)

—— 3 ey
1 Militery (IFF)

oo 5 et
2 Wlitery (IFF)

3/4  Commem (ATC) L] ] ;——-18 [ |
B Givid (4TC) ‘ - [ 1
C  Altitude _f—[____r—, 8 _'_

B - Expansion (V)

e 2t
?1 P2 P3

My Traffic Conbrol Radsr Beacon System (ATCRES)

Figure 4~46
L. Tnterrogation ¥odes (TP lLink)

Polse Nomenclature
M c> a2 6 A X B DM B2 D2 B, D, F2 SH

F1 &
Pulse Spacing (Microseconds) 10,15 13,05 15.95 18.85 24.65
0 2.9 5.8 8.7 11.6 145 - 17.4 20.3

1.45 435 7.25
Pulse Value (Mode &) §
i gl” | 8 g El
o
ool B =l & ef 8 g -1 &l o] 8 < i 2
& gl &
Figura 447 " - _Transl!pondar Reply Codes {Pown Lirk)
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Altitude accuracy (3) is limited by the quality of the barometric
transducer system, its placement on-board, and the maintenasnce of
the system. Altitude reporting accuracy of 250 feet can currently
be expected from transport aircraft. Range accuracy is currently
1370 feet, and is due primarily to lack of precise delay control in
aircraft transponder systems. For both altitude and range dats a
resolution of 100 feet can be specified. A height tranémission code
(5) uses 11 of the transponder reply pulses to encode altitudes from
1000 feet to 127,000 feet. Coarse (500') and Fine (100!) increments
are used in reporting altitude. A reflected grey‘code ig used to
minimize the effects of errors in pulse transmissions. A gimilar
code could be developed for range data to give a ﬁaximﬁm value of
approximately 20 nautical miles. A resolution of .1758 degrees/bit
will provide 3600 of azimuth inférmation on the 12 transponder replj

codes.

Sampling rates are determined by the sweep rate of the-air surveillance
radar to which the beacon interrogator is tied., Current systems use

g 4-second rate. This 4-second time period could aiéo-ge used as a
response time in which the air data or navigation functions gather,
extrapolate and encode requeéted data to be transmitited at the next
radar éweepa 'An update of requested data each second should provide

the accuracy required for ATC control functions.

Figure 4-48  lists flight and maintenance switch functions.,
Figure 4~49 shows a block diagram of the ATC transponder system.

Figure 4-50 ligts interface requirements.
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CONTHAL

FUNCTION

HEATER-POWER

REMOTE CONTROL
POWER

RF PROBE

TUNIRG INDIGATOR

MONLTOR

VOLTAGE-CURRENT
SELECTOR

ATC TR
FUNCTIOR

CODE SELECTION-

IDENT

HODE SELECT

TESTMONITOR

" Reads voltage and current of cirecuits '‘selected by VOLTAGE-

Supplies 115 volis ac to the receiver-transmitter when set .
at the POWER position. In the HEATER posftion, powsr is
applied tc the internal heaters.

OFF position: placed receiver-transmitter in standby
cemditien,

Perpits & small amount of ontgoing r-f energsr to ba tapped
fron the antenna transmission line.

Frovides a convenient test point for chscldng raceiver
frequency

CURRENT SELECTIOR switch

OFF -.disconnect MONITOR moter from all circuits
CRYSTAL - measures the current output of the crysial mixer .
REPLY IND RELAY - measures the plate ard screén current drawn
by the i-f amplifiers '
REC 0SC - measures plate current drawn by local osgiliator 1
IMIR — measures average current drawn by transmitter i
oscillator i
DETECTOR - measures a portion of the detector de output “t
voltage H
IF BIAS - measures posliive voltsgaa delivered by E+ H
rectifier !
MOD BIAS - meesures positive voltages deliversd to modulator
- by bias rectifier
MOD AV - measures high volitage applied to modulator
MOD SCREEN - measures screen voltage of modulator ) “1

Sslects primary or secondary transponder - ’ i

Four position switch: OFF-STEY-ON-I0 SENS. In Off, the trans-
ponder is inopsrative. In STBY, the transponder is warmed up.
10 SENS is used when requested by ground controller, i

Sets identificatioh code mumbar,

Operste;l the specisl position identification puise. When
pushed, it causes the booster's display on the’ ground facmty
radar display to brighten sharply.

Selects one of four different identification pulse time inter-
vals, .
TEST position causes the transponder to he interrogated by .

& simulated grownd signal, Monitor.position shows.transpond-
er operation enroute,. .

i

Figure 448 ATC Transponder Controls
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. RESOLU- RORD LGTH| RATH
SIGNAL SOURCE TYPE RANGE TION (8178) | /SES
ATC Transponder
Altitude ns DIG | 0-128000¢ 1001 11 1
Range Ms -DIG 0-128000° 100t 11 1
Azimuth M3 DIG | 0-360° .20 1 1
Altitude Request ECS Dis Toa i 1
Range Request " BCS DIs i 1
Azlmuth Reguest BCS nIs 1 ]
Jdentification Code ECS bIG . 12 1
Control DMS DIG 3 L1
Voltage/Current Monitor BCS PIG 5 1
C-Band Transponder
Control DMs DIG 2 1
Incident Power BGCS AN 1300 watts 10 watis 8 1
Input Signal Level BCS AN 50 Miz 1.0MHz A 1
Input PRF BCS AN 10-2000Hz2 10% 5 1
Reply PRF BGS AN 10~2000Mz 108 5 1
Reflected Power . BCS AN | 700 vatts 10 watta 7 1
Inside Case Temperature BGS AN | =20 to 100% 2% 7 1
S-Band Tran_sponder .
VoD Monitor AN b 19.6MHz .5MHz 7 1
IF1 Monitor AN | 9.53MHz «25MHz 7 1
IF2 Monitor AN A7.65MHz 1.0HRz 7 1
ASC Monitor &N | 76.25MHz 1. 58z 7 1
Recovery Beacon
Control DS DIS 1 1
Data Record Initiate HS DIs 1 1
Honsing Ejsction M8 PIs 1 1
Figure 4~50 Beacon System (BSC)/DMS Interface
Pigplay and Data Manegemant Transponder
Controls
On Board
Checkeut [Fransmd t~1.y Antenna
tor
[} d
Navigation Hodulator; [Recoiver
. L) i
Pilot's . Data Bas | _Pate Bua —~
Jontrol Test Data’
Ar Date
putt Idenbification Tdentification | [HO0deT -] Decoder

Figure 4-49 ATC Transponder System Block Dlagram
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Tracking Beacons

-

Two subsystems, currently in use in the Apollo program, provide tracking
information to ground stations., These consist of the PRN (peeudo random
noise) ranging subsystem and the C~band radar subsystem. The C-band
beacon is intended for use during the launch phase, and the PRN following
separation and flyback. Tﬁese-sy;tems, in addition to the ATC tramsponder,
surface radars, and telemetered navigation data from the IMS, provide
sufficient equipment to meet redundancy requirsments for pinpointing the

boogterts position during all mission phases.

Pseudo Random Noise Ranging

Ranging consisté of £illing the up-link and down-link pa£hs between the booster
and tracking atation with uniformly transmitted cycies of ¥nown period,
determining the number of cycles in space at the start of ranginé acquisition,
and subsequently adding or subtracting cycles in accordanﬁe with the motion -

of the booster. The ground based ranging system measures the round-trip
prop;gation time of a signal from the ground itransmitter to the booster S-band
transponder and back té a ground receiver.- . ~ The S-band
carrier transmission phase modulated by the PRN range code. This code
modulation is detected by the transponder and is used 'to remodulate a dowm-
1ink S-band carrier (shifted in frequency), which is then received by the

ground receiver using the same antenna as used for transmitting.

For the purpose of precisely detsrmining the number of cloeck cycles, n, a

modulation pattern is desired having the following characteristics (14):

1
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(a) A detectable overall periodicity greater than the maximum

anticipated round-trip to prevent ambiguous results.

(b) A detectable, fixed, high-frequency periodicity within the
overall modulation pattern., This requiremenﬁ gives high

measurement precision.

(e) A two level autocorrelation scheme in which the overall pattern
is required to be such that if the pattern is compared with the
same pattern displaéed by an integral number of bita, the two
patterns will match exactly in one relative pqsition, and they

will fail to match in all othsr relative positibns. .

(8) 4n esgentially balanced transmission having as 'many 1's as O's in
it (this is not an absélu@e requirement but Balanced use of powver
in the carrier sidebands giveé higher efficiency and better syatem

design).

Requirement (b) above is met by the use of 500 kHz .square wave clock trans—

mitting a continuous clock code (CL = 101010...) at a period of 2 microseconds.

Requirement (a) is met by generating the long codé_reéuired by combining the
clock code with other subcodes of relatively prime lqutﬁ., The subcodes
(x,8,b,c) have lengths of x = 11, a=3,b=7 c= 15;. The composite code
has length of - o

(2)(11)(31)(7)(15) = 71, 610 bits

which for a bit time of 1 microsecond gives & period éf ;0716 séconds. This
gives a maximm one-way distance betwesn the booster an@’tracking'station of
abproximatély 6700 miles (which is more than sufficient to handle any

ahticipated booster mission), . A transmitter code generator forms a pseudo.

réndom code by combining the component codes using a boolean equation.
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Requirement (c) iz met by matching the transmitted PRN code with the
received code., This matching is accomplished by digithily shifting the

code components and measuring the correlation indicatioﬁ at each relative
shift position until a maximom i; obtained. This reading is a msasure

of the initial range at the start of acquisition. Following ascquisition,
the tracking station mey disabie the full code modulation:and modulate the
S-band carrier with the 2 bi@ clock code only. This pefmits a reduction in
the required sideband power while continuing to update the range equation:

Rt = Ro + R dt

Co~yet

Where,Rb‘is the ini%izl range found at acquisitioﬁ.gsing'fﬁe PR cbde.
Figure_4951 ghows the portion of the'Sfbaﬁd.transpondef involved in the
turnaround of the PHN code or the clock code‘transm;tted_ﬁy tﬁektracking
station. The recei%ed frequency is designated 221 f éﬁ@ is nominaily
2106.4 MHz so that f equals 9.53 MHz. From the diagram it is seen that the
racelved and tfénsmitted‘frequenciea ére’iéternally reiétéd by & ratio of

240 to 221, The operation of the S-band transponder can be monitored by test
points at the iﬁpu£é to the first intermediate frequeﬁéy,(IFT),‘thé‘second
intermediate frequency (IFZ); and the voltage controlled oscillator (VCO) and

verifying the ratio

120VC0 =  120VCO = _ 2087.5 = _240
108VGO+IF1  1107go. + IF2 2106.4 221

The phase modulator (MOD) of thé transmitter hés two.mo&ﬁlation inputs, the

PRN range code and the down;link telemtery sub-carrier. 'The‘traﬁémitter section
of the transpondef also receives 2f from the VCO, useé a auxiliary osc@llator
(AUX 0SC) to provide a noise-free carrier, and has an auﬁomﬁtic gain conirol

(AGC) to mmintain sigral input.
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Figure 1,:51 '8-Pand Fransponder .Ran:-;it.‘.;; Diagren
£
Filter o ToC i)
i .
Balenced 1
Det e
PRY
PGM Telomeiry Range
2408 \ |Coda
h o x50 wp et %4 .ﬁ-@o—— 456
— ' RE a—— AUX
.Garrie 0sC

) Recelver Characteristics
Frequency {tunable externally}
Freguency s:abihity

Bandwidth (3 du).
Off-frequeney rejection
Seasitivity (99% repiy)

Maximum input signal
Inierrogation coac
Pulse vidth

Pulse spacing

Decoder limits .
Transmitter Characlerisuces

Frequency {tunable externally)
Peak power output

Pulse width

Bulse jifter

Pulse rise time {10% to 90%)
Daty cyele

VSR of load

Puise repeiition rate

- Transponder Choracteristics

. Recovery dime .

Fixed delay

Dolay vanation with signal Ievel
Power requireniants
Primary current dram

5200 to 5909 21z {sct to 5690 =2 MHx)

£2,0 MIlz )

10 MHz X .
50 @b image; 80 db minimum, 0, 15 to 10,030 MHz
-65 dbm over entire frequency range aud ail
envirenments

+20.dbm -
Stngle or.double pulse

.2 5.0us {sigle pulse), 2. 200 LOus
{double puise}

Continususiy settable between 5 and 12 us (setto @
0,05 us )

20,25 us accept, 20,85 us reject (Slo12vs )

5400 to 5900 kiHz (set to 5765 &2 MHz)

400 watts minimum, 00 watls nominal .
1.0z0.1us

0,020 us maximum for signals above -55 dbm’

0, l'uvs maxammum

0.002 maximum

1.5:1 maximem -

16 lu 2000 pps, ovel mivrvesaton prefection
aliows interrogation at much higher raies vath -
count-down; 1eplies dorine oy erinterrogacion
meet 2] requircments

50us single pulse, 62 us double pulse masimum
for fnput sicnal levels duferwrgbyup to G e -
(recovers to full sensitivity with na chanre in
transmitier regly power or frequency with nulliple
ragars interrogatiry s:meltaseavsiy)

Seftalle 2 : 0.1 and 3.010 0,01 us {set o
3.020,0tus) +

50 nanssecenas maximum irom =65 dbm to 0 dmx
24 to 30 volts ‘
0.7 ampere standby; 0.9 ampere at 1000 pps

2,5 kg (5.5 Ihs) *

" - Weight

Figure 4-52

C-Band Pedar Transpendsr Chearacteristice
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C-Band Redar
During launch, the booster C-band radar subsystem is interrogated by
ground based FPS~16 and similar precision instrumentation radars. These
radars have resolutions of 5 meters in range and 0.1 mrad in azimuth and
elevation (13). The booster has four C-band flush mounted antennas.
A single comparison technique uses portions .of four rsceivers, each
comnected to a single antenna., The circuitry on the on—boérd G-band
transponder equipment is such that the single tfansmitter is switched
to the antenna receiving the highest signal; The up signal consists
of 5690 MHz interrogation pulses received by the four C-band recelvers.
The signal is combined, compared and decoded (interrogation pulses are
coded for a parﬁicular vehicle's acceptance) by C-band electronic
circuitry equipment. After a 3 microsécond delay, . 5765 MHz reply
pulses are transmitted. Figure APEBlists C~band interface requirements.

?igure 4-52 lists characters of the C-Band radar beacon (17).

Reéovery Beacon
The recovery beacon is primarily intended as a crash locator. It is
anticipated that the eéuipment used in the booster wil; be similar
to the Aﬁ/URT—Qé ingtalled in current aircraft such as %he C-141 and
C-54 (15). The beacon can be ejected from the aircraft manually by the
pilot or is ejected automatically through activation of frangible -
crash detector switches, water activated switches or otﬂer devices,
mountéd in strategic locations in the aireraft. Associated with the
recovery beacon are voice and cr;sh data recorders designed to meet
FAA recommendations. Figure 4-58G lists beacon subsystem and DMS
inte;faces. A data request discrete wili result in the DMS supplying
‘the information required for crash analysis as described in Section .6.4
The beacon ejection discrete will separate the beac;n hbusing panel

in the airframe and will also turn on the beacon transmitter if itl

ha§ not -previously been activated.
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4.7 DISPLAYS AND CONTROLS

Section 3.% presented the general funetional requirements and a pre-
liminary list of parameters for a display and control subsystem for the
booster vehicle, Figure 4-53 shows a functional display and control
subsystem. It is antleipated that the displays used on the booster will
consist of (7)3 .

. Electronic Attitude‘Director Indicator (EADI)

. Heads Up Display (HUD)

. Horizontal Situation Display (HSD)

» Miltifunction Display (MFD) -

. Electronip-mpving Bargraphs

.‘ Dedicated Instruments
and that controls ﬁill include

» Flight controllers

. Reprogrammable Switdhes

» Alphanumeric displey keyboard

+ Data Entry Keyboard

» Secondary controls

The actual location of these units 1s .2 function of human faator engineering
and is conside;ed here only to the degree of depicting a. possible general
arrangement as shown in Figure 4?54:-  This symmetrical arrangement meets
the requirement for operation ﬁf one man, and makeeé it possible 1o display
to the copilot the same information as the pilot sees during periods of
c;itical activity. During other mission phases, the copilot displays can

be used to perform subsysbem checkout, malfunction isolation, configuration
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Figere A-53 Displny. and Conbrol Funetional Diagraa

. Kanunl
- Controls]
{ Computer l
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Processor -[Bispluy Systen
Programiner
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Serter -
Gomputer And [ ;
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Dats B Interface Daty 4nd Display | Displ,
I' '...torage: Fermatisr - g}gect -* splay
. ' -
!
Data §
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Interfaca
Scan -
Converter
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Msplay

Overhesd Display and
Control Panel
-

Meplay
Keyboard

Flight
Controls

- . ngra 4 -54Display and Controls Arrangexent
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monitoring, and other housekeeping activities. The displays can be programmed
to present different informetion during various modes of shuttle FIight,
Critical events or events can be programmed to take precedence over a non-
critical dlsplay. Other modes may be controlled manually by the crew, or

the formats can be changed automatically by the computer., Programmable
redundancy can be incorporated to improve reliability and conform to the
redundancy requirements of hooster operations. A display usage plan gives

the primary dedication of each display in each mission phase, and lists

a backup display to take the place of the priﬁary one in case of a display
failure., The specific parameters uséd or functions performed are outlined

in sections on each display., The differesnces in the application of the displays
imply different mode and feature selections for the displays, Sectionsa on
each display deseribe these differences. However, the CRT displays have

many properties in common, Also exlisting displays h&vé optlonal hardware
devices., Figure 4-55 lists the characteristics assumed for this study in
order to pinpoint hardware and software tasks., The.foliowing paragraphs

diseuss the selected parameters and controls applicable to all displays.

A typical display area for a ORT ig 12 inches square, A 10-bit X and Y
nagnetic deflection system locates the beam at the Intersection of a grid

of 1024 by 1024 raster points.

Capacity is defines as the smount of information that can be shown on & CRT
during a refresh period, For example, the basic chearacter size is 0.16"

in height and 0.12" in width with a spacing of0.04% betweén alphanumerics and a
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spac{ﬁg of 0.07" between lines. This gives 74 positions on each line and

52 lines am the capaclty required for a completely alphanumerlc display.

This can be expressed in terme of the number of charactéra, bits, or storage
words. The CRT beam positloning times and the individusl generation times

for each type of character are the most significant parsmesters which affect
display capacity., Display capacity is normally less than the storage capacity

of the display refresh buffer unit.

Display commands are instructions to generate a presentation on a CRT viewing
surface, They specify such things as coordinate end points, modifiers (size,
brightness, color of symbols), memory limits, control and syne bits, and

conic parameters,

The CRT's are the refresh type which must be regenerated periodically to sus-
tain a flicker free image for the viewer, It iz an advéntage to use the lowest
refresh rate which does not produce any adverse observable effects. The current
display is stored in the display refresh buffer unit. No functions, other

than read or write, are required of the buffer unit.

The CRT display unit ﬁas various monit?? status and control functions which
will be indicated to the IMS, These include:

. Overflow indicator - which is activated when the display refresh
buffer unit does not encounter an end-of-message word during a given
display frame period.

» Video gain controls

+ Focus controls

«- Character space controls
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« Magter cleartcontrols
. Power supply controls
+ Protection circuit status

. Compensation eircuit controls

The rate of updating the paramsters being displayed on tﬁq CRT will be
a submiltiple of the refresh rate of 32 herts, Bach basic parameter (such
as rate of climb, airspeed, angle of attack, etc.) is sampled at a rate
necessary to provide a smooth transistion of the displa& parameter (runway

centerline, horizon, airspeed or altitude index).

As the Displays and-Confrols gubsystenm is indispénsable for mission success,
system status indication, and flight maneuver-effiéienqy,-the equipmént

of the subsyst;m will be tested and .monitored to ensure proper operation

and fault isolation (7). The test points listed in Figure 4-56 are moni tored
for confidence checks and preflight checkoubs. For fault isolation and
system performance, program generated tegt patterns will ﬁeté&t malfunctions

or suboptimal performence by display engineering paramétérs.

Manufactures of CRT's Iist specifications for testing cathode ray tubes.

‘Tests ineclude visusl checks, pattern distortion tests, brightness and resistence
méasurements,:élignment tolerances and line width $esﬁsf ;Pgttern distortion
méasurements are ﬁadg to check the effects of non orthoéonality, keystoning,
énd pincushion and barrsl distortion. This test drdws a rectangle on the

séfeen, and measures the trace variation from a perfect rectangle,

Biightness requiremnsnts afe,given in individual test specifications for each
tibe type. The measurements aré made using a standard écanning pattern. Light

output is measured by a foot-lambert 1light meter. Persistence test are also
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made on & gcanned raster, In this test the light intensity is observed

at a glven number of seconds after applying the raster. Another bright-

ness related test 1s that of determining buildup factor, e.g., the ratio of the
light intensity one second after the fifth ragter to the intenalty one

gecond after the first raster,

Two line width measurements are made; one in the center of the screen and
one near the edge. These measurements are compared to check line width

and accuracy and distortion effects,

Tests are made to verify both the absolute and relative accuracy of CRT

beam positioning, The absolute accuracy of location of the CRT besm in
response to known inpubs is spgcified ad a parcentage of full secale deflection.
If the full scale deflection covers 12 inches and the absolute accuracy
required is .5% then the beam must be located within .06 inches of expected
value for any input to meet this specification. Similarly, if two beam
positions are expscted to differ by 2 inches with a relative accuracy of .1%
then the difference must be less than .é (these accuracy'testé apply to the
position of visual results - other tests will verify that'wﬁen a; gpecific

input is called for, it is displayed). -

Repeatlibility tests memsure the extent to which an element of the visual
presentation appears at the same location each time the same - positioning
information is introduced into the system. -Repeatibility errors contribute

to both jitter and legibility of the display. Repeatibility is specified
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as a porcentage of full acals doflection {normally in the crder of half a 1ne width),

By ropeating a test pattern, statistios are compiled to dotermine the repoatibility of
each display, .

Capacity is tested using other patterna. Thesa patterns verify that a given amount of in-
formation can or canznot ba . generated in the refresh period. These teats also verify the
generation time for charactezs and voctors, Flguxe 4~55 1ipfs the interface requiremsuss for
displays and controls. This 1ist includes the paramsters common to all displays, and thosa
Lor the individual mits described in the following sections.

Tiewing Surface . 120 by 120
Number of Raster Polnts - 1024 both X,Y
Dsplayable Elemsnts Capaclty Ml . 2480
Mumber of Display Comrands ; ’ 16
Command Types: Singls Oporand Yes
Multiple Oparand Ko
Mintmm Interface Word Size 16 tits
Character Generator Yeos : '
Repertoire (Max.) 48 .
Character Sizes ’ 2
Character Orientations 2
Character Spacing 2
Character Fonts 1
Vector Qenerator . J Yes
Genorator Technique End point
'Brightness Lavels . 4
1ine Widths . . 2
Colors . 3
Rotaticn Hardware 1w
Perspeciive Hardware ’ Ko
Conic Generator Herdwate . ) Ho
Symbol Biink ' -Yes
Input Device: Light Pen Ho .
Table and.Styles ! No .
Alphanumeric Keyboard . ' Yoa
Cursor Contral © Yes
Function Keys . Yes
Overlay Plates . Ko
Ref'resh Menory . Yeos
Refresh Rate 32 hortzs i
Hearory Hodule 4096-32 bit worde
Mepory Fanetions o Read, Write

Hard Gopy . No

Fimure 4 -55 Graphic Display Cheracteristice

.
Sr
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SIGNAL SOURGE | TYPE RANGE ton | Friramy | B
CRT Power Supply nes AN Svde O5vde 8 1
CRT Power Supply DCs AN 28vde . 28vde 8 1
CRT Power Supply e AN 14vde JA5vde 8, 1
CRT Power Supply Des AN ~15vde «T5vde 8 1
CRT Power Supply rles] AN 10kvdc 200bde 7 1
Focus Gonirol (7) DS AN 1
A/N Video Gain Control (7) DS AN 0-1000£1 10£1 8 1
Vector Video Gein Control (7) DMS AN 0-1000F1 10F1 8 1
CRT Power Contrel (7) Bcs ¥l 1 AR
CRT Masgter Clesr (7) ncs nig 1 AR
Blank/tinblank {7) pes DIs 1 AR
Qverflow {7) Des . DIS 1 AR
Freme Sync (7) oM DIG 2 AR
GRT Protect (7) Des DIS 1 AR
Data Interrupt Enable . DMS bIs 1° AR
Data Interrupt DCS DIS 1 AR
Input Data Request DCS DIs 1 AR
Input Acknowledge DS DI 1 AR
External Functions Request Des DIS A AR
Extornal Funotion DMs DIS 1 iR
Qutput Data Requost s DIS 1 AR
Qutput Aclmowledge s DIs 1 AR
Parity Fault DM DIS - “1 AR .
Vertical Tape Contwol S AN 260° 1° 10 1
Sean Converter Control DMs DIsS 1 1
Scan Converter Rader Select s DIG ’ 2 1
Sean Converter 'Power DCcs AN t
Mode Centrol DM pic 4 1
Alrspsed Reference IMS DiG 11 1
Path Selector oMS DIG 2 1
Film Transpor% Control M3 BIS 1 1
Filpslide Control - s BIS 1 1
Filnstide Ordent Select DMS BIS 1. 1
Filpslide Course Control DS AN 360° 1° i0 1
El lemp Power Des AN 22vde 1vde & 1
EL Circuit Pover DCs AN Le5vde .25vde 6 1
Fl Control DMS DIS 1 AR
function Key (16} ncs DIG & 1
Enter DGs DIS . & 1
Clear Enter es DIS 1 1
Keyset Select BGS DIs 1 1
Inhibit RTL M pis : 1 LR -
Computer Power Monitor DMS | 28Bvdc +2 5 1
HSD Select DMS ]It} 2 AR

Figure 4=~5¢4 Displays and Controls System (DCS)/DMS Interface
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VAR ELECTRONIC ATTITUDE DIRECTOR INDICATOR (EADT)

The EADI integrates into one instrument the electromechanical 8-ball,
altitude, vertical speed, airspesed, and Mach number instruments. Through

the use of electronically éenerated symbology, it pfovi&es a simultaneous .
display of critical £light information; heading, airspeed, attitude, altitude,
and command and rate information in cléer, immediately recognizable form, -

13

In addition, radar inputs can be displayed on the EADI,

Figure 457 is a functional block diagram of the EADI" showing its inputs
when the display is being used in a flight director mdde'during approach to
a landing. Inférmation from air data, attitude, and navigation_senaors

is combined and the appropriste symbology is generated-;n the CRT.  Pitch,
roll, and - ‘'yaw = Information combines to displéy an aétifical horizon,
Altitude and airspeed date update the. fixed symbolégy used to portray runways
and traffic patterﬂs. Inputs from the instrument landing sﬁstem equipment
provide fligﬁt path data. All this information is validaféd and, 1f valld,
is used to generate flight director commands to. the créw._ Fallure warning
may aléo be displayed using inputs from the Built in.Test Equipment (BITE),

or data from software analysis.

Adir speed and altitude are the type of data that can be displayed using’
verté@&ltape displays. In this display, s fized pointe? is set next 1o a
movable tape ﬁhich is of sufficient length to contain all likely variations

in the paramefer-being meggured. In addition to contrélling the ﬁovement of
the tape as réquired to display the actual value of the parameter, recommended,

caution, and warning indicatiors are also displayed.
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Weather or doppler radar pictures can be displayed on the EADI. This

is made possible by the use of scan converter tubes. The scan converta;
storage tube is an electrical input-electrical output storage device which
enables conversion of slow data rate signals, such as radar scan patterns,
into signals read out at high data rates. The high data rate signal
{CRT refresh rate) is then used to modulate the slectron beam of the EADT

CRT.,

Special modes and feature selection associated with the EADI are:

o EADT mode control

+» Air speed and altitude markers
.. Flight command markers

« Vertical tape control

. Scan converter_ON/bFF‘

. Scan converter radar select

. Scan converter voltage monitor

Computer programs associated with the EADI consist primarily of applieation
routines which organize the inputs for a particular mission phage and display
the appropriate symbols. Other routines provide control and monitor functions.

Interface requirements are listed in Figure 4~-56. .
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4.7.2 HEADS UP DISPLAYS (HUD)

HUD 1s a windshleld projection disblay vhich provides collimsted virtual
images at optical infinity projected within the pllot's fleld of view as
he locks through the windshiéld, This display permits the superposition
of information on the pllot's external vision field in a form that is

compatible with his view of the real world through the windshield.

s

Figure 4-58 ahow; & possible format for HUD display during an approach.
Symbology may vary from thet shown. In addition, alphq_?ﬁmerics may be
added for critical paramesters such as gltitude or air speed. TIn this
figure, the symbols are defined as follows:
. Horizon line - is a horizontal reference line that represents a
trace of a plame riormal to the vertical at the ‘current alreraft
altitude. It is apace stablilized in pitch and bank to meintain its

horizontal orientation at an elevation angle of zero.

« Heading index -represents fhé.runway'of refersnce heading in the
propsr visusl relationghip wi£h thg aétual heading of the sircraft.
When the nose of ths aireraft moves one degreé to the'left,‘ths
heading index will move oﬁe degree to the right. The horizon line
and headiﬁg index provides an exﬁernal visuel reference to the pllot
from vhich he can obtain piteh, roll, and heading information as in
visual flight, These images continuously overiay their counterparts
in the real world.
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Runway image - represents the real runway, and is consistent with
the runway in position, perspsctive shape, and size. The runway

image overlays the real runway when visibility conditions allow it

tc be sesn.

Alm point ~ is & polnt on the runway where the ILS on-course (or

ATLS touch down point) intersects the ground planme.

Devistion image -~ represents the deviation of the aircraft from the

on-course In azimeth and elevation, which is measured by the dis-
placement of th? deviation dot from the aim point. In part (a)

of ?igure 4r5é:: the aircraft is on-course ‘but is éﬁbve the glide
path:by an angle equal to the visual angle beﬁweén the deviation

dot and the aim point..

Altitude scale -~ indicates the actuﬁl.altituﬁe_abové the rﬁnway.
The horizon line is the reference against whicynthe altitude 1s
;;ad on the scale, In part (a) of Figure 4-58: , the aircraft is
about 150 fest above*the-runway. Alphanﬁmgricé.afa used to display
the precise radar altitude. (In other modes, such as IFR enrouta,

the barometric altitude is displayed).

Fligﬁt_ﬁpth marker - n998:a ‘minlatire alrplane ‘to indieate the direction

of the veloclty vector of the ai;craff. It %he‘direction of flight
were to remain constant, the aireraft would strike the ground at
the point indicated by the center -of the pafh marker image., In

i g
part (&) of Figure 4-_5¢ s the aircraft is undershooting the runway.
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« Alrspeed index - presents the departure of the actual airpseed

from the reference value. The top and bottom indices are
glaved to the path marker, and represent plus and minus 10
knot limits. Tn part (a) of Figure 4-58. , the aircraft is

5 knots fast.

» Director image -~ presenis lateral and vertical flight control

commands. The commands are satisfied when the pilot {or auto-
pilot system) flies the circle so that it overlays the aim point

on the runway image.

Figﬁre 4x5§-shows additionsl applications of a HUD dispiay; In part (d),

the alrcraft ls maneuvering toward the runway in a left bank, The altituds
is between 400 and 450 feet., The alrcraft 1s high and %o the right of the
on-course and is undershooting the runway. It 1ia Seldw thé refarence
airspeed by about 5 knots., At the flare altitude (b), the runway iﬁage
configuration changes to eliminate the aim point and the horlzonial giide
slope intersection line through this point. The centerline of the runway,
poeitioned by the locallzer signal, and, the runway edges remain. Elevation
guidance is provided by the altitude acaie and the perspective of the runway
edges., For go-around (c),_a commend cirele 1s shown at the refersnce climb-
out angle above the horizon line, The pilot ralses his flight path marker to
this circle to inerease his flight path angle, while increasing his airspsed
to the climb-out refersnce speed commsnded by the airspeed index. The hor-
izontal line above the command clrcle represents the altifude at which to

level out (20).

Software programs are required to activate and control the HUD. Processing
and application routines position, rotate, translate, or emphasize symbols

for the display. Tor example, vector end points can be specified by the
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X and ¥ coordinate chart, Controls associated with the HUD consist of:
. Mode seloctor - which provides a means of selecting the peravaters to be
displayed in a particular flight mode. Modes ussd in a current application
consist of: (1) OFF, (2} localizer flying outbound, (3) heeding, (&) VOR,
(5) localizer, (6} approach, and (7} go arcund, Additionsl modes will be edded to
satisfy other booster modes.

« Adrspesd reference selactor — sets the recormended airapeed for all flight modes.

. Path selactor - for selecting ome of three ILS glide paths.

Figure 4-56 shows these interface requirements tbgether' with those in common with the -

other diaplay units.
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4.7.3 HORIZONTAL STTUATION- DTSPLAY (HSD)

The horizontal situation display offers the capablility to display useful
informetion concerning the booster sltuation in all phﬁses of flight.

The HSD also of}ers the capﬁbility to display check lists, procedursl
instructiéns , and maintenanee information during other periocdas of shuttle
activity. During periods of minimal utilization or during emergencies, the
HSD can be used either as & backup for other CRT disPiays or to display
information supplementary to that on other displays, such as during check-:

out or fault isolation asctivities (7),

The HSD is primarily a moving map displsy which can be implemented by
various means; such asg opt;onic, remote Tv; élegtronic;'or optical, The
optronic has the most desirable'featﬁras in respect‘ﬁo flexibllty and the
generation of map, symbol and data information. The optronic dispia&

is a rear projection CRT with the ability to '. pfesent*'filmslidés

placed in the transport unit.

Possible display applications for the HSD are haps outiining:
. Launch ground track
. Reentry footprint:
. Approach and holding patterné
. Landing and taxi patterns
. Go around pétterns
. Takeoff and departure patterns
Film gllides are inéluded for primary and alternate fields and can be selected

by the c¢rew or by computer signals,
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Computer programs will add character, vector and symbolic information to
the maps to increﬁse the effective navigational perfofmance and provide
positive orientafion. This information continously updatég the position
and path of the booster oﬁ‘the selected map, and provideg ﬁavigational
information such as present position, time to primary and slternate fields,
énd‘fusl reserves, Weather radar information can also be‘displayed on the

HSD using the scan converter technique described for the EADI.

Special modes and features applicable to the HSD consist.of .film transport

and filmslide coﬁtrols:

o Film transpor% ON/OFF

. Filmslide controls FORWARD/REVERSE

. Filmsliée orient — NORTH/COURSE. This cont£;i gives the flight
crew the option of orienting the selectéd‘mgp with magnetic north
at the top, or aligning the direétion of thé map with thé magnetic

heading of the booster.

Computer programs are required to display the.symbolég?'assddiated with each
chart and to answer requests by the flight crew for navigational informstion.

- &
Interface requirements are shown in Figure 4w~5§.
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L4 Multifunction Display (MFD)

The size and complexity of the booster vehicle, and the rapld changes in
mission phases and vehicle configuration place many deﬁénds on the flight
crev in anticipating events and meking appropriate deqigions. The MFD

is planned to aid in the task of processiﬁg and dispiaying information

so that the crews decision-meking capabllities- ars incréased and their
workload 1s decreased. The MFD is & general purpose, time sharsd, opironic

(rear projection CRT) placed conveniently to. both the pilot and copilot.

The major applications planned for the MFD ars (7);°

. P}esentation of optimumm flight profile information and energy

management paremeters’
« Pregentation of veréical profiles.for ascent and descent corridors

« Presentation of situation data from onboéfd”systema for crew

monitoring of opsrationg]l perfofmance

+ Ad in crew/computer interface in determining alternate courses

of action

Suitable graphics, alpha-
numerics and specia; symbols are used to present opgrational data such aa the
Following: - ‘

o Vertical navigation aide
» .Ascené profiles
; Emergency descent profiles
. Range and cross range lan&ing capabilitiea

.. Descent profiles
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» Fuel mansgement
» Center of ‘gravity
. Propellant vtilization

« General information
. Time references
« IYlight data
o Check lists

« Radar data

. Safety aids
. Engine reatart envelops
. Emergency procedures
. Aerodynamic and heatiné loads
« Subsystem failure displaj

« OCircuit bresker monitoring

Visual and aural alert devices in the form of flasghing lights and buzzers
are provided to direct the attention of the flight crew to status changes.
For example, monitoring and control of syafem circuit Breskers ;s perfoznmd
by the displays and controls subsystem; I é circult breaker is tripped, a
buzzer and flashiﬁg light near the MFD are activated. The MFD then displays
the information on whgch cirecuit breaker is involved (as determined by BITE

or IMS diagnosties), its loeation, and the address code for resetting.

Weather or doppler radar pictures can be displayed on the MFD if desired.
The display can show the raﬁar video by itself or in commection with flight
profiles., Filmslides used with the MFD are primarily the framework (abscisse,

ordinate, fixed legends) for graphs and charts used during the mission, but
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the capability for using the map displays of the HSD exists. Interface
requirements are similar to those required for general CRT operations
plus the scan converter and film transport controls described in the EADI

and HSD sections. Figure 4-56 lists these requirements.

Computer program requirements consist of the application .routines associsted
with check list management, presentation of alternate, "emergency, or abort

procedures, and updating of flight profile and status charts and graphs,
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4475 Elsctronic-Moving Bargraphs

Soms measurements may requirsd continous monitoring and displsy on dedicated
ingtruments. A computer driven electroluminescent vertical scale indicator
(VSI) is a bargraph with scale and parameter indicators.which can be
controlled and updated by IMS signals, These bargraphs are used for dis-
playing temperatures, pressures, flow rates, and propellant and fuel quan-

tities.

The VSI receive signal data inputs from the IMS. These éignals congist of

(23):
« A nmumber t7 bits) represenmting the value of the variable used for

L}

the bargraph function
. A scale indication(2 bits)
. & parsmeter indication (2 bits)

. A data strobe signal

The input signals are gated by a computer command strobe signal into a buffer
memory which retains the date until the next updating strobe signal is re-
celved. Current circultry used in ¥SI's permit the updating &% a maximm

rate of 40 times per second.

The electronic logic design of the VSI consists of the three functions: (1)
bargraph, (2) scale, and (3) parameter. The bargraph is generated from the
variable value by decoding it into signalswkiich activate a segmented electro-
luminescent lamp (EL), The helght of the lighted segments (top segment and
all below it) is proportional to the value of the variable indicated by the
ingmt signal. A single segment pointer capa?ility is also available to 1light

only the top segment if desired.
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The scale or multiplier funetion illuminates various EL areas to show
the scale factor selected for the parameter beiﬁg measured. A 2-bit

code permits the selection of a low/medium/high (or X1,X10,X100) scale
factor, In addition one of the scale codes can be used to activatie a

warning lamp if the measurement becomes critical

The parameter indicator code is used to 1lluminate one of four lamps,
each of which is labeled with the name of a parameter which can be
measured using the VSI bargraph. This function permits”reprogramming of
the V51 depending on mission phése. For example, VSI's dedicated to boost
engine parameters during launch can be used for Jet eﬁgine performance

parameters during crulse and landing approaches.

Tor use in program sizing estimates, & total of & VSI's are assumed. As
sach VSI can be reprogrammed to measure 4 different paréﬁeters, a total
of 32 measurements can bé displayed by these bargraphs. In additionm,
mltiple bargraphs can be placed next to VSI scales to Indicate. repeated
parameters. For example, the exhaust temperatures for jet engines 1,2

and 3 could be indicated in adjacent columns using the same scale.

Computer programs are required to activate and ccnﬁroi the VSI's in accordance
with a mission phase and bargraph usage schedule. Fofmatting and scaling

of IMS input data, together with verification énd control of parameter, is
performed. Testing of VSI's is conducted using a éigﬁal similator which
permits exercising the VSI's statically in all modes with all possible
combinations of input sigmpals. A test routine steps through each VSI

checking each instrument for proper operation.
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4.7.6 Dedicated Instruments

The computer drlven paragraphs of the previous section are dedicated
to a particular parameter during a specified mission phage, I is.
anticipated that a limited number of meters and indicators will be
dedicated to one particular measurement throughcut the booster mission.
These will cintinuously monitor the)status of essential combustibles,
power suppliesy and pressures. It is assumed that 8 meters will be

used for this purpose in the booster.

Computer program requirements are limited to test, monitor, and‘alarm

indicating functions.

4e7.7 Flight Controllers

Flight controller devices consist of the various pedals, sticks,

yokes, levers or knobs used to control the attitude, direction and
speed of flight. Current tests being conducted will resolve the
question of whether current aircraft yoke and rudder pedal systems can
be replaced by a hand controller similar to that used for space flight.
To eliminate cockpit clutter, the control design replaces conventional
levers (such Qs speed brake, wing flap, and landing geﬁf controlé) with
pushbutton switches which become part of the reprogrammable switch

control unit.

Regardless of the physical design of the flight control device, the
funcetion of the displays and control subsystem is to indicate the current
position of the unit being controlled, provide a means to change its

i

position, monitor the changeAand provide status and warning information

as required.

-132-



4.7.8 Reprogrammable Switches
i

L

Dediceting a sepérate switch to every function overcrowds panels,
causes operator difficulities, and is, in general, wasteful and
inefficient. It is more effective to perform the multitude of switch
functions with a small number of switches. To msake this possible, each
switch must be reprogrammable to perform several functiops in such a
way that all the choices that the pilot might wish to make at any one

time are available to him (22).

Tmplicit in this concept is that, at any one moﬁent, the pilot!s actions

are by nature 1imited to & relatively small number of options, even

when he performs complicated tasks. Complicated tasks usually are

separated into a sequence of simpler steps. Several solufions to reducing
‘the number of switches are available. In each, the switch function is
chenged by having the switch interact with the computer. Switeh closures
are coded inputs to the computer. When an operator dspresses one of the
switches, a coded pulse is transmitted to the computer. The computer
identifies the swiich position, interprets its intended funmetion, aﬁd performs
the indicated operation. Reprogramming of switch functions may be performed
manually by flight crew request, or automatically under computer control.
Comﬁuter controi 1s particularly advantageous for long operational or test

sequences requiring the use of many switches.

There are three gemeral methods for organizing switch functions and displaying
their title (22):

(1)  Display on Face of Pushbutton - which displays the programmsble
functions directly.on the pushbutton faces. This method uses a
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filmslide that contains the titles for the switeh functions.
The switch legend is changed by activating appropriate optics

and controlling filmslide motion.

(2) Displey Next to Pushbutton - which displays the switch function

on a CRT adjacent to a vertical column of pushbuttons.
Each message 1s close enough to 1ts corresponding pushbutton
so that the face of the button can be left blank, The quantity

of messages is not limited as in the first method.

(3) Keyboard Concept - which uses a keyboard similar to the computer
or function word display keyboards which identifies the changed

switch function on a display near the keyboard. The push-
button has a fixed legend on its face, usually asn alphanumeric
or symbolic code. The CRT display shows the switch legend

with the switch funetion spelled out next to it.

Method 2 is assumed to be the primary method to be used in the booster

for system switch control. The HSD's of the pilot and the copilot are

ﬁsed ag the swiltch funetion CRT display. Figure 4-59 éﬁows the use of this-
technique on asslsting check 1ist functions., The techniques of method 1
are used to labsel the function keys of alphanumeric keyboard.- These
function keys, used to call up switch function groups or_displéy application
programs, vary in their meaning depending on the missipﬁ phase. The key-
boerd concept, method 3, is not used except as dedicated to the data éntry
keyboard and the alphanumeric and editing keys of the display keyboard..
Computer goutines are required to activate and control filmslide usage on
the function keys of the display keyboard, apd 4o correlate and display

the wvarious switch groupings.
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4.7.9 Alphanumeric Dieplay Keyboard

The alphanumeric display keyboard consists of three major divisions:

. Data keyboard - which generates new data using 45 atandard

typewriter characters.

+ Control keyboard -« 12 keys which provide the operator with local
contrcl of the console, including editing keys and curaor control

keys.

. Function keyboard -~ 16 function keys are provided which generate
computer interrupté. By using upper and lower éase codes a total
of 32 function codes at a time can be'made available, B& using
a technique pimilar to that useéd for reprogrammable switches,
these keys can specify different functions depending upon migsion

’ IﬂDdec
LA ~d

A typical coding scheme uses’ o & modified 7-bit ASCIT code

for data, conirol, and function inputs from the keyboard and for externsal
functions from the computer Figure 4-60- shé;; a baslic block diagram of
the keyboard interfacing with character generator, storage, CRT deflection

circuits, and control units. Data transfer, timing, and control signal

lines are also indicated.

The cursor (7) is a displayable character. It is used (instead of light
pens or other devices) to indicate a particular location on the display.

The operator can enable, clear, or poaition the cursor by means of the
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curgor control keys. These funotlons can also be performed by means of

external funetion code words from the computer. The cursor coordinates

may be trangferred from.tﬁé display to the computer or from the computer
to the dlsplay.

The cursor indicates whers the next entry from the keyboard is to be
displayed. As characters are selescted at the keyboard (or controlied

by computer input of keyboard codes), the cursor is advanced one position
Yo the right. At the end of each line, the cursor automatically advances
to the begiﬁning of the next line. At the end of thé last line, the cursor
returns to the home position (line 2 and columm 1).' 0ld date appearing

at the cursor location is deleted as new data is entered from the keyboard

or the computer,

Software programs asre required to answer keyboard interrupts, to accept
and procesa-keyboard inputs, and to route -alphanumeric data from the
computer to the appropriate display. For example, when the copilot calls
for the takeoff checklist by depressing the proper funcﬂion code button, .
the title 1s displayed on line 1 and the first step in the checkout

procedure on line 2 as followss

1 TAKEQFF CHECKLIST
2 SET FLAPS TO 15 DEGREES
3 r

After the first step is performed, the operation is verified and the

next step 1s displayed for flight erew action, If Q device, or instrument
dées not pags verificatlion tests then the display indicates this, In.
addition, the options available are also displayed. By positioning the
curgsor to the line having the desired option, the pllot can select his

course of action.
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4,7.10 Data Entry Keyboard

The data entry keyboard provides means for the flight crew to interface

with the computer. The keyboard contains finction keys which activitate
computer programs applicable to mission and inflight testing requirements.
Some of these programs need paramstric values to complete the function.

For this purpose, decimsl keys are used to enter numerical daté into the
computier.

The avaiiable CRT's in the display and control subsystem are used as an

aid in monitoring flight crew activation of the data entry keyboard, and

as & display for the output of various function keys. For example, a portion
of the MFD is reserved for Greenwich Mean Tims (GMT) and Mission Tims (MT)
displays. The HSD is used to inform the pilot of action necessary to complete
the requested function.. The HSD also displays the @ata which the crew. has
gelected so that it may be verified prior to being entered into the computer,
Figure 4.-61 —éﬁgws an arrangement of the dala entry keyboard with its function

and data keys, and its interface with the MFD and HSD.

The MFD shows the area reserved for time diaplays. The HSD'showétthe display
output in response to the flight crew depressing the Destination Buttoq.

The latitude and longitude is then shown on the HSD ss the desired decimal
buttons are pushed, If the displayed values are incorrect, depressing the-
Clear button will remove the numerical parts of the display, and the operator
cen repeat the selection of the paraﬁefer values, When the data is correct,

the Enter button is pushed and the numerical data is emtered into the computer.

Computer software programs psrform the tasks of responding to interrupts caused
by ?ata entry keyboard usage, displaying flight crew cues and requested in-
formation, controlling ﬁeripheral squipment, and formatting and storing data

at the proper address. Interface requiremsnts are 1isted in Figure 4. .
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4.7.11 + Sgcondary Controls

Various other infrequently used levers, dials, buttons, or knobs are
dedicated to miscellansous subsystem control functions, In general,
these devices will be located on the side, overhead or rear panel

areas of the cockpit. They include:

+ GCircuit breskers

« Emergency levers

. Maintenance panel controls
. Communication dials

. Cabin environment controls

The circuit breakers are solid state deviées with automatic as well as
remote reset and trip capability (7). For each load, thé breskers will
provide an on-off status which can be programmed through the computer
éystem. Bach load has & separate breeker providing overload protection
~ for equipment and wire runs from the powsr bus to the load. It ig es—
timated that approximately 150 circuit breskers (programmable discretes)

will be required for the booster system.

Emergency controls, such as fire extinguisher levers and emergency exit
handles, are instslled as backup means to ensure crew séfety or survival.

No interface with the IMS or data bus in anticipated,

Maintenance panel controls may be provided for some onboard maintensnce
functions which are not integrated with the preflight and opsrational
avionics system. These controls are associated with special test equipment

such as oscilloscopes. Interface requiremsnts are limited to controlling
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and verifylng proper positioning of operational or maintenance switching
(discretes). It is anticipated that each of the & major subsystems will
have s small number of controls associated with test points for special

checkout procedures.

Twist knobs and thumb wheels are currently the preferred method for
communication equipment opsration and cabin environment control.
The sections on commmication and environment describe the interface

requirements for these devices.

-141-



5.0 DATA MANAGEMENT SYSTRM DESCRIPTION ‘

This section describes in detail the;iiquirements of the DMS in
performing the mission functions. The computational requirements (
of the DMS to satisfy the subsystem functional requireﬁenﬁs are
developed, and software modules are described. 4s each software
module is developed it is assigned a nemonic neme for use asg future
refer;nce. The DMS is required to solve all of the equations and
perform all logical decisions needed for the completion of a

successful mission. In accomplishing this a computer program is

executed within the DMS.

In order to meet the avionic system functional reguirements the DMS must
perform computational taéks for each major booster subsystem. The soft-
ware requirements of the DMS pertaining to the booster systems are described
below by flow diagrams, logic diagrams, mathematical equations and verbal
description. The requirements of the DMS vary with miééion phase. Each

of the subprograms described below are required only during certain mission
phases as specified in the digcussion. It is the task of_an execubive
program to schedule theée subprograms during the proper mission phases

and at the proper iteration rates. Major mission commitments ecan only

be initiated through the executive by manual command. Certain properties
of the overall programming task are dependent upon the DMS configuration,
2.g., self test, failure anitor;ng and reconfiguration, and data bus

:ontrocl. The major booster sysﬁems described below are:

~ .
Structures N Navigation and Guidance
Propulsion Flight Control
Electrical power generation Communications

and distribution Operations Management



5.1 STRUCTURES

Structures include performance monitoring, landing gear deployment,

and separation control and monitoriné.
l‘ “?‘
5.1.17 PERFORMANCE MONITORING

The performance monitoring task computational requirsments include
checkout of the sensors, recorder data bus, and interface electronics
during the prelaunch mission phase, control of the‘recording speed
during the flight phases, and reduction of the collected data during
the post flight phase. The data reduction program required during‘
the post flight phase will be stored in mass storage and will not
effect the DMS design. It is assumed that prelaunch checkout programs
and in-flight programs will remain resident in the DMS main memory
throughout the operational mission. Diagnoétic programs and programs
to reduce data collected during the mission will reside in mass storage
until théy are specifically called for by an operator at whiqh time
they will overwrite the opérational programs; The performance moni-
toring function requires two software modules which are described

below.

A. Performance Monitoring Checkout Program (PMCP)

Thig program will be scheduled through the executive by the master
checkout scheduling program. It will be executed at an 3iteration
rate of 8 times per second, The time at which the program is
scheduled during prelaunch is notcriticaliﬁ that loss of the

total performance monitoring function is nof'critical t& mission
success. However, a better test enviromment would be present_if

the performance monitoring testing would occur simultaneously with
the occurrence of some prelaunch sctivity which would stimulate the
vibration sensors such as fueling the booster, attaching the orbiter,
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erecting the booster, %eat[ng the landing gear system, etec.
There are four typss of recordings which must be tested by
this program:

Tegt Rscord Fast

Test Record Siow

Record Fast

Record Slow
In the test record fast and slow tests a known test signal is
recorded on the tape. In the standard record mode actual sensor
outputs are recorded. Figure5-1 is a flow diagram of the total
requirements of this program. Program initiation inéludes the
setting of flags and Iindex registers to control the flow through
the program. At the beginning of the program electrical power is
turned on to the recorder and recorder data bus electronics and a
test made to determine if the electrical voltage to the units is
within limits. At the end of the program the reverse function is
provided of turning the power off and testing for power off. In
the rewind operation a tlmer is set up and the recorder continuously
tested for rewind until the timer runs out. If the timer runs out
before rewind indication is received an error message is displayed
indicating the ingbility to rewind and the program descheduvled. A
timer is set for the record operation of sufficient length to
allow for the recording of the number of records desired for testing.
In the test recorded data functions a timer is set and the replay
command issued. If replay is not finished before the timer has
run out an error message indicating the inability to replay is

issued and the program is descheduled. In tesfing the recorded data
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the vibration date is tested, the end of record word tested for
stress and temperature sensor datas present ﬁhich, in turn is
tested if indicated present, and the end of record word tested

for indication of the proper recorder speed.” A counter is sget

to control the number of records tested. A test is made of the
direct input vibration, stress, and temperaﬁure sensors. A4 error
indication is issued whenever any test fails which is displayed on
one of the multipurpose CRT displays and/or printed. If any test
results- indicate the inability to control £he performance moni-
toring equipment sufficlently to proceed with the test the program
is descheduled, If ali teats shdﬁ proper operation a tegt completed
with proper operation message.is lsgued. A flag 1s ilssued to‘tha
performance monitoring flight program indicéting the ability or

inability to record during flight.

Performance Monitoring gli,c;-t_lt Program (PMFP) ‘=

The performance monitoring flight program gs gscheduled just prior

to rocket "engine ignitio;'l. Its function is to initially turn on

the recorders and then to control récorder speed during the flight
mission phases, increasing recorder speed duriﬁg pericds of high
sengor activity and decreasing redorder speed dufing periceds of

los sensor activity. Figures-2 “is a flow diagram of the Performance
Monitoring Flight Program. The program contains an initial and normal
entry point. 1In the initial entry the program is initialized by
descheduling the initiel entry point and séheduling the normal

entry point, the test results of the checkout program are testéd,

the power turned on and tested, and the recorder and recordér'data
bus started at a.slow speed. In the normai entry program the mission

phase is tested to determine if the flight phase is over and the
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vibration, stress and temperature sensors tested. There are

three vibration sensors, thres stress sensors, and three tempera-
ture sensors. In testing for recorder gpeed. the median sensor
output value of each sensor type is selected and compared against
limit values. If any one of the sensor types is above the limit
value the fast recording spesed is commanded. If gll of them are
below_the limit values the slow record speed is commanded. If the
initial entry tests show that the prelaunch checkout indicated in-
operative equipment or that the power camnot be turned on or if the
normal entry program indicates that the mission flight phases are
finished the power to the recorder and recorder data bus ig turned
off and the performance monitoring flight program descheduled, This

program ig run at an 8 per second rate.
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5.1.2 LANDING GEAR SYSTEM

The landing gesr system computational task includes a full prelaunch
checkout of the landing gear system, a partial checkout of the system
during £light, the sequence required to lower the gear for landing,

and the sequence required to raise the gear after takeoff on a ferry
missian. The computational tasks slso include noée gear and msin

gear steering. There are three landing gear, the nose gear, the night
main gear, and the left maln gear on the space shutile booster. The!
operation of all three landing gear is the same except for the gteering
function. This identity of operation of the three landing gesr allows
for the sharing of some program functions. A descriﬁtion of each program

moduk is given below.

A. Landing Gear System Full Checkout Program (LGFG)

At some point prior to launch the booster must be lifted from its
normal horizontal landing position and errected in a vertical position
on the launch pad. During this period the ianding gear are not re-—
quired to support the booster, and can be tested while being commanded
through a full raise and lower cycle. Figureﬁ— 3 is a flow diagram

of the landing gear system full checkout progrem. It is assumed that
when the program is entered the landing geaf will be in a fully
lowered condition and that when testing is over the landing gear

will be fully raised. The first step-upoﬁ entry to the program is

to initialize the program. Initialization includes setting a counter
and a program control flag. The counter is used to determine the
number of cycles through which the gear is to be tested. If the
counter is initialized to 1 +the gear will be raised only, if to 2

it will be raised, lowered and raised, etc. The flow diagram shows

a stralght line flow through the program, however, when actually

programmed for the computer many exits to the executive will be inter-
~1/48-
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leaved with the program. The program control flag will be

advanced as portions of the program ars completed and used to
determine where to continue computing with each return from the
executive. After program initialization electrical power is sup-
plied to all three landing gear and tested. It is assumed that
during this portion of the prelaunch testing electrical power will
be provided from umbilical ground power and a fallure indicates an
inability to switch power to the system. If the test fails an

error message is issued and tegting halted on the failed landing
gear. A test philosophy is assumed thet testing will continue o
what ever degree posgible in the evenf of a failure for the purpose
of possibly uncovering additional fatnlts. Next hydraulic sﬁpply
number 1 is commanded to supply each landing gear systegf i aelay
is then programmed to allow for hydraulic supply transients to.decay
after which time the supply pressure to each landing gear is tested.
Hydranlic supply #1 is then commanded to discomnect and a time delay
programmed to gllow for the disconnect, The same test sequence is
then repeated for hydraulic supply #2'and #3. An operating hydraulic
supply is ‘then selscted for each landing géar. The steering mechanism
for each landing gear is then commanded to Oo:and a time delay coded
to allow sufficient time for the steering to acﬁieve 0°, After the
time delay has elapsed the steering feedback is tested for O°. If
the steering for any geer cannot be commanded .to 0° the testing of
that gear is halted and an error message lgsued. Each landing gear
steering mechanism is then commanded to turn at a congtant fight
turning rate by continuously incrementing a positioning éommand. The
rate error of each steering mechanism is tested by comparing the
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commanded position to the feedback position. -At the same

time the steering mechanism hydraulic bregsure and temperature

is tested. This test is conducted for a rredetermined period

of time as controlled by a programmed timer. This test is then
repeated for & constant left turning rate. The steering mechanism
is then commanded to return to Oo'in preparation for a step comménd
test, In the step command test a atep steefing command to a full
right position os applied. Upper and lower bounds as a function of
time are developed in the DMS and compered with the actusl feedback
position. This test thus measures the time response- and fingl
positioning error of the steering servo system., The steering system
for each landing gear is then tested for its step response to a full
left position command in the same manner tﬁat the right step command
test was performed. The steering mechanisﬁ‘for each gear is then _
commanded to zero degrees and tested after a time delay. -The-brakes on
each wheel of each landing gear are then commanded off and after a
time delay to allow for brake pressure tq be removed the hydraulic
pressure and temperature and brake pressure and temperature for each
brake ig tested within limits. A brake rate command of constantly
Increasing pressure iz then commanded wifh fhe hydraulic and brake
pfessures tested to computer generated boundaries over a period of
time. The brakes are then commanded to full on and after a delay
sufficient to allow for transients to deca} the brake and hydraulic
pressure and temperature are tested againgt limit values. The anti-
8kid valves for each brake of each landing gear are then commanded
open and after a delay of sufficient time for transients to decay the

brake and hydraulic temperature and pressure is tested. The anti-
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gkid valves are then commanded to close and a delay sufficient to
allow for closure awaited before the hydraulic and brake pressﬁre is
again tested. The shock absorber position and the temperature of

the electronics for each landing gear is then tested. A test is

then made of the ability to stow the bogie. The procedure for

this test is to set a timer and then issue an unlock command to the
bogies of each landing gear. The bogie deployed and locked signal is
then interrogated until an unlocked condition occurs or until the
timer runs out. If the timer runs out first the test fails and
further testing of the falled landing gear is discontinued. After
receiving an unlocked indication the stow bogie command is issued and -
another programmed timer initiasted. The bogie position ig then
continuously compared against computer generated uppef and lower
limits. At the same time hydraulic pressure and temperature are
meagured. The timer and bogie stowed and locked signal are continu-
ously monitored. If the timer runs out before the locked signal occurs
the test has falled and further testing of the failed landing gear is
discontinved. If the locked signal occurs first a check is made to
determine if the lock signal occurred between the propér time }imits.
Tests are then made of the ability to ralse each landing gear and
close each door. Thess tests are conducted by the same procedure

as the stow bogie test. The counter set up in the proéram Initisli-
zation is then decremented and tested to determine if a furéher cycling
of landing gear testing is desired. If furtﬁer teating is desired

a test of opening the doors, lowering the gear and deploying the

bogie for each landing gear is conducted in the same manner as the
stow bogie test. The program is then returned to the point whers

the steering system was first commanded to 0°, If no further
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tegting is desired a command is issued to remove the hydraulic supply

from each landing gear and after a time delay of suffiéient length to
allow for the hydrauilic supply to be removed a test is conducted to

ingure its removsl. The electric power to each landing gear system is then
removed and tested for removal, If all landing gear tests passed a message
is issued indicating total test success and the landing gear system full

checkout program descheduled.

This teats the total landing gear system except for the wheel speed sensors.
To test the wheel speed sensors at this time would require special egquipment
to rotate the wheels at a fixed rate. This test will be incorporated in
the steering programs snd thus, sautomatically tested whenever the vehicle

is taxied.

This program is executed at a 4 per second rzte,.

Landing Gear System Partial Checkout Program (LGPC)

This program tests all landing gear functions which can be tested while

the landing gear remains in & stowed position. Its primary funcition is

to provide increased confidence in the braking system prior to landing.
Figure 5-4 is a flow diagram of the -landing gear system partial checkout
program. The block disgram depicts the program as a straight iine fiow
with a single entry and exit. The actual programjwill have miltiple entries
from the executive progrem. A4 control £flsg will be used to route the flow
through the program at each entry from the executive. The initialization
program initializes this flag., This test program can bg gelected by the

prilot during any mission phase where the landing gear are raised. The

program checks the brakes by applying brske command signals and could resulit in a
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Figure 5-4 Landing Gear Program
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acclident if run during lgndyng or horizontal .tekeoff. For

this reason at every entry from the executive to this progranm,

a test will be made that the doors are closed and locked; if they
are not the program will be -automatically deschedule. After
initialization the electrical power is turned on and tested in

the same manner as done in the Landing Gear System Full Checkout
Program (LGFC). The availability of each hydraulic supply and the
selection of one supply is tested in the same manner as was done in
the LGFC program with the exception that the results of the hydraulic
supply system checkout program are tested first to determine if any
hydraulic system failgre has occured before a hydraulic valve is
opened. A hydraulic supply system failure could be caused by & loss
of hydraulic fluid or corntamination of the hydraulic fluid. By not
opening a supply valve to a failed hydraulié system will'avoid
bleeding the hydraulic fluid from the landing gear system or contamina~
ting the landing gear system hydraulic f}uid. After a hydraulic
supply has been chosen and connected to the b?ake system, the brakes
and anti-skid valves are tested in the same manner ag was done in the
LGFC program. After the brakes have been teéted, all outputs from
the landing gear system to the DMS are tested. The hydraulic supply
and electrical power is then turned off and tested for off as was
done in the LGFC program. If all tests passed, a message indicating
successful results is‘issued and the program descheduled. Messages
for failures are issued as failures are encountered. This program is

run at a repitition rate of 4 times per second.
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C. Lower Landing Gear Program (LLGP)

This progrem is initiated by the pilot during approach and remains

scheduled through the landing and texi phases. This program con-
trols the lowering of the landing gear and braking the vehicls once
on the ground, including the anti-skid operation. As soon as the
landing gear is lowered, this program schedules the landing gear
steering program. Figure5-5 -is a flow diagram of the Lower Landing
Gear Program. The program as shown in the flow diagram has a con-
tinuous straight line flow; when programmed returns to the executive
must be inserted wherever a wait is indicated, and after each pass
through the brake/anti-skid control program loop. Points of return
to the program from the executive are controlled by a flag which is
initially set in the initialization program. After initialization,
an electricgl power on command is issued, and a test made for the
power on. A hydraulic supply is selected and turned on. The hydraulic
supply selected is that operating supply hévihg the least load. After
waiting for transients caused by connecting the supply to decay the
supply pressure is tested. If the test indicates g failure, g dif-
ferent-supply is selected. An unlock door command is then issued and
the doors closed and locked discrete interrogated. A timer is get at
the time of the issuance of each command in the landing gear lowering
sequence. If the timer runs down before the commanded: event is com-
pleted, an alarm is issued to the pilot and the command continuously
reissued. If the commanded event then occurs, the alarm is removed.
Af'ter the doors are unlocked, an open door commsnd is issued. The
door position feedback is continuously monitored and if the opening

rate drops below a specified value, the command is reissued. As soon
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as the door is locked, the commands unlock gears, lower gears,

unlock bogie and deploy bogle are issued in sequence, as each issued
command is Indicated completed. Tests are mdde and alarms are issued
for the lowering of the gears and bogie deployment in the same msnner
as done for the door opening function. As soon as the doorg, gears,
and bogles are fully extended and locked, a_command is igswved to re-
lease the brakes and closs the anti-skid valves. If the brakes will
not release as measured by brake pressure a warning is issued and

the anti-skid valves opened. Opening the anti-skid valves causes

a hydrgulic bypass which should release the prakes. If they still
do not release; an alarm is issued, If the brakes do not release
except by opening the anti-gkid valves, bfaking during landing will
be provided by pulse width modulation of the anti-skid valves. After
releasing the brekes, the program waits for a- touchdown indication.
Tonchdown is determined by shock absorber posit@on, -After touch-
down wheel speed is observed until the rotational speed of the

wheels reashes a minimum value at which timé the program enters a
brake control loop. The normsl mode in this loop is to interrogate
the pllot's braking command from the ruddef.pedals and apply a pro-
portional command to the brakes., The speed of each wheel is then
interrogated and if any wheel is slowing much more rapidiy than the
average, or is rotating much more slowly than the average, its anti-
skid valve is opened until its rotational speed again assumes a value
closer to the average. During the breking operation, the integral

of wheel speed times brake pregsure is accumulated. After the
vehicle is stopped, this accumulated integrél for each wheel is used
in computing the time required for the brakes to cool before further

braking should be applied. Differential braking will be applied to the

mein landing gear wheels if uneven rudder pedal pressure is applied.
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D.

E.

If the brekes for any wheel could not be relgased except through
use of the antl-gkid valve, when the wheels were first lowered,
the anti-skid valve for that wheel will be pulse width modulated
in order to obtain proportional braking pressure. This program
will be run at 4 times per second. A special entry point to the

braking program is provided for use in ground taxi operations.

Landing Gear Up Warning Program

This is a short monitoring program automatically scheduled at the
start of the powered cruise mission phase after the airbreathing
engines have been deployed and started. It is used to sound an
audio alarm to the pilot in the event a laﬁding conflguration is
commanded before the landing gear are fully lowered. A flow diagram
of this program is shown in Figure 56 . If either the engines are
commanded to idle speed or the flaps are 1;wered, a test is made to
determine if all landing gear doors are open and 1ockgd, the gearé
down and locked, and the bogie deployed aﬁd locked, and if not, a
commend is issued to sound the audio alarm. This program is

scheduled at a once per second {teration rate.

Raise Landing Gear Program (RLGP)
This program is scheduled by the pilot prior to horizontal takeoff

for a ferry mission. The function of the program is to provide breking

if needed duriﬁg takeoff, and to raise the landing gear aftér takeoff;
A flow diagram of the program is shown in Fiéure5-'7- Upon initial
entry to the progrem, a flag is set to control flow through the
program. A loop similar to the braking loop in the lower landing

gear program is then entered in which brake commsnds are applied

proportional to pilot rudder pedal deflection, anti~skid valves are

opened based upon wheel sgegd and -rate of change of wheel speed, and
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F.

the integral of wheel speed times brake pressure for each wheel

is accumulated. A test for vehicle takeoff is used to exit the
loop. It is assumed that takeoff has occurred when the shock
absorber position shows a fully extended shdck absorber snd a
sufficient delay is awaited to allow for any vehicle bounce at
takeoff, After takeoff, the time for the braks to cool is computed
and unless a pilot override command is issued, this time is allowed
to elapse before the normal raise gear command from the pilot is
recognized. Upon recognizing a raise gear command, the nose and
main gear steering is commended to zero and the brakes on all wheels
aré applied to full pressure to stop wheel rotation before raising
the gear. After the wheel rotation has stoéped, the sequence of
unlock bogie, stow bogie, unlock gear, raise gear, unlock doors, and
cloge doors is commanded with each Eommand igsued only after the
completion of the previously commanded event._ A warning is issued
to the pilot if any commanded function fails to perform. This

program is run at a 4 per second iteration rate.

Landing Gear Steering Program (NWSP & MGSP)

This program is scheduled at the same time the lower landing gear

program is scheduled, and deschedules itself when takeoff occurs.,

The steering system for esch landing gear is controlled by a closed
loop servo system as shown in Figure5- 8. Tﬁe feedback signal is
subtracted from the steering command to form a steering error signal.
The error signal is digitally filtered and multiplied by a gain.

The assumed filter has a first order numerator and denominator. The
filter output is placed on the dats bus system and forms the hydraulic
value command to the landing gear hydraulic steering servo. Before

touchdown the steering commend to each landing gear is equal to the
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erab angle of the vehicle. The crab angle is the angle between

the vehicle longitudinal body axis and the vehicle velocity with
respect to the ground. This aligns the wheels of all three landing
gear with the vehlicle ground velocity eliminating any side\or

turning forces at touchdown. After touchdown, this steering command
is slowly driven to zero as a function of time. For the nose wheel
the pilot's steering command from the yoke is added to the decaying
pre-touchdown command., Figuref£-9:is a flow diagram of the nose
wheel steering program. Upon entry to the program a test is made of
the status of the lower landing gear program to determine if the
landing gear have been lowered., If not, the program exits to the
executive. If the gear has been lowered, a test of the status of

the lower landing gear program is made to determine if toucﬁdown hasg
océurred. If touchdown has not occurred, the crab angle stesering
command is computed., If touchdown has occurrred the crab angle
sbéering command is reduced toward zero and the ﬁilot’s steering
command added to it. After generating a steering command the
steering error is computed by subtracting the steering feedback
gignal. The steering error is then filtered, a gain applied and
output to the landing gear system. The status of the raise landing
gear program is then tested to determine if takeoff has occurred. If
tekeoff has occurred, the landing gear steering program is descheduled.
The main wheel steering program is identical to the nose wheel steering
program except that the pilot steering command is not added to the
gteering command after touchdown and tio steering errors and filters
must be computed, one for each main gear. The nose wheel steering
program is run at an 8 per second iteration rate and the maln gear

steering at a / per second . ilteration rate.
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5.,1.3 SEPARATION CONTROL

The separation control computational requirements include checkout,
monitoring and abort functions. A description of the programs required

for separation control is given below.

Prelaunch Checkout (SSPC)

Figure 5-10 1s a flow diagram of the prelaunch checkout program for the
geparation control sﬁstem. This progran is scheduled by the master pre-
launch checkout scheduling routine at an 8 per second rate. The flow disgrasm
indicates a stralght flow through the program. In the DMS the program will

be executed with intermediate returns to the executive program. After

the issue of a command at ‘least one return to the exccutive will occur
before the program is reentered. Control of the flow through the program

is accomﬁlished with a flag initialized with the first entry to the program.
The testing sequence is turned on t; test the electrical supply voltage

to the electronics. Test.for a separation indication oﬁ all three bolts

by testing the temperature pulse and resistance indicators. Command and

test for the test configuration. .Issue arring and separation coﬁmands and
tegt for test configuration indications of tempsrature pﬁlse and resistance
separation signals., Test squib and electronic temperatures. Turn off
separation command, arming command and elect£ical pover. All three holts

are tested simultaneously. If any test falls a message indicating the tfpe

of failure is displayed and the turn off procedure of ﬁurning off the separation
comrand turning off the arming command, énd turning off the power.immediatelj
performed. Ary indication of a fault in the system will cause an immediate
shutdown of the system in an attempt to avoid a possibie squib ignition

during prelaurch,
-163-



Entry

Comman:
Turn On
Electrical

Teat Voltage
Value

EXR

-autput Separs
tion System S;
TVoltags in Ergor

gt

Test Squib
Temperature

fatput Squib
[Temporature To

[

High

Jox

Test Flectronips |Gutput Electro
Temperatura Temporature +—

| Too High

0K
Tarn OFf

Test Temp. Pu:l.hga

Dutput Preme

Separation
Indication

Temporature
Pulse Indleatd

] Test Resistanch
Pulse Saparati%

Indicatlen

Output Prena
Resistence -
Pulse Indicatd:

!

pommand Test
Configuration

Test for
Teat
Configuration

Igana .
Arming
Cormand

Tssue
Separation
Command

e

Tegt Soparatl
Temperature
Pulse

{Temp. Pulse
Kot Aveilable

-9

Output Separatjon
put Separation |

Tagh Separtio Gutput Separatjon
Rasistance Bad _{Resistence . j—.
Discrete Hot Avallable

e

N

Saparation ¢
Conpmand

-

Turn Off

Command

[Turn Off Test
Configuration
Command

Figure 5-10 Saparation Systen

Iz

-164~

v

Prelamnch Checkout




Boost Monitoring (SSEM)

The separation system boost monitoring program is a portion of an

overall boost system monitoring program initially scheduled just prior to
main engine ignition. and descheduled at main engine thrust termination
time. The program is run at an iteration rate of once per second.. A
flow diagram of the program is shown in Figure 5-11. "On the initial pass
through the program the electrical power is tﬁrned on, Qn subsequent passes
squib temperature, electronics tempsrature, and‘aupply voltage is tested,
A failure in any of these tests causes the issuance of‘a warning message
and the electric;l powsr to be turned off. Electrical power is turned off
in the event of excessive electronics tempsrature or an out of tolerance
supply voltage in order to halt a possible faulty issuance of a separation
signal, The temperature pulse and resistance separgtion indicators are
tested with warning messages issued if any separation indications exist.
In this program the squib temperatures and séparation indicators on all

three explosive bolts are checked.

Boost Separation Abort (SSBA)

If any of the monitoring programs show cause for an immsdiate separation of
booster and orbiter the monitoring programs will issué an arm and separation
‘command and achedﬁla the boost separation abort program at a 16/sec iteration
rate. The boost separetion abort program is shown in Figure 5-42f Upon
initial entry to the program & flag is initialized to-coﬁtrol the flow of

the program with rapeate; return; from the executive and a timer is set.

The supply voltage is then tested to assum that voltage has been applied

~165-



Qutput Squib
Temporature [—
Warning

Outpat Elsctrgnic
#| Temperature
¥arning

Outpub Supply| &

¥ Voltage
Warning
b
Turn Off
Electrical
Power

!} : |
S - S '
ot Soperatifn Do verngl

Temporatura = .
Pulme Ehmra Separatign

. No Separation

=]

Tast 80parati4n Cutput Warning
Resistance ¥ Rosiptance Shaws
Indication : Separstion.

yNo Separation
Figure 5-11 Separation Sysbtem Booat Monitoring
144

2166~



to the separation system electronics. If the voltage is absent it

is turned on and the arm and separation commands reissued. The normal
path through the program tests the separation temperafure pulse and
registance indicators for all three explosive bolts descheduling the
program if &ll separation indications are presemt. If separation has
not occurred the timer is decremented and tested: If the time has

run out the arm and separation commands are reissued and the timer resect.

Thrust Termination Separation (SSTS)

. At the time of thrust terminstion when normal separation should occur

the orbiter will have primary control of the separation task. If the

orbiter equipment fails to accomplish a complete separation the booster

will issue separation commands. Figure 5—15 igs a flow diagram of the booster
progran used to monitor the separation sequenee and issue ssparstion commands
upon failure of the orbiters system. Upon initial entry to the progran a
fleg is set to control flow through the program with multiple returns from
the executive and a timgf is set. The electrical supply voltage to the
geparation system electronics is then tested and turﬁed on if absent. The
exlstance of tempsrature pulse and resistance separation indicators of all
three explosive bolts are then tested. If separation has occurred a message
is issued and this program descheduled. If separation has not occurred

the timer is counted down. When the timer iz counted to zero . arm and
separation command are then issued and the Boost Separation Abort program
scheduled. This program is then descheduled letting the abort program
complete the separation testing. This program is scheduled at a L/sec

rate.
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5.2 Propulsion System

The booster has 3 propulsion systems, the main boost rocket engines, the

reaction Jet system and the cruise engine system.

5.2.1 Main Rocket Engines

Each rocket engine has four primary control points which a}e the low speed
inducer LOX valve, the main burner LOX valve, the preburner fuel valve, and
the preburner LOX valve., Fach of these valve positions are controlled by
proportional controlled actuators. The commands to each primary control
and X, rgspectively. The engine control

3 4

equations are non linear funections of the thrust and mixture ratio commands

point are designated X, Xz, X

and sensed engine parameters., The non linear functions will be obtained
through a table lock-up process. FEach equation as presénted will include a
reference to the interation rate required for the equation éolution and if a
table look-up is required, the number -of points which must be sto?ed in the

table,

Thrust Command and Mixture Ratio Development
The thrust command and mixture ratio are computed as a non linear function of

vehicle velocity and albtitude from the formulas

V= Ve +v 4 (2/sec) S
== F V) (10 points) (2/sec) - (2)
Mg =% (h) ' (8 points) (2/sec) - - (3)
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whers V%, Vy and Vé are inertial velocity components and h inertial altitude

from the navigation systen.

Main Pump Overspeed Protection

A parameter CK13 which contributes to the X,I command is computed from the

process
Y= Npi_= Npp yax | (64/sec) (4)
%= Np = Npyuy (64/sec) (5)
6KV ARy tKaY (64/sec) (6)
Yo Ky Yt Ko Yo + K Yo, (64/s6c) [0
Y= {;3 ’; Ys2 Y% (64/sec) (8)
v if %O Y _
g2 Ky Vep *Kg Vo + Kohig_ (64/s0c) (9)

leax ’

where Npl is the LOX turbopump speed and Np ths'LHQ turbopump speed., N

Npmax’ K1, K2 . and.Eé are constants,

Maximum Preburner Temperature Limiting
A parameter X43 is computed which limits the preburner Jemperature through

its contribution to XA’ X43 is determined from the process

To8,, = MAX(Tpg, | Tpg, y* Thg, ) (2/se0) - (10)

L., Tme, is the maxdmum value of Tpr thru TpBS where TpB; thru TpBS

ire the preburner temperature sensor outputs,
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= f (NP) (4 points) {64 /sec) (11)

b= Te, - Vs (64/sec) (12)
Yo7 KV, + K Vo t Ka Yoy ' (64/sec) (13)
xaig,_, = Ky )'én + Ks 5@“_, + K, X;3n-; (64/sec) (14)

Open Loop Command

The basic open loop command in determined from TR and MR by the process

Hnor, = Ky (Anom, O{Noﬂn_l) (2/sec) (15)
- v 2/sec) (16)
AnoMp [Kz{duomn]ﬂ_l * K3TR]:L,_ 2/
where L, and L, are Limit valves on the bracketed quantities. O(NOMﬁ

and O(NOMﬁ ) are initially set to a consiant valve.

B - {F‘} (‘;‘Nom) -‘For' O:(NOM >/K

0 fordyom <K . (6 points)(2/sec) (17)
Te= k/(1-8) _ (2/sec) (18)
¥o,= K ( '-53[(‘@* Mg ~TMg 14K, l@,,;, (2/sec) (19)
Guom,, = Yo, + K3 B = K Byop, (2/sec) (20)
Y, = (1-BYMg + KYp, _, (2/s00) (21)
Bhows = K1 Yo * Ko B (2/s60) (22

Main Pump Speed Control

The main pump speed control contribution is computed from

Nerer = T ( Ayom y¥3nom ) (24 points)(2/sec) (23)

~171-



Yo = Npger - Np (64/sec) (24)

Y#;.nz KiYa, t K2 Vg ¥ K3 x‘;‘zn—l (64/sec) (25)
Xz if Xig < Xyg

)(5,_3 = {x‘”m\x i Xl > X k3 (64 /s8c) (26)

_ (Xua ¥ Kys X2 Re8 may (64/sec) (27)
# {X%Mm'x*ia if Xys + Ay, >x»3MM

LOX Flow Trim

Trim compensation for LOX trim is computed from the procedure

Wi 2 KW, Ko W, KW, ( 8/soc) (28)
where W is the sensed LOX flow
Wiggr = 1 (Buem y Dwom ) (24 points)(2/sec) (29)
Yo = Woger = Wi (8/sec) (30)
A!Zh = Kl %Q.n + KQ, YIZn-] (8/530)7 (31)
A,
Az2, = A ';\“b“l) (8/sec) (32)
" TN Aappei

EOX to GH2 Ratio Trim

Irim compensation for oxidizer-fuel ratio trim is compﬁted from the

procedurs
w;:h"" Kl an”'Kz WF;’I—) + KS WFJ'\-Q_ (8/560) (33)
Vs, Ke We, tKs Wi, 1K, Yia ., * (8/sec) (34)
W' }
= T 8
X32 [ fig, ¥ Browm 21 (8/sec) (35)

132 is limited for both positive and negative values.
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"Main LOX Pump Protection

A control term to protect the main LOX pump is computed from

\44:£(NFLaw:) (24 points) (64/sec)
Yw:fé(ﬁ_} (6 points) ( 4/cec)

whare TL is the main LOX pump inlet temperature
M@ YH} s ™ PLL (64/a8ac)

wherse PLL is the low speed inducer pressure

Ynf Ki\Yion* K:z_Ym,n_, +K3 Yign-

Ao = Yt') "FK??/O
13- (>} HCY;';{O

Main Fuel Pump Protection

A control term to protect the main fuel pump is computéd from

},;8 = ﬁ’ (WF , NP) (32 points) (64i/sec)
Y’? =, (T}:) _ ( 6 points) (4/sec)

where TF is the main pump inlet fuel temperaturs.
Yao = Vgt Yig =& (64/sec)

where PF is the main fuel inlet pressure

Yo, =Ty (A, sBnom) (24 points) (64/sec)
Yas = Tx = Yo, o (64/sec)
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(64/560)

(64/sec)

(36)
(37)

(38)

(39)

(40)
(41)
(42)
(43)
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where T_ is the heat exchanger exit temperature

X

YMA)’- F Yzz ? Ym,qx

Yoz =% Yazu W F o% Yaz &
o

it Yo, <O

Y, = st it Y2.3>/Y20
24" 1 Yoo i Yae 7 Vo3

Viaax

dfzh: KIYRI#-n +K1\2‘é‘n-) +K30(!2n-l + Kl*. d,zn“z

Control Output Computations

(64/a8c)

(64/sec)

(64 /sec)

(46)

(47)

(48)

The above control computations are summed through a non linear process to

construct the primary control outputs to the engines.

achieved by computing

A = Ayom th g kg
A=t (o, s Brom)
Azy=Tis (Anor,Byom)
Az =1y (dNOM)’BA’loM)
Ay=t5 (“NOM;*GNOM)
AA+Ag + A
P2z Agyt Agy

Xz fi (A)

X2= ﬁy (Az)

Xa1=fig { Ag)

Xy = fiq (A'%)

X3= X3 t X3z

Ry= Ky +Xy2 +Xyg

ATk

(24 points)
(24 points)
(24 points)

(24 points)

(6 points)
( 8 points)
( 8 points)

( 8 points)

(64/sec)
' (64/sec)
( 2/sec)
( 2/sec)
( 2/sec)
(64/sec)
( 8/sec)
(64/sec)
( 8/sec)
( 2/sec)
( 2/sec)
( 8/sec)
(64/850)

This process is

(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)



The above control squations are solved by four coﬁputsr programe with 2, 4,
8 and 64 per second iteration rates. TIn addition these four programs‘must
perform monitoring and program initilization functions., Figure 5 : |

is a flow diagram of the Main Propulsion System Two per second iteration
rate program (MPST). On the initisl entry to the program the variables

for all the main propulsion system programs are initialized and the other
main propulsion system programs scheduled. On a normal entry the main
chamber skin tomperature and nozzle coolant temperature is tested with error
messages and error proceduress psrformed if limits are exceeded. All contrpl

equations requiring a 2 per second iteration rate are then solved.

Figure 5—15‘ is a flow diagram of the Main Propulsion System Four per
second iteration rate program (MPSF). This program solves those equations

which are indicated as requiring a 4 per second iteration rate.

o}

Figure 5-16 is a flow diagram of the Main Propulsion System Eight per
second lteration rate program. This program solves those equations which

are indicated as requiring an 8 per second iteration rate.

Figure 5-17 1is a flow diagram of the Main Propulsion System Sixty-four per
second iteration rate program, This program solves those equations which

are indicated as requiring a 64 per second iteration rate.

During boost the DMS must control the propellant msnagement system. The
performance of this task consists of the continuous monitoring of propellan

system valve positions, pressures, temperatures and tank levels and of con-

trolling various time sequenced propellant system configuration changes.
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The major propellant system configuration sequences which must be per-

formed during the mission are:

prepare for filling

prepare for prelaunch standby

ignition sequence

boest

thrust termination
Time sequenced changes are also required in the event of system failures
and for draining the tanks after landing or for inflight fuel dump.
Figurs 5—1é- is a flow diagram of the Propulsion Management System
(PRMS)., TUpon entry to the program all propulsion system inputs are tested |
which ineludes 68 valve positiona, 20 level sensor outputs, 20 pressure
valves, 10 pressure switch positions and 6/ temperatures. These ars
tested against an expected value matrix. If an error l1s detecteé
error flags are established which are used to determine the desired correct-
ive action sequence and error messages to alert the crew are issued., If
no errors are encountered a test is performed to determine if any time
sequence operation is being performed. Time sequence operations are stored
in the memory in a compacted and encoded form, Thesse are decoded and the
next required event performed if requested. The test matrix is modified as
sequence events are performed., If a sequence is not being performed a test
to determine if any new sequences are requested and the new sequence codes

set up if a request exists.
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5.2.2 Reaction Jet Propulsion System .

The reaction jet propulsion‘systems congists Of three redundant gas
generator systems which drive turbines supp%ying fuel and oxidizer to

16 thrust chambers., The DMS controls the operation of each gas generator
systen by controlling 20 valves and two ignitor.voltages and monitoring

10 speeds, temperatures and pressures. Also included in the resction

Jet propulsion system is the control and monitoring of fﬁel and oxidizer to
the gas generator and monitoring of the thrust chamber temperatures and
preasures, Control of fuel and oxidizer to the thrust chambers is per-
formed by the coast flight control prégram. The GH2 and GO2 gas generatoé
control valves are modulated controlling the pressure by the flow of oxidizer
and the temperature by the flow of GH:. A fuel rich mixture is maintained,
to prevent oxidation of generator equipment surfaces. Figure 5—59’! is v
& flow diagram of the Reaction Jet Propulsion System Gas Generator Comtrol
Program (RJGG). The program first tests the speeds, temperatures,pressures
and flows of the system against a matrix of desired values. If an error
exists error {lags are set and the system reconfigured if required. The
desired value matrix is éhanged with any reconfiguration and error messages
are issued. ?he fuel and oxidizer commands are then computed for each

operating generator.

A thrust chamber monitoring program determines if each thrust chamber ig
capable of proper operation and sets control {lags for the coast flight
control program. : Figure 5—20'?“ is a flow disgram of the Thrust Chamber

L

Monitoring P:ogram (TCMO), :
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Figure 3-18 Propulnion Hanagenment System {Pn43)
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5.2.3 Cruise Engine- Sysiem

The flight control autothrottle equation requests a thrust command from
the engines, This thrust command in combination with engine speed and
temperature and inlet pressure and temperature is used through a-non-
linear table look-up process to determine the commands to the fuel and
air control valves. It is assumed that six 2 dimensional tsble lock-up
functions are sufficient fto perform this function. Monitoring funetions
must be performéﬁ in addition to the control function; A total of 42
analog inputs must be monitored for the six engines (i.e., 6 per engine
plus 6 fuel flow measurements). The name of the progrsm to perform this

function is the Cruise Engine Control and Monitoring Program (CECM).
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5.3 Electrical Power Generation snd Distribution

The DMS must be capable of starting, controlling, testing and monitoring
the electrical power generation. In the distribution system the IMS
mist control the supply route from the generators to the essential ac
buses, the non essential ac buses, the converbers, the essential dc buses

and the non essential dc buses. The following progrems are those required

for this taszk,

5.3.1 Electrical Generator Start Program (EGSP) (Figure 5-21)

Upon initizl entry to this program s flag is set to control the computational
path through the program with multiple exists to and return' from the executive.
This program is processed at a 4 per second iteration rate. At entry to the
program all valves wlll be closed and heaters turned off, Initially the
preheaters will be commended on and starting value commands issued to the
regeneration bypass valve, the O2 gservo valve and the H2 servo valve., A

timer is then Initlalized and the preheater itemperature monitored., If

the preheaster temperature doss not arrive at a predetermined value before the
timer runs out the generastor is shut down and & heater fallure message issued.
After achieving the desired temperature the quad Hé and 02 valves are tested.
Figure 5;2é shows the arrangement of a quad valve set. In ordsr to test a
quad valve sach valve must be tested to determine that it can be both opened
and closed, This is accomplished by commanding a sequence of opening aﬁd
closing valves and testing for fluid flow., Figure 5-23 shows the command
sequence and ths desired flow., Flow is tested by measuring the preheater
pressure, If the testing detects a faulty valve an error message will be
isgsued, all valves closed and the generator shut down, If both Hé and 02
valve quads pa8s the test all valves in both quads will be commanded open and
a timer started which controls the turn on sequence of the turbine and the

generator. The H, and O, prehsater Semperature is then controlled by
-182-
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Flpura 5-21

Electrical Generatlon Start Program {EGSP)

Figure 5.23
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measuring the temperature of each heater and turning off the. heater if

the temperature is above a narrow desired range, and turning the heater

on if it ia below the desired range. Heater control is adjusted at each
return from the executive. In addition to applying heater control the
perheater Q2 and Hé temperaturs is tested for being outside of a wider
range bounding the narrow control ranges with an error message issued

and the turbine shut dovm if the preheater temperature gets out of the
wider monitoring range. The total hydrogen supply to the preheater is then
controlled by adjusting the Regenerator Bypass valve. The valve position
is computed fraﬁ the valme of prshessater lepressure. The amount of Oé 1o
the combustor is then adjusted by commanding the O, servo valve, The
oxygen suppiied to the combustor is based upon turbine speed. Flgure 5-24
is a block diagram of the computatipns required to control the 02 servo
valve. A desired spsed (Sd) is generated as a function of time. Speed
error between desired and actusl speed is computed. The rate of change of
actual speed is computer and a valve position error generated as a proportional
sun of spsed error and actual speed rate. 4 gain (g) is. computed as a
polynomial function of actual speed and applied to the valve position error

which is then digitaly filtered to form the actual valve command.

The command for the H2 servo valve must then be computed. The combustor
mist be supplied with sufficient hydrogen to éuarantee complete use of the
oxygen in the combustion process. First the quantity -6f hydrogen required
to meet this criteria is computed as a funetion sf the oxygen servo valve
command and the combustor oxygen input pressure and temperature. It is
assumed that this i1s done as &' two dimensional polynmomial curve fit which

can mathematicallly be expressed in the form:
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where P is the combustor oxygen input pressure, T the combustor oxygen

input temperature and V the oxygen servo valve position. The A's

are stored constants. HE is the computed required hydrogen. This value of

HR represents the minimum hydrogen that can be supplied in units of servo

valve position. To this is added enough additional hydrogen to achieve

a desired combustor output temperature. The computation of the gé 8&rvo

valve position is based upon the solution of the following difference equation:
V= Voot + 1R, HR ey + 0 (T = 1o)== Tt )

whers Td is the desired temperature, i the measured température and the sub-

sceripts n.and n-1 are standard difference equation notation for ﬁresent and

past parameter values. The ﬁg gervo valve command is then set equal to V

unless V is smaller then HR in which case it is set equal to HR.

The process of adjustiﬁg preheater temperaturs, and the 0, and H2 gervo

2
valve positions 1 contirnued until the turbine speed is built up to the desired
level at which time the turbine control and monitoring program is scheduled.
If the turbine does not reach the desired speed within a preset time or if

combustor presdure and temperature profiles exceed 1imit values an error message

will be generated and the genseration system shut down.

After arriving at the desired turbine speed the generator will slowly bs added
as a load to the turbine. This is done by making the generator speed follow
8 desired speed function computed as a function of time using a polynomial

curve fit of the.form

- 4 3 2
Bg =4, t* £ANT # A% + AL+ 4

a T4 1 0
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011 pump pressure is used to conirol the generator speed. A command
megnitude to the oil pump valve 1s computed from the difference
equation

Vi = Vﬁ—1

+ K1(Sd - Sn) + % (Sn - Snw1)

where V is the valve command and S the measured generator speed. During
the speed buildup the oil tempsrature and speed profile are tested against
limits and the generation syétem shut down if a malfunction is indicated
with appropriaste error messages generated. After achisving the desired
generator spaed as msasured by the generator tachometef more accurate
speed control is initiated by using the generator frequency output as a
speed measvrement, Thé generator output volbage is then adjusted by

commending the generator fleld current to a value determined from the

difference equation

I =1

n n-1 +'K1(Vﬁ - Vﬁ) + K2 (Vﬁ = Vﬁ—1)

where I is the field current, ?a the desired generator output voltage and
V the measured generator voltage.. If wvoltage or frequen;y control within

prescribed limits can not be reached within a prescribed time the generation
system is shut down and an error message issued., Upon-achieving voltage and

frequency control the generator control program is scheduled and this program

descheduled.

53.2 Turbine Control and Monitoring Program (TCMP)

Figure 5-'25is a block diagram of the turbine conirol and monitoring program.
This program is scheduled at a 4/sec iteration rate, All program functions are
perfomed with each entry from the executive. First the preheater 02 and H2

temperature and pressure are tested against extreme maximum and minimum bounds.
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If any bounds are excesded the turbiné/éenerator shutdown program is
scheduled, an error message lssued, and this program descheduled. The
0‘2and H 2preheater temperatures are tested agalnust a narrow temperature
range., If elther temperature 1s above ite range the zssoclate O2 or 1-12
preheater pressure 1s then used to determine the regenerator bypass wvalue

position according to the formula:

Vo = Vpor T (Pd - Pn) X (Pn - Pn—1)
where P is the measured preheater EZ pressure, Rﬂ the desired pressure, V

the value command and n the standard differsnc equation subscript.

The combustor inlet and -outlet temperatures and inlet pressures are then
tested against extreme limits with an error message issued, the turbine/
genera%ér shutdownprogram scheduled and this program descheduled if any

limit is violated. Turbine speed and exhaust temperature and turbine Qibration
is then monitored against extreme limits with the error message, shutdown
scheduling and‘this program descheduling sequence followed if any limit is
vioclated.

The Q; servo vaive position is computed as a funetion of turbine speed and

the load on the twrbine using the equations:
D= (545 + B)L+T2+T2)/9

Vo= Vi, R (SqSni+He (Sy=Snmt) #KRs (B~ ) 7K, (D, Do1)

D is 8 mezsure of the electrical load on the generator computed as the averags

voltage on each phase output times the aversge current on each phase output.
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It is assumed that the power factor for eacﬂ generator will lie within
narrow bounds (most of the electrical power will be supplied from the

DC buses- ) and can be assumed;a constant for sll loéas. The 02 servo valve
position Vﬁ is determined from the sum of its old position Vh_m plus the
desired positlion change. The position changs is computed from fhe sum of 4
£erms ﬁhich ars the error between the dasired‘and actual turbine spesd

(Sd - Sn), the time rate of change of turbine speed (Sn - Sn—1)’ the
er;or‘between the desired ;nd actual generator oll pumps control valve
positionR(Pd - Pn) and the rate of change in elsctrical load on the gen-

).

erator (Dn - D 4

The Hz servo valve position is computed as a function of the O2 servo
valve position snd “bhe combustor temperature by the-equations

He= B,V™ 2 V4 Ba

Hye bo tHe i +K Ty =T+ K (T - 7n) -
whers HR is the Hé gservo valve position required to assure complete oxygen con-
sumption computed from the Oéiservo.valve poeition V., T is the combustor
outlet tempsrature and Td the desired combustor outlet tempe?ature. The
H2 servo valve will be commanded to a position H unless' H is less than Hﬁ

in which case the valve will be commanded to a position HR'

5.3.3 Generator Control Program (EGCP)

A flow diagram of the Generator Control program is shown in figure 5-26,
This program‘is run 8t an iteration rate of 4 per second. Monitoring, frequency

control, and voltage control are performed at each call from the executive.
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Monitoring is performed by comparing oll tempsrature, oil pressure,
oil quantity, generator speed, generator voltage, and generator
current against extreme limits. . An error ﬁessage is
issued, the tgrbine/generator shutdown program scheduled and this

program descheduled if any of the limit values are excesded.

Generation speed is controlled by controlling the oil pump pressure.
Gensrator speed is measured accurately be measuring the frequency
of the generated voltage. The eguation used to determine the oil

pressure control vgfie position is

P =P ,* }{1(3d - sn) +_Kz(sn - sn_1) + 1{3(vn - vn“,]) + K4( Dn-nn_1) +Q

where Sd - Sn is the error between desired and measured generator speed,
Sn - Sn—1 is the rate of change of generator spsed, V£‘~ V£_1 is the
change in turbine spesed since the last iterative pass, Dn - an1 is the
change in the electrical load on the generator, and Q is a synchronizing
command generated by the power. distribution program. D is obtained from

the turbine control and monitoring program.

The generator output voltage is controlled by adjusting the generator
field current using the equation -
Ta=T,4 +% (V-7 ) + K, (V - V1)

whers Vﬁ is the desired generator voltage, V the average measured generator

voltage, and I the computed field current,
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5.3.4  Turbine/Generator Shutdown Program (TGSP)

Figure 5-27 is a flow diagram of the turbine/kenerator.ahutdown program,
Upon entry to the program the generator field current -is set to zero, the
oil pump is shut dowm, the hydrogen supply quad valves commanded close , &nd
the Q2 gervo valve reduced to a minimum setting which will still support
combustion. This is done tobimrm Bff as much as pogsible the excess hydrogen
in the gystem, As soon as the ﬁﬁ}preheater pressure drops bslow a preset
value the 02 supply valve is closed. As soon as the Hé and 02 preheater
pressures drop below a lower preset value the H2 and 02 gervo valves are
closed and the preheater heaters turned off. All turbine and gemerator functions
are monitored and shutdown commands reissued if moritoring indicates =a
failure to shutdown. Mbnitoring continues until the turbine speed falls
below a preset valﬁe at which time a message is issued indicating successful
shutdown and this program descheduled. This program is run at an iteration

rate of 4 per second.

5.3.5 Electrical Distribution Monitoring and Control (EDMC)

Figure 5-28 is a flow diagram of the slectrical distribution monitoring and
éontrol program, This program is run at a 4 per second iteration rate. This
program includes data tables indic;ting nominal expected loads for each
subgysten, wﬁich subsystems are being supplied with power, a prioritﬁ list
indicating the order in which systems can be dropped in case of a shortage

in electrical power, and the present status of the distribution system. The
program first tests-the loads on each supply bus by the procedure shown in
Figure 5-29. This testing is conducted on each non essential dc bus, essentisl
de bus, non essential ac bus and essential ac bus. The converters are then

tested by comparing their output voltage and their tempersture against limit
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Values, If the limits are exceeded the loads in the converter are re-
distributed by transferring the totel bus load ‘o a different converter
if any convertsr is capable of handling the increased load, otherwise

the total dc load is redistributed.

Distribution of the load to the various powsr busses 1s conirolled by
tables stored in the DMS. There is a set of 4 tables, one for each power bus,
for each major fiight mission phase, i.e., boost, coast, reantr&, cruise,
and landing. The tables contain a data field for each subsystem requiring
electrical power, ' The data fields are arranged in the order of their
priority in being connected. Each data field contains the following
infermation:
1. The current required by the system.
2. Godés which indicate what discretes must be isswved in order
to connect and disconnect the system, determine how the voltage
and/or current to the system can be monitored if possible, and
pointers to error message data to be displayed if the systen
. cannot be supplied with power.
3. Status codes which indicate whether or not the systeﬁ is cénnected,
whether or not connection is deslired, which busses the system
can be connected to, and why the system ié not conpected when
connection is desired, e. g., power bus loads are too high to
allow for connection, connection has been attempted but cannot

be connected, or when comnected system appears to be shorted.
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Figure 5-30 is a flow disgram of the program required to determine how the
systems will be connected to the‘power busses based upon the table data.

The data in the table 1s listed in the order of system priority. At the

gstart of executing the flow diagram of figure 5-30 a pointer is set to the

top of the table assocliated with the data bus and mission phase under consider-
ation. FEach system is tested to determine if it should be connected and

if it is comnected. If it is connected and should not be the systenm is
disconnected; If it should be connected and is not, its error codes are
checked to determine if an atitempt to previéusly connect the sysgtem has

failed or if the system has previously indicated a short cirecuit. If the
error codea do not show that the system cannot be connected the unused power
capabilities of the desired bus are compared with the nominel load of the
system to be connected. If capablility exists for conneﬁting the system to

the power bus the'system is connected, If not the code-word is intsrrogatgd
to determine if fhe gystem can be connected to another-power bus of the same
type and if so, whether the other bus has pﬁwer capabilities of handling

the system iﬁ which case it is comnected to the other bus, If it can not

be connected to another bus an investigatlion is made to-determine if sncugh
power capability ean be made available by disconnecting lower priority systems.
If this can be done the lower priority systems are disconnected and the higher
priority system connected. ‘This total test sequence is performed for all

systems in each table associated with the mission phase being performed.

Referring to figurs 5-28 after distributing the load a test is made to deter-
mine if the vehicle is being supplied power from the umbilical system and a
command to go to internal power has been issued. If this is the case a test

for each generator being in syne with the umbilical power is made.
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If the generator is mot in synchronism with the umbilical power a

command to either increase or decrease the generator speed is issued.

The command is generated from accurate generator and umbilical frequency
maasuréments and conatructed so as to command the generator into syne

with the umbilical. When sync is achieved the generator and umbilical are
paralleled., Commanda to increase the generator speed are then issued.

As long as the generator and umbilical power are parallel & commend to
increase the generator sﬁéed will not increass the generator speed but
will cause the generator to assume a larger portion of the electrical load.
Ad soon as the generator has assumed most of the electrical load the umbilical
power is disconnected from the electrical distribution system. This pro-
cedure eliminates electrical transients in switching from umbiliéal to
generator power, After switeching to intermsl poﬁer on all‘three generators

syne signals are generated to keep all three gemerator outputs in synchronism.

Referring to figﬁra 5-29, the procedure used in testing each electrical bus
gystem igto first accumlate tﬁe expected load on the bpé and comparing this
value with the actual load. Based upon this testing one of four decisi;n

pathe are taken; the actual and expected loads are equal within bounds
ihdicating 1 proferly operating system. The actual load is much higher than
the expected load indicating an overload condition caused by a malfunctioning
system, the actual load i1s much less than the expected .load but not zeroc
indicating one or more subsystems have become disconnected or are malfunctioning,
or the actual load ié zero and ?he expected load is non zero indicating that

the entire bus has become disconnected.

Figure 5-31 shows the procedufs wused if testing indicates an overload on an
elsctrical bus. It 1s possible that the overloasd is only temporary being

caused by a subsystem tranéient demand, therefore a time delay is incorporated
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to allow for any transient demands to disappsar. Thetime delay allowed

is dependent upon the overload magnitude. Upon determining that the

overload is still present after the time delay has elapsed tests a&re

made to determine if the system causing the overload can be found directly.

The capebility will exist of directly monitoring the current to some subsystems
but not to all subsystems. If an overload is determined %o exist in s part-
icular subsysten as determined by measuring the current to that subsysiem a
command to discomnect the indicated subsystem is issuwed. A test is then‘

made to insure that the system was disconhected; if thg discomnect did not
occur all systems wherever possible are redistributed to.another bus and

the total bus disconntected, and if the disconnect did occur the bus is
rechecked to determine if any further overloads exist., If the overlaod

exists among those systems that do not have the capability of having their
individual currents measured a move complex procsdure to isolate the ovéer-
load is used. The systems are divided into two types, critical and non-
eritical. The non-critical systems are disconnected and’ & test for overlaod
made. If the overload has vanished the non-critical systems are reconnected
one at a time with a check for overload made after each gystem is reconnected
and thos systems dropped which cause the reapnearsnce of an overload when
reconnected, If disconnecting the non-éritical systems doeg not eliminate the
overload then non-critical systems are reconnected and all critical systems
having the capability of being connected to ano?her bus are conmnected to an-
other bus system. If this transfers the overload to- another bus then the systems
transferred to that bus are transferrsd back onme at a time until the overloading
system orﬂsystgms ars discoversd and sliminated at which time all other sysﬁems

are returned to their original bus. If the
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overload remsined on the originel bus after distributing all possible
systems the remaining critical systems are disconnected one at a time
and & test made to determine if the overload is eliminated, As each
system is disconnected it is left disconnected if an overload in the
system is indicated, otherwise it is reconnected. If after testing all
systems and éetermining that no individual system is capsing an overload
yet an overload on the bus still exists,its load is redistributea and the

bus discommscted.

Figure5-32 shows the program £low required if testing indicates that the
bus is complételj disconnected, There are two bossibie causes of a-dis-
comected bus:which are = failure in the. circuit bresker supplying the bus
or-g msjor short cireuit on the busg or subéysteﬁ.suﬁplied by the bus which
has caused an aﬁtomatic discomnect of the bus. The procedure used in ;nalyzing
the fault is to first disconnect all subsystems from tﬁq bug and issue a
command to reconnect the bus. If the bus does not reconnect then either

the eircuit ﬁreakez'has féiled or a short on the bus itéelf exists., = The

bus is then Eommanded to be connected to another available souréaand tested

to determine if the connection(waa accomplished., If the bus is still dis-
connected a short to the bus is assumed and its load is redistributed to
another bus -wherever possible. If the bus can be recomnected éither to its
original sourée or a secqndary source its loads are then reconnected one

at a time. - As each load is reconnected a2 test is made to determine if the
bus remains connected. If the bus becomes disconnected a short in the last
system to be connected is suspect and that system is dropped -from operational
status, The bus ﬁith its previously tested loads is then reconnected and the

procedure af réconnecting a single sysiém at-a time continued.
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Error messages are generated as each fault is analyzed, Flags are
issued to varlous subsystem programs to indicate temporary or total

disruption of operation,

Figure 5-33 is the program flow executed if a below nomiral load is en-
countered on aﬂy power bus, TFirst a time delay 1s programmed to allow for
possible transients Indicating low power drain to decay. Thé assumption
made upon finding a permanent below nominal load is that some subsystem
has become disconnected from the bus. This disconnect could be caused by
a faulty subsystem cifcuit breaker or a short in a subsystem activating
the circuit bresker. Those subsystems having a test point available for
monitoring their supply power are first teated. If any are found to be
disconnected a command to recomnect them is gemerated. If they remain
disconnected a command to connect them to a different bus is issued for-
thoge subsystems having this capability. If the system cannot bs re-~
connected to the original bus or a second bus the system is dropped from
operational status., For those sysiems where primary supply power cannot
be monitored a reconnect command is issued, For these systems it is
imposeible to determine directly if the system is rscomnected unless the
below nominal load on the bus disappears. If it is impossible ‘o correct
the below nominal load it can be expected that some subsystem program will

obtain a fault indicatlon and deschedule the faulting system.
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5.4 Navigation and Guidance

Navigation and guidance requlrements upon the IMS vary greatly with

mission flight phase. During boost, navigation is based entirely upon

the strapdown inertial navigation gystem and trajectory guldance is used.
During reentry, inertial navigation is updated through use of air data
inputs and energy management guldance employed. During crulse and landingb
ground based navigation aids are used &s a primary navigation source by
continously updating the strapdown inertial navigation system with guidance

limited to & route point steering system.

5.de1 Strapdown Inertial Navigation

The sensors for the strapdown inertial navigation system are six accelso-
meters and six single deg?ee of freedom gyros. These are ﬁounted in a

configuration such that the instrument sensitive axis are -dirscted to the
verticies of a regular dodecahedron. Figure 5-34 shows the orientation

of the sensitive axis of each instrument, The angle o{ shown in the figure

(1)

is a constant defined by _ﬂu-
- = smof \:/5-‘

zcosk = |55
C \{f ot (2)
An acceleration in the X body axis direction 1s sensed by accelerometers
1,2,3 and 4 and & rotatlon about X by gyros 1,2,3 and 4. Before the normal
strapdown equations can be solved,the instrument outputs must bs trans-
formed to the orthogonal body axis coordinates. Because both sets of

instruments are mounted identicallykthe transformations from the non-

orthoginal dodecahedgon axes to orthogonal body axms is the same for both
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Figure 5-3, Strapdown Senszoxr Sensitive Axis Orlentation
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instrument typee, 1.e., accelerometers and gyros. The accelerometer.

(or gyro) outputs can prrepresented as a six vector defined as
: 1
L,
Is ' (3)
Iy
Is
T, J
and the transformad body ax:!.s output as a three-vector

. Ox

O= 10y , (4)
OE

Referring to figure 5-3; the geometric relationship between the accelsrometer

I-=

]
(or gyro) outputs and the body axis outpits is given by the matrix equation

1=MO SN )
where g © C
-S o ¢
O .
M= gss 0 (6)
o C 3
0 C-§

A golution for the three components ‘of (O can be obta:!.ned using the outputs of
ény three instruments. With more then three inatmmenta operating a more
accurate solution is achieved by taking a .weighted aversge of the solutions
pbtained from each set of three instruments. The process of achleving a
welighted average can be incorporated into the solution of the output vector,
0, by using the equation

(MSM)HSI -

vghere -

(S, 09 0 00
05,0 600
S c 0§ 000
00 0800 (8):
0 0 00 &9
Xe o 0 o O 52’




and é;iequals either 1 or O dependent upon whether instrument v is

functioning or not respsctively.

Defining the matrix

T -1 4T
, P:(P’grﬂ Plé '(”
reduces equation 7 to N

0=PI (10)

There are 42 different ways in which 3 or less instruménts .can fa;l
resulting in the matrix P having 42 possible values. Figure 5—3%
gives gix posaible values of P. In order to determine which trans-
formation ' should: be used at any given time a method must
be mechanized which will determine failed instruments; Several methods
aré available for fault-detection. Before a method can be selected the
probability of multiple simltancous failures must be- considered, along
with the methods capable ;fmmndliﬁg imultiples:simultaneous. failures, The
méthods available for fault detection can be classified into two. types,
either trend amalysis or voting. ARn error analysis will show that trend
analysis .methods do not have sufficient response or accuracy to determine
instrument failures and 3%t11l achleve mission success. ‘This leaves only
voting methods avallable for the space shuttle booster:application in
determining the first two fallures. If instrument failures are random,
multiple simultanéous failures should occur with very loq'probability.
Simltaneous is defined to mean a second (and third) failure occurring
before the detection and elimination of the first failure h&a been accomplished.

The probability of two simltaneous random failures occurring ié

- a
;:4_ ()
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and of three simultaneous failures occurring is

I .3
TN /R

'_—:) (Pf»’

\ In"l
where Td is the time required to detect and eliminate a failed

ingtrument, Pf the probability of a single instrument falling, and
?m the total mission time ;ver which Pf is computed. If‘Td is one

second and Tm is 30 minutes then the probabiiity of two simultaneous random
failures is .00056 times the probability of two non-simultansous

fallures and the probability of 3 simultaneous random failures is

.00000031 times the probability of three non-simultaneous failures.

With failure probabllities as small as the above analysis indicateiirandom
simultaneous féilu;es can be ignored. Fallures on & boost weghicle are

not always random but ars caused by some electrical or environmental
occurrence. An environmental occurrsnce, such as a shock forece on the
vehicle, which would cause failures to oceur in the gyros and accelerometers
is very likely to affect other major booster systems with catastrophic
results. The most common occurrence which will cause simultaneous ingtrument
failures 1s a transient or failure in an electrlcal supply source. Since
there are three redundant electrical sourceg,two instruments of each type -
will be connected to each source. Thus an electrical~caused simmlianeous

failure will effect only two instrumeﬁts. For this reason the method used

to detect faillures should be capable of recognizing two simultaneous failures,

The failure detection mechanization chénges as faillures occur, i.e., a different
mechanization is used with no failures detected, with one failure detected,
and with two faillures detected, Figure 5-36 is a set of error equations

with one errér'equation for each possible combination of four instruments.
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If gll Instruments are opesrating perfectly the wvalues of E1 through E15
will be zero. Sincé the instruments are not perfect but contain small
bias, resolution, and scalefactor errors,the values of E1 through E15
will not be zero, Since the instrument Inputs are incremental changes

in velocity and attitudgyvery large scalefactor and bias errors must exist
before any Ei would have & valus larger than produced by an acceptable
resolution error. The summation of the resolution errors over several
samples will never be larger than twice the instrument resolution

-while tﬁe summation of the errors caused by bias and scalefactor will
increase. The summation implemented will be time weigh?eq,increasing the
influenee of the most recent instrument inputs. The form of time weighted

summation which will be used 1s

E. +akFy | (11)

where & is the welghting factor, Fi is the weighted summstion of Ei and the
gubscripts n and n-1 the standard difference equation notation, This difference

equation has a Z transformstion representation of
2
F= 7= E (12)
Referring to figure 5-36 each error equation is the form ~

(L 21 CH(1977)S (13)

where b,c,d, and e take on various integer wvalues from 1 through 6. Sub-
stituting equation 13 into.12 and noting that S and C are constants and

that Z transforms are dlstributive yields-

F - (;—z‘ A j ;i?"?z' )C-wmmf'{
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Defining Ji such that

Jo = 2ia b (15)
and substituting into equation 1% ylelds

Fo=(J 1 J C (Jd- 'e;v . (18)
By implemanting equatf:on 16 rather than equation 12, reduces the number
of filters which must be mechanized from 15 (one for each Ei) to 6
{one for each instrument). The equation mechanized are then-those of
figure 5-36 with each ii rapiacad by J 3 where J 1 is the weighted summation
of I,.
If recognition of two simultaneous failures was not xleéuired r;nly 4 of the
error equa'l;ions‘ of figure 5-36 would have to be mechanized. Since two
similtaneous failures must be redognized all 15-equations of. figure 5-3%
must be mechanized‘. The mechanization must perform two functions which
are failure detection and failure isolation. Failure -detection can be
" mechanized using only two of the equations of figure 5-3&, .The two
equations used must contain inputs from all :six instrumenis. An equation-

palr of this type is the first and sixth equation. These two -equations

implemented using the weighted summation-of instrument outputs are

.F;: (;*IZ)C"(J-B‘ +‘T€1{)S ‘ {17).
E:(@*JQ)C-(IﬂLJa_)S o (18)

A failureis detected when }i‘ﬁ.1 and/or i"z become significantly different

-
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http:where.Ji

from zero. A parameter Gi is mechanized using the equatidn
i iF [FeZF
! o ifi Fl<F (19)
A faillure is detected I1f elther G1 or G6 is 1. TUpon detecting a failure
the failure must be isolated to one or two instruments., To isolate the

failurse all 15 valﬁes of Gi are computed, Figure 5~37 shows the expected

values of Gi for each siggle instrument fallure and two instrument fallure
combinations. With very soft failures initlally,only a few values of Gy
will become & 1. If the value of f in equation 19 is set small enough very
sof't failures which do not produce one of the Gi patterna of figure 5-37
will not create a navigation error of enough significance to be detri- -
mental to mission success, The mechanization will thus isolate a failure

only if one of the‘Gi patterns of figure 5-37 is generated.

Upon detecting and isolating a failure vsing the above prScedure either one
or two instruments will be eliminated as inputs to the navigation equations
by selecting a new P matrix . This leaves either five or
four instruments on which failure detection and lsolation must be performed.
A different procedure will be used for the tw& situations, i.é.,‘four

or five instruments remaining.

If five instruments are still operating fault detection is based upon
computing two valgea of Gi' The wvalues of Gi_computed are dependent upon
which five instruments remsin operational, Figure 5-58 gives which
valuyag of Gi are computéd for each possible combination of five operating
ingtruments. One or .more failures in the remaining five instruments will

cause either one or both computed values of Gi to becoms 1. TUpon detecting
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Fafled Values of G for 1 =
Instruments 1 2 3 4 5678 9101112131415 Operating Instruments 1,2,3,4,6
1 1 1171 1111.11 0000 0 Couputs 4, ... 0. G.. G
2 111111000011 111 17737 75r Vg a2
3 /Tt 100011101 1101 ,
4 10071101101 11011 Failed Emectéarattemi
5 0101011011101 1 1 ||Inotruents) Gy G505 0Cg 0y
6 0601013011101 111 T 11110
1,2 1111111111 11110 2 1101
1,3 T 111111111101 3 T1o1
134 111111114111 011 4 10119
1,5 1141111111101 11 6 0111
1.6 111111111101 111 Mltdply 1 1 1 1 1 |
2,3 111111141401 1111
2,4 1111111101111 7 1 | Flegwess f,g:l}%ﬁ:négmgzts
2,5 g1+ 111 11 0 11 11 %711 =}
2,6 111111011111 111
3,4 1117101 11114114
3,5 1T 1101111111111
3.6 T1101 11111711111
4e5 11011 1t114 1111111
446 10111 1111111111
5,8 01T 1T 111111111111
Flgure 5-37 Expected Values of Gj for sll Single end
>7 Dual Instrument Failures Operating G; required for
Inatruments + Fault detection
112,344 Gy
1,2,3,5 Gy
Cpersting Detection 1,2,3,6 Gg
Instruments Equations 1,2,4,5 Gy,
1’?-,3,4,‘5 ®, Gy 1,2,4,6 - G5
1,2,3,4,6 Gy Gy 152,5,6 G
1,2,3,5,6 G2, €3 133:4,5 Gy
1,2,4,5,6 GA, Gs 1,3,4,6 Gz
1:3!4’5’6 G7_, GB 1,3,5;6 G9
2333445,6 G11,G12 114,5,6 G
2,3,4,5 Gyq
Y 2;3;4,6 612
Flgure 5-38  Error Detection Equutiona Required 2,3,5,6 Gqq
g:: hf:ﬁ:il;j;ve Oporating Instrument 2,4,5,6 Gyy,
34445,6 G15

Figure 5-40 (3 Required for Fault Detection
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a fault, the faulty instrument or instruments must be isolated. With

five instruments it is impossible (without external aids@to is0late two
failed instruments., A trend analysis will be used to determine fault
igolation if two out of five instruments fall., It is possible.by- inveg-—
tiéating only instrument outputs to isolate a single failure if only one
failure exists, and to detect the existance of multiply fallures. Figure
5-39 indicates which values of Gi must be computed for a- possible
combination of five operating instruments in order to perform single

failed instrument isolation and multiple failed instrument detectionm,

The figure also shows the values of each Gi required to isolate a single
instrument failure or'detect a miltiple instrument failure. There are

five values of Gi which must be ‘computed for each possible combination of
five oparating instruments. With a single fallure four of the five-values
of Gi will be equal1 and the other value 0. If testing determines thaé less
than four values of Gi heve a wvelue of 1 then the failure 1s very goft and
no action is taken until at least four wvalues of Gi_become 1. A multiplé
failure hes occurred if all five computed values of Gi are 1. TUpon isolating

a single failure the failed instrument is eliminsted -and the proper P matrix

chosgen.

If a multiple failure is detected the failed instruments must be isolated

by measurements directly on the instrumsnt and trend analysis. This same.
procedure must be used to isolate a single failed instrument’. from four remaining
instruments. With four remaining instruments,a failure is detected by computing
e single value of Gi‘ The value of Gi used f;r fgilure detection for each
possible combinstion of four instruments is shown in figure 5—;0. A fallure

is detected if the single value of Gi computed is 1. If a multiple failure

with five operating instruments or a single failure with four operating
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instruments ia detected a third fallure has occurred reducing the mission
from operational status to that of safely returning the booster and crew,

This reduction in mission status reduces the overall adburacy requirements

of the navigation system, The action tsken in isolgting the failed
instrument is dependent upon mission phase. The first action taken in any
nission phase is to look at the individual instrument outputs and test

points., The most common failure mode for any insirument will cause either

a zero output or a full scale output. All four or five instruments will

be investigated for the occurénce of this type fallure. If the orbiter is
still sttached,communication with the orbiter can provide sufficisnt data

to isolate the failure. The data transmitted from.the orbiter will bs '
body axis delta velocitles or delta attitude changes, i.e., the outputs of
equation 10 as mechanized in the orblter. Body axis for the orbiter and
booster are defined independently for each vehicle. When the vehicles are
attached to one anéther during boost these twégaxis will not coincide. A
congtant transformation matrix from orbiter body axis to booster body axis will
bs applied to %he delta velocities or delta attitudes received f?qm the
orbiter.- All‘possiﬁle combirations of three operating instruments are used
with their apﬁropriate P matrix transformations to optaip a set of transformed
instrument output vectors for comparison with the expectea values received
from the orbiter. ~ There are 10 possible combinations of three instruments
for a mltiple failure among five instruments and 4 possible comﬁinations

of three instrumanﬁs for a single failure out of fou? ;nstruﬁsnts. If the
detected failures exist,only one instrument combinetion will cor;elate with
the orbiter vaiues. The correlation should be very ¢lose if the instrument
failurss being isolated are gyros., The correlation wili not be as close if the

failed instruments being investigated are accelerometers., The reduction in
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correlation for the accelerometers is caused by rotational coupling
through the separation distance between the orbiter and booster
instrument packages. The major components of rotational coupling

can be removed by filtering, since largs magnitude rotational rates

will be of short durstion.

If failure lsolation cannot be establlished by direct measurements upon
the instruments and- orbiter/booster separation has already occurred,
failure isolation will be performed by trend analysis, Trend; analysi:s is
achieved by mathematically constructinge model of the vehicle, applying
approximations to all 'i‘oréas and torques on the vehicle 'to the model,
computing body axls rates and velocities, and compering these with the
instrument outputs. The general six degree of freedom equations of

motion for a rigid body in body axis coordinates are

EE:I’?";—\!/_“I“ ajxv .‘ (20)
ST=[1]W+Wx LI]W (21)

vhere 7 -f is the total force vector in the vehicle having components (¥ F;x’
F&,ZFZ)’m is the vehicle mass, V is the vehicle :Tec‘bor velocity having
components (ﬁ,v,w),&j iz the vehicle angular velocity véctor with respect
to inertial space having componenta (p,q,r),Z? 1s the total torques on
the vehicle having components ( 2. Tx,ZTy, ETZ) and TIlis the vehié:le
inertia dyadic. All vectors are expressed in body axis componeni;s. Dus

to symmetry of the vehicle inertia dysdic is assumed to.héave  the form

iw O - Ixz -
I = O I,y O (22)
e O Ty
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Expending equations 20 and 21 yields:

SE=m(atqw-rv) (23)
SF=m (V + yu-ow) (24)
She=mitpy-4u) (25)
z"rx:Inﬁ—-Ixzf‘-Iyy?"“Ixz gp+lzzqr - (26)
ST=Ly g+ Larp-Tp (r-P-Iz P (27)

ZE:I:EBf"Ix?}é“‘Ixx‘}P%IK§<;V+Iyy€f° (28)

The vehicle and mission meneuvers are usually .designed to minimize the'
coupling between longitudinal and lateral motions. Thié allows the bove
equations to be simplified and separated into two groups, one déscribing
longitud;nal motion and the other 1a’rcéra.]'.' .'motion. The longitudinal
equations are generated by setting v=r =p =0 in equations 23, 25,

anci 27. This results in the equations

Sham({d+qw) (29)
S FEm(w=-qu) (30)
The lateral equations are generated by setting uw = LN wW=W, _ , and

q = 0 in equations 24, 26 and 28 yielding: -

f@= m(\‘r+~rua"F‘~6) © (32)
STy Lux P Ixel S " (33)
}: TE = .rg:g!:"" I-X-Z 16 (31!-)

Equations 29 throﬁgh 34 must be integrated in order to6 obtain estimetes -of
u,V,W,P,q and r. In order to integrate the equations the forces and
torques must be computed and the equations must be solved for u,¥,w,p,d,

and r. Solving the equations for the highest order deriva.tives ylelds:
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YR DN PR A (35)
2

Ve SRy Ut pug (36)
?JnZFzE*?—uoI ZT (37)

5= Ixz 25 _"’J..ﬁ

P Tax Ioz - 122 (38)

g= 21y éT (39)

9y
- Ixzz-[;: +IXXE- (40)
d Ixx I-;_r-f

Forces and torques on the vehicle have their source from gravity, aero-
dynamics, and.engine thrust. Gravity produces no torques on the vehicle
and produces the same acceleration forces on the accelerometer test masses
ags 1t does on the vehicle. Bven through gravity has a major influence upon
the vehicle motion it does not contribute to either the'acceleromter

or gyro outputs. Since the object of solving equations 35 through 40 is

to simlate instrument outﬁutguthe gravitational force is notiﬁcluded_in
the fores modél. Aerodynamie and eng;ne thrust. forces however must be
included.

Aerédynamic forces and torques are‘defined'as'functions of dynemic pressurse,
Qs angle of attack,<{ , and side slip angle,/5. Three #élocity components
w s V', and W' are used to define these parameters, (u',, V' and w' are
the components-of the vehicle velocity with respect to the alr mass expressed

in body axis components., Then

Col=tan™ WA (41)
E=tar™ v (42)
9: = 9o (u’2+ v"z-;—w’z) o (43)
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The strapdown navigation equations are solved in an earth centered inertial

coordinate frame. The navigation solution results in a vecoclity vecotr, V ,

and & position vector, _\ . Defining Eé_ and }& as having components
"’:. (44)
Wz
r %, ;
[ L‘!&:J (45)
Zr
then
) f .,_-.
I‘* ! T | Y% "% :
= [C] s+ e (46)
% " 3

where fleis the eartn's rotational rate and[C]iﬂ the transformation matrix

from body to inertial coordinates.’* Winds are not included in equetion 46.

It is possible that the final mechenization may include wiﬁds in the model
with wind data being supplied through pilot inputs, air data computations

or filtered steering error data. Angle of attack during reentry will be .
large, requiring the arctangent computation indicated in egquation 41, Side

8lip asngle will slways be smsll allowing for eguatlion 42 to be replaced with:

== V':/U_ ’
(47)

The term g G in equation 43 must be computed from the vehicle altitude, h.

Altitude is obtained from the equation set.

- Zy

L tor” e ()

e Yel1-F0-cos2L)+& &2(j-cosul)]  (49)
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(50)

Equation 48 computes the vehiéle 'I‘s geocentric latitude from inertial

position. Equation 49 is used to determine the local geoid radius

based upon local geocentri‘c latitude, the earth‘s squetional radius,
e, and theearthfs elljj-pticity, € . Once h is obtained 9o

found from

'."K.’gh . .
Do = K, € (51)

where K‘I and K2 are constants. -

The aerodynamic contributions to body axis forces and torques are

described by

Fraers = 91 S (& Cye +UChus) (52)
5mm=eﬁﬂﬁf +pCyptrCyr) (53)
i‘aem Gi S{aCoy + U sz{ +Czo ) Y (54)
Kaero™ Q,S(;Bgﬁw Gy, +pij) (55)
Traero= % S Cone+ U Gt Cong ) (56)
Bger ?e‘S(TBCms +Pcnp+rCm») - (57)

Equations 52 through 57 include 17 aerodynamic coefficients which are highly
dependent upon Mach number. The values of these coeffic;ients will be
approximated using curve fit functions of Mach number., Mach number is

computed from
K- . .
Ve (58)
A secondary variable,a,will be formed from

a = J’i,“_"’;\;“l“ (59)
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a will be limited to a meximum value of ., in the region of
M= 1. For simplicity, only the curve fit formula for Cyxyis given
here. The formulas for the other 16 coefficients are of similar form.

For (4 the formula is
- e '
CXc{ = CXqD + 4 CXvs, A e, . (60)

If a third accelsrometer or gyro failure is éncountered *hile the main
rocket engines are burning,isolation of the failed instrument is.achieved.
by coomunteation with the orbiter as has been previously déscribsd., Thus
rend analysis for the purpose of ‘failed instrument isoiaﬁion ﬁill not be
required during mein engine thrust}ng,eliminating the need for inclﬁding
main engine forces in the vehicls model. The air breathing ‘éngines produce
forces aloﬁg the X body axls and torques about thé Z body axis.I The
engine contr61 computers will generate estimates)of the thrust of each
engins. These estimates are itransmitted to the IMS computers where

the .computations

g T+ T, o (61)
g = 4 (7-5) (&)

are made to generate the Fx and Tz engine contributions. T1‘and T2 ars

the received engine thrust estimates and [i is ‘half the .separation distance .

between the two enginss,

The only additional terms which must be added to the wehicle model are ths
torques generated by the attitude control system. The attitude control
system computes pitch, roll and yaw commands (defined as 9o? Py and [“c

respectively), multiplies these commands by a variable gain, and issues
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the commands to the reaction jets or the arsodymamic control surfaces,
The variable gain is adjusted to maintain a nearly constent control
effectiveness. The torque on the vehicle lags the gensratlon of the

torqhe command, These torques wlll be added to the vehlele model as

a solution to the equations.

Tcont, = Kx Txeom,,, * 1T Pe (63)
=/ 6

IJ—'Con‘tn - Ky Ecam‘,,_., - M_y C}c (64)
6

7";—‘ch‘”{'n = Ke E’conl‘n., * MZ e | (65)

The subseripts n and n-1 are standard difference equation notatlons.

The valuea of Kx’ Ky, Kz’ @&, M&, and M% are chosen differently if the
actual torques are generated using reaction jets or aerodynamic surfaces,
To adjust for gain varlations in serodynemlc surface control effectiveness

the values of Mx1M§ and M% will seach be formed from a formula of the type:

5 .
f?x‘:‘ AXO + M Ax( + M sz (66)
whers AZD’ gx1’ and sz are cqnstanta and M ia Mach n?mber ag previously

given,

The ebove equations representing a model of the navigation instrument outputs
for use in trend analysis isolation of & failed instrument are only represent-
ative of the équations which must be used during flight. They are included
for the purpose of sizing the computational requlrements of the strapdowm
navigation task. A lengthy development and simulation study will be required.

to define the equation set to be mechanized.

A solution to the equﬁtions is formed by evaluating the right hand side
of equations 35 through 40 and integrating. A solution is developed every

T seconds. An estimate of the value of T to be nsed is 1/8 secand. To

evaluate the right hand side first,the forces and torques are evaluated
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using the above described procedurs. Values of mass, inertias,

U, and w, vary slowly and will bs evaluated at & slow rate which will
be assmd to be once per second for the purposes of this sizing study.
Mass and inertias will be formed as polynomizl curve £1t functions of

fuel remaining or expended as determined by the propulsion programs.
Curve fitting for mase is

o=y, "ﬁ; - (67)

vhere oy is launch mass and ﬁ: is fuel expended. For the inertias each curve

fit formuls will be of the form:

- . 2 3
Tux = Ixxo“’ﬁ; 1xx, + £ dxx, T fc Ixx3 (68)
U, and W, are obtalned from:
Us . T l'(I (‘68)
Vo | = [C ] Ve
W, Wy

The values of p,&;,and r required in the evdluation of thg right hand

gide of equations 35 through 40 are the values resulting from—the previous
integration of the equations. The gquations will be integrated using the
digital integration formmla:

L 4

Up= Up + 'E(S &n.., - (‘(n—z) (69)

for the integration of L:{ and similer formulas for the integration of ¥,

Ws Py 4, 8nd T, The subscripts n and n-1 are standard difference equation

2
evaluation of equation 35,

notation and Un'— 1 and Un- are the present and previous right hand side

The outputs of the accelerometers and gyros are transformed to body axis
multiplying each output set by their appropriate P matrix., Defining these

body asis components asAub, AV, ’A% ’ A¢65Aeb and Al,% the trend analysis
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outputs used for comparison with each body axis instrument output are

computed from the formulas

Au= (Un=YUn )Ty /T (70)
Av= (Vi =Vt )T/T (71)
AWz (wWp ~Wh-1 ) T /T (72)
A= (3, prui) /2T (73)
ro=(39.59,.)Ti/2T (74)
AY= (306, ) T /2T (75)

where T is the time interval between trend analysis solutions and Ti

is. the .time interval between instrument processing. The trend analysls
program will be exacuted contlnously even with all‘ instroments funciioning,
While the inatruments are operating properly, i.e., before a failure detection
indicates there are three or less instruments of either type operating

properly ', an error for each term will be generated by the equations

£ = AU, - AU 6y
€, = AV, -AV {77)
£y= AW, -AW (78)
€¥=A¢6_A¢ ()
Es = A6,—AD (80)
€, =AY, -AY (81)

Mhile the instruments are operating properly,as defined above,force and

torque correction terms to the trend analysis model willlbe generafed using

the formulas:
Eﬁcorrh = Ficorrnu, + Kq g, (82)
Beorra = Frcorm., +Ka €, (83)
fécari’n = gcorrn,, *Ka 53 - (84)
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Carip— * Kg E‘a‘- (85)
?;corrﬂ - T&corrn_, +'f{9 E%r (86)
+ Ky &, (87)

}XCern = Tx

1

7;cornq érorrn,
These force and torque corrections will be added %o the force and torques
used in evaluating the right hand side of equations 35 through 40. Ka and |
Kg are constants, When a failure is detectfad which indicates only three
acceleromsters or gyros aré oﬁerating each possible combination of thres
instruments are formed for the failed instrument type. The output-al of

each combination ig transformed independently to body axis. Kg is set
_equal to zero if the failure is -a gyro and X if the fa._ilui'ar 1a an
acceleromstér. For each pogsible combination of three instruments an

error valus is computed from elther

Eu= £ 46148, €
N

dependent upon an accelefometer or gyro fallure reﬁsactivelym The

or

combination havingrthe smallest value of Ea or Eg,is u?ed_in the atrapdown
computations. Thls procedure is repeated each sampling period until all
but one value of Ea or Eg excoeds & limit valus., When this oceurs all
instruments exéept those three contributing to the valus of Ea or Eg which
doed not exceed the limit are eliminated and K; o Kg reset to their proper

value,
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The output of the dodecahedron to body axis transformations are two vectors

having components (AHA,AV,,JAW;, ) and (A(,éﬁ ; Aby AY, ) whers

AUy T Uy

AV, =z %, ' (90)
W, .

LA 5] 'y | Wy |

and

'-Aaﬂ 44T | &“
e e (91)
AY | 4 N

5 - L

T is the time between instrument outpute and the right hand side vector

of equations 90 ahd 91 are the vehlcles acceleration and angular rotaticnal
rates with respect to inertial space expressed in a body axis coordinate

gystem. Inertial navigation requires the solution of the equation

44  —
a=R-G (92)
where & is the accelerometer!smessured acceleration in inertial coordinates,
R the vehicle's position in inertial coordinates and G the gravitational accel-
eration in inertial coordinates, The solution of equation 92 requires the
transformation of the acceleromster outputs from body to inertial coordinates

which is given by

& o,
221V [c] % ‘ (93)
W " |
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where [G] is the direction cosine trensformation matrix. In terms of

Fuler angles the direction cosine matrix is given by

cosy/ SWNY Oft O o] coseé a -SiNG
[CI={-sNY cosy O[O cosd -sNg{l © 1 a (94)
0 0 1§{O SIN® cos@lLSING ¢ cose

Performing the indicated matrix multiplications yields

-SINJcosa~SINGCoSPSING cosycosd  SINY cose-cospsiNgcase |

e] [Coslpcose—StNQSlNWSqub SINYcosg - SINYSING- SINYSING cos eJ
Cl=
Cos@SING SING Cos@cose

(95)

In order to simplify the notation the elements of [C] are defined as

C:l C:_ C
A 1 Ca
[C] "':[Cl?. Caz C\gz]

Ci13 Caz Csg (96)

The matrix:EG] represents the transformation between body coordinstes and

inertial coordinates thus for any vector ib

>

Xe=[cIX, , ' (97)
taking the derivitive of equation 97 yields

7‘(1 = [é])_(b +[C] f{l : , (98)
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Tt is also true that iI expressed in body axle coordinates is given by

LC]TX.I = (3?1)5 = )Lﬁ, + [WlX, (99)
whers
0 -r g _
W] = [_'; g 'OP} (100)

and [_w:[ib is termed the comtribution due to Coriolis. Multiplying

squation 99 to | C]Jend equating the result to equation 98 yields
[c]X,+ [C][w])?b=ECJX—5 +[c]X, | (101)

. \l T
simplifying equation 101 noting that{LC]iPQ3=“BUJ[FJ yields
. T ' |
[¢]=-[w]lc] (102)

Equation 102 is used to propogate the dirsction cosine matrix [Clduring
T
flight. Expanding JC- wusing Teylor's series and difference equation

notation ylelds:

T T - T e, T
[Cl,,, = Lc), +[CAT f?’*{c T AT eas (103)

Taking the derivitive of equation (102) yields

187 - witeT-1wrdy o)

§ubstituting equation 104 into equation 103 for LG]’and equation 102

. 7
into the result for|C | ylelds:

(e, Lol lw], [eTar- $Le feTar2+ g [wl, W], [ AT (105)
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Approximating W], by
[, = {lwl,- [wl,, }/aT (106)

and defining

O -AY A6 O  ~rAT AT
[Ag] £ [AL// ow -4@]'.\: [m‘r o -%0.47‘]: [w]ar (107)
A0 AQ o “9AT paT 0O
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then equation 105 becomss

.
(e, =[C]- 3149), (], +3[26], [C ]+ 000 oe] [c]] (108)

the matrix [A¢] is constructed from the incremental inatrument outputs after
T

they have been transformed to body axls coordinates., The matrix [C]represents

a rotational transformation between twoorthogonal coordinate- systems and

should exhibit the property

[c1Lc]™=1T] (109)
where ‘
I 0O (110)
lz]= Jo 1 © '
o 0o 1

Because of computational errors caused by a finite computer word length
(round off errors) and integration approximations (truncation errors) the-
matrix [ CJwill not exhibit the properties of equation 109. Using equation 109

o define an error matrix ylelds

[e]=[cllc] ™ [1] (111)

A better approximetion of the true transformastion mastrix from body to inertial

coordinates is formed from

T
[c]- %[C]r[é«] . (112)
The process of propogating the transformation matrix then bhecomes
T
[C']nﬂz {[AQU,: (3!3- [ﬂﬁn - %[ID"'é [Aéjn-f} [I]}[C]; ' (113)
T T , a7 '
[C}ni']: [C’]n{—[ T%[I]— é[cjn-ﬂ [C ]nil} (114)
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Equation 113 is formed by replacing [C]jn+1 with [fo;+4 on the left hand side
and partitioning the right hand side of equation 108. The partitioning
reduces the number of sieps required in a genersl purpose computer solution.
Equation 114 is formed by setiting expression 112 equel to [G—j‘;_,] and sub-

stituting equation 111 into the result.

The transformation matrix Y_G__\ is applied to the incremental accelerometier
-outputs afier they have been transformed to body axlis by use of the appropriate

[Plmatrix. This transformation yields:

AU Aub
m _é_-_ AV :[C] A,Vb (115)
AW AW,

Navigation requires the solution of equation 92 for ® and R' Solving equation

92 for R ylelds -

= =a+06
R (116)
The Taylor's series expansion for I:i using difference equation notation is:
-RHD-H = —ﬁn+§nAT+%~R~hAT?+oo- (117)
Approximating R in equation 117 by
Rn=.(Rn_ Rn»l)/A.T (118)
yields
R—;ms:‘ n-}—AZI_(:th_F{h-_‘) ' (119)
Substituting equation 116 into 119 yields
2 LB (15 .5 \ATa/a=m = \AT
Rn.{.l“ Rn+(3ahﬁqn") 2 +(361‘1 _Gn—j) 2 (120)

The best available spproximation to a is ZL_I/AT .
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Thus equation 120 becomes

) *
— — —— — - - -
Rois © Rn 1"% aly, - "2 ad,, & Gy = Gn-.) 9'2“' (121)
In order to solve equation 121 gravitations) acceleration, G, must be evaluated in lneriial
coordinates, Tha soiution for R will bs generated at & very fast rate, estimates used for
this study ars 64 times per second, G will change vory 1little between two sequentiel
solutions of R naking

Gn = Gn—1 . (122)

an approximation heving 1ittle effect upon the sclution accuracy of .
Substituting equation 122 into 121 ylelds

e i -— -
Au. -4 .
R, =R, +3 a4, -4 24, ,+ G aT (123)
2
R
h
T,
L
kY X
X
a
-n. ot
X Greenwich
Mgridian
Flgure 5-41 Inertial and Navigaticonal Relationships

Figure 5-41 shows the geomoiric relationship between inertial coordinates and geocentric
lstitude and longitude. The inertisl coordinate frame 1s represented by the axis systen
X, ¥, 2. This coordinate frame is establiched at a point in time prior io vehicle lmunch
such that the Greemwich merfdian and the inertlel X axls coincide. The Greemwich meridian
will rotate toward the east as the mission progresses due to earth rate,«L o The -
gravitationnl scldeleration, G, is directed tovard the center of the earth along the R vector.
The gravity vector is .
-
G- EHR (124)
whero E, ir the earth's gmv:i_.tatéona& attraction on the earth's surface st the eguator and
L is the sarth!s equatorial redius, The generation of the
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absolute value of R requires the square root of the dot produce R * E.
Since the magnitude of G varys slowly the interation rate used for its
golution will be slower than that used for navigation integrations. At

a 2 per second rate the value of gnldefined as

grh Iﬁla (125)

wiil generated, The integration to propagate R at a 64 per second rate
will be machanized using the formula:
S B + 37 LA B AT
"Ron = Ra? Z AU, "7 Al T G R AT (126)

The value of R is obtained by integrating R using the formuls

- g X ___Ln;. .
Rnﬂ" Rn EFR 2 RHAT (127)

During boost the primary navigation parameters required by the guidence

system are K and K. During the reentry, cruise, and landing flight phases the

the navigation parsmeters required are latitude, L, longitude A , altitude, h,

vertical velocity, V horizontal velocity, 'h’ and horizontal welocity vector

heading angle UA/. The componenis of R and R are defined as
== |Y
R |z (128)

and

D
it
i< <

(129)

An earth fixed coordinate set is defined as a right hand certesian set having

the positive 559 axis along the ‘earths north polar axis and the

- &
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Xe axis In the equatorial plene intersecting the equator at the Greemwich
meridian, The space shuttle position and veloelty in the earth's

coordinate frame are determined from
Xe Xcoo 0.1 +Ysin{)t
'§e= Ye = [FXsINQt+Tcos )T (130)

Z, Z

and ‘
Ue| |UcCOSfet +VSINALTE-QY
*R“e =1 Ve -..-_- “USINSLeT +VCOSNL it + L X
We w (131)

Longitude ig determined from
..'[ .
)\31_61?1 )é/)(e (132)

Latitude 1s determined from

Xe COSX+ Yo SIN A ‘ (133)

L= “)’an-,

Altitude, h, is determined by subtracting the local earth radius from the
magnitude of Re. The earth's shape is closely approximated as an oblate

spheroid having a local geocentric radiuns of

=t (1=€sIviL) (134)

where [e is the equatorial radius and e the earth's ellipticity. The
magnitude of Re can be determined from

R = nL + (x.cos» + Y. sivh)cosL .
B = Ze s+ (e e sd) (135)

Then the altitude, h, is given bhy:

h=|Rel-13 (136)
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Defining the velocities VN ’ VE, Vé as the northerly horizontal
veloclty, easternly horlzontal velocity and vertical velocity respect-
ively with the vertical velocity positive when the vehicle is decending then

Viy ~SINLCoS)  -QINLSINN cosL] | ua (137)
Vel =] -SINX COs A o Ne
Va ~COSLCOSA ~CoSLSINXN -SINL] (We

The horizontal velocity heading angle, Y),, is then
1V
W = fan <5 . (138)

and the heorizontal velocity ﬁagnitude‘is

V=V sl +vycosy, (139)
Latitude and longitude coordinates used in maps are'geodetic rather than
geocentric. Therefore all dlsplays of latitude and loﬁgitude to the pilot
should be in geodetic coordinates., The tranaformation betwsen geocent?ic
latitude and longitude ( L and \) and geodetic latitude and Longitude
(L, and ) ) is f

Ly =tan ' [(/=eYtanl] (140)

Ag= (141)
The strapdowvn inertial navigation system must also provide various attitude
references to the flight control system. These are Euler aﬁgle attitudes
between inertial coordinates and body axis during boost and between earth
fixed loeally lewvol axis and body axislduring reentry, cruise and landing.
Also angle of attack, o, and side élip angle,¥3, must be computed. During
boost Fuler angles are computed from the direction cosine matrix, By In-

spsction from equation 95 and 96 the Euler angles are: :
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= tan ' Cz’/czz (142)
&= tan” Cs/ce (143)
QS:ZLG‘”*[ 623/(C/3 5’N9+C‘33C059) (144)

During reentry, cruise, and landing a direction cosine matrix between

body axis and locally level coordinate frame is constructed from:

sinLcosx —SINLsINXN  cos L CossLt sINDt 5
~cosLcash ~cosLSINA ~SINL 0 O

The only components of [ D] that must be computed are Dyqs Dygs Dyg, and

The values of W ,&and ¢ are then

Dy
W= tan Dy /Drz ' - (146)
8= tah-,Dls/Dgg ) (147)
B=tar"Dzs /(D15 SING+Daz cos 6) (148)

To generate -the angle -of attack and side slip angle the vehicle velocity

with respect to the earth, ﬁe » must be transformed to body axls coordinates.
'This is achieved by
Uep, Wi = Yeasflt ~0) X sivQet

PRy (149
Veb "‘[C] VIT1Le Ysin(Let +.0) e Xcos (2ot )
. Web W ’ Q
Then
o= tan Wew/ (150)
and
B=tan Ver/ e, (151)
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During reentry, cruise and landing other navigational aids will be used to
update the strapdown inertial navigation solution, The measurements made by
other navigatign systems will provide new values of A, L, h, W, o« ,\3,
and‘}f, The strapdown inertial navigation systém contains 15 integrators.
These integrators contain 9 dirscticn cosine values, 3 velocity vector
components, and 3 position components, Significant errors in the strapdown
inertial navigation system will exist as errors in the integrator outputs.
Each parameter which can be determined by some navigational ald other than the
strapdown system can also be developed from the strapdown system Integrator

outputs. Using longitude as an example thiz can be expressed as
A=1, (IC1,R,R) (152)

A matiixz, [Q] can be constructed from partial derivitives of each navigation

parameter with respect to each integrator output Thée matrix will be of the form

3Cu Rlary 9Cs3 3“ SV W ax Y c}.z'.‘
‘a‘l_: .. -
= 15¢C . o
<! 5” (153)
BV’ .
aCn“‘ -3-%

The equations for each parameter in the matrix are:

E%j:g-g L2 = =8 = g =0 (154)
%}(—: iﬁf@ [sinQet + .;g- Cos(Let] (155)
%}‘f = ﬁfeya[cos_(lef - )_é_sm_ae-é 1 (156)
g_':ij %_a %16—"51— o (157)
QL - - XeCosx+YeSINA Zo [XeCOSO Tt - Yo SINNL ] (158)

oX ~ Xg+ Y&+ 238
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SIS 0 c:f?);’r;%g’”)‘ Zo(Xe SINMLt +Y2COS ot

abL

o

ok = XeCOSAT Yo SN NA
oF  XZ+Ye

@.

+ Zg

-..__.._-_.———_.._--——-.-

ha= "'-'f](x'ecosﬂef Y%SINSLt)+ 2 siNLcos L 3L

X T aX
h o b (Ko SINOE1YeCOSNet )+ 22 sinLcos L 2L
5% = H?‘e e < oY
gh = Ze y2e5vL COSL
9z lF’el
oY, _
(}CIJ‘ =0
o “"” [sm)«cosnencos;snmeugg SINL (SINXSING ot ~CosA CoS e ) ]
S K
Qb W 'Q.ECOS)\COSﬂef SJNASIN-Qe‘H- S}ML(COSAsmﬂef-rSW).cOsﬂe{)]
av =

dWr_=VYe o5t
W T EHYF

TR
v,_.+V

+VecosLs.'N)\+westNL) +swL(t@cos> Ue SIN)YEY k0 sl siny]}

aY ~

St _ _;._ (u cosL COSN+TVLCOSLSINAT %SINL)_Q_L__
57 EHRYVE 37
_@9{_ :-é‘d' -‘-...a_-?-(- = _\,33{__ =0

daly Az Gz 32

g =Web U-2eY00S 2t ~FLe X SINSL ot

acn”~ Web+u2'( € ¢ )

X o ZYeb NLLot 3+ )X Cog et
‘a“é.-g mgb(v ~{le VsiNLLet 2 N eX Cos e)

o= _ eh -2 Qet - e X siNLeT
aCa ‘Webf_u;(u e YCos Qet - e XEINILe )
dot . Ueb (V-DeYsindlet + fle X cosdlet)

oCs2 Weprls,
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{ (ueCOs,x+ve¢iN)) ) Cos}—f-_‘/_:i [(uecosi. Cosx

3 NA Y CoSL SINA
v vz+vl.{ (uecos,wv sw,\)a +eSINA ¢ V. [(UECUSLCos)w cos
+We SINL) -t—S!NL(v COS A —~Up s/N,\)bﬂ -0 SIN[.CO.S)\]}

(159)
(160)
(161)
(162)
(163)
(164)
(165)

(166)

(167)

(168)

(169)

(170)
(171)

(172)
(173)
(174) |
(175)

(176)

(177)



QP( :»wue';r'.., 1 8
oy W+ UL (178)

oct o MUep 7 _ Wey )

5T = ez, (Cor ™ g O (179)
(. __Ueb : ‘

= it (Canm ) 160

ax o _Meb /o Wey

oW Wi+ UZ (Cs3 Ues C!3) (181)

f“‘: Yeb e [(cazcosxu-CS}s;Nﬂef)+.h’.§%(c,,sum.e%—c,zcosxz;z)] (182)

Weg + U U
%Diy - 'gbf;:”“fi;i [(-cgl COSNet-Czy SINAEH) +_“a/seég(c,, cosflet+(, SINAL gt )] (183)
5673898350 (e)
g_g; = ﬁg-‘ff-:—;i(u-ﬂe Yeos Qet - (L, X SNt ) (185)
.3%: :"\é*/ff@'i‘ (v-LrelsiNNLet+ 0 X cos D e t) - (186)
38,7 v | e
g_,%._. ,LTI;%L\%? (U-Qe¥Cos et~ 0o X SINQGY) (188)
%%2; a-é_:f—_‘-’% (v_-_rle Ysinfet +10eX COSﬂ_ef) (189)
S . -
¥ - wme ) o
5= Va(Ca 1 Co) ( (19
%ﬁ.; 5?3%72% (Gea Coset-Gysinllet) - a‘%(qz cosdlet-Cy SINALT)] (194)

9 = Uai Lle [-(Cyy cos et +Cap sl +—&/§% () Cos et s CpsiNDed)] (195)

oY
g.g.z&_u DYV YN VR BN I

= 2X. =6 196
n ala 2C3 aCa 30 G U gV W (19 )

= Pay ; ~¢osflet cos N 4 Dai
f%," B +D;2[S,NL(5fvne-t31NA et cos )+Dﬁ(cosﬂe1‘ SINA (197)

+ SINQ et ca-s")\)]

237 =



-"-3—(" = D”“ [ SINL. Cas et SINX+SINSLetcos))
* D—'*"' (5”4_(19{5”@}. Cosﬂefroskﬂ (198)
2 _ Dgpcosl
. 9Gs D +Dj (199)
%_:(Pm: B‘%é_f:“z [(Q,-,CDS.Q o1+ G SN (sinisinne - cost cos 3k
2
Bfi COS)\%—;)-P&g_QCGSﬂef‘—CQ; S.W_ﬂ.pzﬁ(_ Cosj_s;,v)%;— (290)
-5}NLCo5)§-3‘~-+ Day sW)iﬁ)_Cwsw LQJ.:
{ D.s '
g-—;-’;* D:,giD.o [(Cﬁ,cosnewcusmﬂet)( co_c,;_cos,\g?mesw»\%)?\
—%‘i’ Cos}ay)-k@gcosfle‘f'-(‘g,swﬂg'f)( €oS LS!N>~ Y (201)
D ! 3
- smLcos) D;n s:NAa},) cmswL&Y)
%—%-- DD%D"[ co«:z_cos)\/c_q,co 5 et +Cmswfigd) : (202)
2! 22

L
~COSLSINX (szcosﬂe'f - Czy SIN-QE*)- SWLE’;

Using the [Q)matrix as defined by equation 153 a derivitive equation can be

written as:

(> ] (€ ]
al dSal
2 ldh | ;7 18fpldc
dy, [Ql dCze [Q] (203)
A | AU
rig dZ

o update the strapdown navigation system the vector dA is formed by evaluating

the functions
Cf}ﬁ= F(A,)\rrﬁ
&L:F(Lj L) _
: - (204)

AY=F W, W)

where ) is- longitude developed from the strapdown system and )‘m is longitude
determined from some other independent nav-aid source. The errors of the

various navigation sources have different characteristics, Strapdown errors
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have the characteriatic of increasing with time while other navigation
sources on the space shuttle have limits on their total error magniﬁude.

The function required by equation 204 will be mechanized in the form

JOVNREY N ISWESNTSWESY (205)

where K, 1s a constant selected according to the naviggtion source of,xm.
This mskes the magnitude of the function proporiional to the square of the
difference between the two navigation system solutions while maintaining
the sign of the difference. In-order to apply an update to the navigation
system equation 203 must be solved for d€. Since equation 203 represents 7
linear equations in 15 unknowns many. solutions to equation 203 exist. The
one which will be used for this application is

ic = % [q]dx (206)
Matrix [Q]T contains many zero terms which will reduce the time required to
compute equation 206.-

q2 is evalusted by taking the sum of the squares of all non zero elements of

[} .

¥

The output of & single degree of freedom gyro is (207)
W= (1+AKg) W+ Bg

whereh%nis the measured angular rate,l) is the angular rate of the instrument
with respect to inertial space about the instruments sensitive axis, Kg
represents the ingtruments scale factor error and Bg the instruments bias error,

In a similar manner the accelerometer output is given by:

= (I+ AKa)Q + Ba ' (208)
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where 8, is measured acceleration, a actual acceleration, Ka scale
factor error, and Ba blas error. During prelaunch the angular rate input

to each gyro is given by

W= 0+ (209)
where {1 is the component of earth rate along the gyros semsitive axis and /°
is the angular rate component of the vehicle with respect to the earth along the
instruments sensitive axis. /OE is caused by movement of the vehicle due to
launch site winds and loading of fuel, passengers, and stores on the vehicle,

The acceleration experienced by the vehicle 1s given by

whers gg is the accelerstion due to gravity and & the distrubance accelerations.
A negative sign on g is used because the accelerometer does not mgasure the
accelerstion due to gravity but the opposing force of the earth stopping

the vehicle from being asccelerated by gravity.

During prelaunch and pre ferry mission phases the strapdown inertial navigation
system must be initialized and calibrated. At the lsunch site ground
eguipment is used to measure and transmit accurate values of wehicle attitude
with reéﬁect to & local earth coordinate system, The attitude date transmitted
{0 the vehicle is in the form of three Euler angles ¢‘L" QL’ and I,UL.

In addition ts vehicle attitude with respect to locally level coordinates launch
site latitude and longitude and time are available from keyboard entry. Time

is accumilated in the computer by the executive program but initial keyboard
entires are used to sync the computer time with Greenwich standard time.

From these inputs the direction cosine meirix is initialized by using
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the equation:

[e)= [ae] N[ 1wl le!] )

cos Lt -sINDLE o
[n+] = [gjvnt cosnt o

o) o ! (212}
COSA ~=SIN) O
EX1= VYsinx cosx ©
L0 ° (213)
SINL © =~cosL
[L]: 0 / o
 cosL © SINL
o ! ! 2
) CosS¥L SINYL O (214)
1= -sg:w:_ coéwa_ ?
e o (215)
L@ l= | 0 cosd -siNg,
LO SinNg cosgl (216).
.. lcose. O -~sIN@,
[61=1 0" 1 of].
' | S$INE,. O cose, (217)

] ] i N
The values of. l}JL, @L and QL are derived from LPL’ ¢L’ and GL respectively,

by filtering. The filtering is accomplished by mechanizing the difference equations

q):'n: Kr wl-’nh,-{'KQ WLH (218)

Du, = K ¢:,,_, Ky Oy, (219)

and (220)

! I
81_”: Kl e"n-i+ KQ_ e"h
During the initlialization and calibration procedure the d:lrectiém cogine matrix

1 [}
must be continously updated as WL, ¢L’ e,i and t changes., FEarth rate and gravity

are transformed to body axis using the formulas-

§b= [CJT[ﬂfJ[)\]EL] l%] . (221)
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and

o= o7 |g) 2

where g is the local acceleration due to gravity found from

- -jergz
J= (p+hY¥* . (223)

and {1 is earth rate. o and g, are the same as defined for equation 124,
ro ig found from equation 134 and h is the launch site altitude above sea
level obtained from data entry through the keyboard. The components of Eb

and ﬁb along each instruments sensitive exis is then generated by the

equationss:

gs = [M13, (224)
and

a=IMia, . ' (225)

where the matrix [M]is defined by equation 6, Bias and scale factor errors
ars removed from the outputs of each instrument during flight., For the gyros
this error removal.is accomplished by loading a blas, Bg’ and a positive

and negative.scale factor Sg + S, registei; in the gyro. The accelerometer

g
errors are removed by applying the formmla
2 3
I:Allin“ Ao_A.eIin_AsIm . (226)

whers Iin is the raw incremental accelerometer imput to the computer and I
is the corrected accelerometer output, For each gyro the bias value is

computer from

By=B.+ Bian+B,a; (227)

where Bo’ B‘l , and B, ars constants with different values for each gyro and

2
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8, is equal to Avb for gyros 1 and 2, L\Wb for gyros 3 and 4, and Au for gyros
5 and 6. Initially AO’ A19 A2, A3, BO’ B1, B2, Sg+ and'Sg_:-are gset to

values determined from lsboratory calibrations of each instrument. During
preiaunch and pre-ferry navigation calibration the values of BO’ Sg " Sg_,

AO’ and A1 are adjusted. Equations 224 and 225 repregent the expected

instrument outputs. For each accelerometer s sum of N errors between actual

and expected outputs are accumulated by

N
6,1 = IZ (SSAT” Ta) (228)

-and likewise for the gyros using formulas of the type
£ = g(ﬂsar—ls)
where Ia and Ig, are the corrected accelerometer and gyro incremental inputs.

From equations 208 and 207 the accumulated errors are

€= - (AKe Qs + BINAT - | (220)

and (230)

€y = ~(AKy Qg+ By \NAT
Beaause &g and.fl&are constants unless the vehi;:le -isA moving with respect,
" to the earth, there are no characteristics to distinguish between error
contributions from scale factor and bias errors.In ‘a‘;;iatfom gystem, the plat-
‘form can be to;'qued to & new orientation to change the values of g‘ and .h-s
for each system. This cannot be done for a strapdown system., Analysis of
expected error sources will be used to determine the proportioning of the
accumilated error to bias and scale factor sources. The instruments will be
calibrated using the formulaas -

_'.'Kle :
AMa= “NET U _ (231)
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Bq T - —53" "Aqu.S (232)

NAT
- Ky &
= _"2cg () 2
Ay = NaT =3 (233)
__£& _ (234)
3=~ Nar ~ AR dLs
where K1 and K2 sre constants heving & value between O and 1,

This completes the description of the computations required by the strapdown
inertial navigation systems. Thess ;quations are distributed between several
programs dependent upon mission phase and solution rate requirements,

Figure 5-42 is a flow dlagram of the Strap Down inertial navigation start

up program which is scheduled during pre launch or pre ferry and run at

a 16 times per second rate. Upon entry to the program,power is commanded

to the gyros and acceleromsters and then tested., The Gyro bias and scale
factor registers are then loaded and the temperature cgntrol program scheduled.
A wait is then programmed to allow the gyro rotor to come up to speed and

then the.gyro rotor spéed‘tested. If either power supply voltage or rotor
speed tests indicate a falled instrument,appropriate error messages are issued
end flags set to selsct the proper P matrix, Pre calibration and calibration
computations are then performed. TFigure 5-43 is a flow di;gram of the pre
calibration and calibration procedure. Before calibration is started, the
accelerometers and gyros ars tésted to determine 1f they have reached their
nominal temperature valve.If a nominal temperature for all instruments

is not achieved within a preset period, appropriste error messages ars generated.
Vehicle attitude —readings from ground equipment opties(or keyboard entries
for a ferry mission) are sampled and used to inifialize the W].i, ﬁ’L’ and 9£ :

filter squations. Imiing prelaunch, a wait is then programmed during which
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teinperatoe | CxCesded ) ——_—l

Turp on gyro Toitral iec ARem = “‘K‘E—‘—Z? :
and qcceferomeler W g e N
Power Ly ¥y l
o *. ) -€o _ak
l w YL reva(i-osin'L) B s ¥
Check Supply ¢ =K, ¢ "’K (Z)g . °
voltages to i . l' .
gsros, and{ 9 =K e, 1K B, &
E€rs.,
i Shitus Hessase ) P O ot
A
X Wait 3= ({3 h)z'
Load Gyro Bias ' ' l
and Scake Factor T i =
Initiahize acch o nwﬂ_ -A
Bras and Scale Costf -t © G= [C]T[QT]D']M o] . 83 Kdﬂz
Facdor [E={sinnr cosn+ & ® 3
l ] 4] L]
Schedule - l - 350 Sﬂ +AKS
Temperatare ~ o°5> ~§iny O - 1{o 89.2 5=~ AKj
Condrol Prograrn [3|sind cosr © gzl _ B, = Bu + By
sa’n!. o -TosL } : \ i l
l (1= ] S DN - AA AR
- ca::l. 0 sinL 94= LHl g, Ay =A™ Ba
wait 4 ’ il
s(,u siny; t .
- [lp] SN coslPL J - o
o R=Iat1p70t]) ©
l 2 o N
. ) o =[5}, :
Test Gyro Rator ‘
casqﬁL -sneﬁ
;S/pee:f_ . Tscoe (¢ g smﬁ' cese l . a-;‘. 5
Srat . 3
o | FET
J coss' o-smo -
. (o1 [ X ] :
m/"g_‘:'—kann 5 r" O Cesa I-—_ é
Fre . Cally adion +
end Califyudion [c-]:[ng{;\][q[u{][q]{a"]

Cen pulations

. ®

L

. L
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time the optical attitude inputs are filtered. The directlon coalne
matriz | C]is thengenerated by computing the individual rotational
transf;rmation metrices from inertiasl coordinates to body axlis coor-
dinates, forming the matrix product. The gravitational and
sarth rate vectors are then formed and transformed to the body axis
system. The gravity and earth rate components along each instruments
sensitive axis are then formed. A wait is then programmed during which
time the SD6/ program accumilates E and Eg. Du?ing this time, the
direction cosine matrix and the gravitatlonal and earth rate vectors
are continously updated. At the end of the walt period; the bias and
scale factor errors for each instrument are computed ané corrections
mede to the initialized velves. The inertial position and felocity

vectors R and R are computed and initialized.

Figure 5-4; is a flow dilagram of the main strapdown inertlal nevigation
program. This program is exscuted at a 64 times per second iteratlon
rate. First bias and scale factor corrections are applied to each
accelerometer output. A flag is then tested to determine if the system
is in the process of béing calibrated or in flight prograﬁ usage. During
calibration, Eq and Eg for each instrument is computed‘and the progrsm
exited., If the program is being executed for the flight mission, each
‘instrument output ié filtered to provide fault detsction inpute. Body

axis outputs 5; and 6g are then generated by multipying each set of
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instrument outputs by the appropriate [Plmatrix, Fault detection
parameters are then computed and tests performed to determine if a
 fault exists, If a fault does exisi,fault isolation computations

are performed. If the fault can be isolated,a new lfﬂ matrix 1s
selected énd a new set of body axis outputs-compﬁied. The body

axis gyro outputs are then used to generate the updated direction
c¢ogine matrix, - The accelerometers body axis outputs are then rotated
to inertial space using the direction cosine matrix and integrated

twice to form R and R,
I
Figure 5-45 shows & more detailed flow diagram of the failure detection

and isolation computations required of the mein strapdown inertial
navigation program. The program indicated by Figure 5-45 must be executed
twice, once for detection and lsolstion of gyro failures and once for
accelerometer failnies. First a test is made %o determine if all six
instruments are operating or if prévious tests have reduced the number

to 5 or 4. If gix instruments are operating F1, F6, G1 and Ggare comﬁuted
and GH and G6 tested. A fault 1z detected if either Gﬁ or G6 is a 1.

If a fault is detected, direct measursments on each instruﬁent are made.
These direct measurements.inelude power supply voltages, buiput magnitudes
to determine if the instrument output is zero or full seale, measnremeﬁts
of rotor speed for the gyros, and comparison with the orbiter outputs if the
mission phase is boost. If a fault cannot be isolated by direct measure-
ments ,then all 15 valves of Gi are computed and tested to determine if
their values match one of the patterns of Figure 5-37. If a fault cannot
be isolated,an appropriate error message is issued. If a fault is isolated

s new \P] martix is selected and an error megsage issued,

~248-



Y

; * & Howws iy -
L o pa il
are t'..‘-h'.'i’.h’u__;? l
F=03,-3\c-(5 - Canyprete Fo
- .T‘ -‘\c—{f’é}g \lr ° with T sefocted
P CP R AN Compule Fand Per Figure $-90 |
fy wrlhTand T
e fod por l
G_{:.Hﬂaf Figurg 5-38
o iFIRICF l Compule
_r IR G,
& {oifinict Compiic x
l Gr and Ga. l
Zs G or Gy 7
s G ¢
egual 4o 17 NO L KO A ?qsz
o |BESer &, to £
equal te Iz
Y Jmo Fauft _f . s
Da oireet Do irect Do o
gy reet
f_;"/:;” :'(”"':;" YES YES | raeasuremcrts RS eASUrements
alaic fau Tsolfate Fault TIselate Fault
Lm: Jwa Ive
Generate all Generals Cormpule all
values oF G Selecfned Ge N Fheesble B ansk
Values per badly ax13
l- Fiquee 5= 41 nudpuls
5 < ) I .
Do & valeres YE Da & values Comptit ,
match patterns ,{’_f_ match palterns Ear €76 4G ar
", o Eqrla &P 10}
of Figure 5-37 of figure 6-39 E ‘:E"" :u:.';“f
I = ]
oud pud resubis i:if?"'c‘:f ?CW Sclect LM
% g ] matriy made X Py
o 05.5}-’/0] ¥ .:-’,:,,'. Yoot Enrfy
%ﬂf 150fafcd l 4‘|
out put are errors
lresatis to YES large erough
bz hay for soFmatiand
s, [P] sefechior 2
ﬁso/m‘d Mo

Figure 5-45 Error Detection and Isclation

~249-



If the original testing showed only 5 instruments operating,then

two values of F are evaluated, The values of F evaluated are chosen
according to which instruments are operating as described by Figure
5~ 38 Two values of G are constructed from the two F welues and
tested. If either value is 1,a‘fault’has been detected and direct
measurements on the instrument are first performed to isolate

the fault. If the fault cannot be isolated in this manner,5 values
of G are computed. The 5 values of G coﬁpuied ars dependent upon
which instrument has been previously isolated as indicated by Figure
5—59. If all six values of G ave one, a multiple failure is indicated
énd a branch to the four instrument fault izolation procedu;e is made,
If the failed instrument is‘isoiated,a new. P martix is selected and

an error mesdage gensrated,

If the initial testing showed only 4 instruments operatiﬁg,one value

of F is generated according to Figure 5-46. A velue of G is computed
from the value of F and tested. If the value of G is 1 & fault is
detected. Fault isolation casists of first performing direct measure-—
ments upon the-4 remaining instruments, If the fault cannot be isolated
ﬂy direct measurements,then all possible three instrument outputs are
transforrmed to body axis and compared with the trend analysis outputs.
The erors between trend analysis and instrument outputs are used to

gelect a[ﬁ]matrix and 1solate the failed instrument.
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Figure 5-46 is the flow diagram of the program (SD32) required to
generate attltude reference data from the Strapdown sysfem. The
program will be run at a 32 per second iteration rate. On entering

the program, a test is made to determine which misslon phase exisis.

If the mission phase 1s boost or coast the Euler angle attitudes 0,

y), and @ with respect to inertial gpace are generated, If the mission
phasé is reentry cruise or landing, the direction cosine matrix terms
from body ﬁo locally level coordinates are computed and the Euler
engle attitudes &,y, and g with respect to local level coordinates

are evaluated, The veloeity of the vehicle wlth respeet to the sarth is

then computed and angle of attack ¢ and side slip angle 3 geﬁerated.
[

Figure 5- 47is a flow dlagram of the program (SD16).required to generate
trend analysis valués for fault isolation of a failed instrument with
only four instruments operating. The program will be'exécuteé at a

16 per second iteratién fate.. Upon entering the program dynamic pressure
Mach number and aerodynamic coefficlents are computed. Thsn‘the aero-—
dy#ﬁmic and airbreathing engine forces and torques are computed. The
control surface effectiveness is then‘computed, followed by computations
of the aerodynamic control torques. The vehicles mass and inertia and
correction forces and torques are computed to make the strapdown system
and trend analysis outputsconverge, The vehicle forces and torques are
then summed and the linear and angular accelerations formed. These

are integrated and the angle of at£ack, gside slip angle and dititude

computed.
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Figure 5-48 is a flow diagram of the program (SD02) required to form
navigation parameters and achleve strapdown system updating. The
program is run at a 2 per second lteration rate. Upon entry to the
program the local gravitational cbnstant = is computed. Mission
phase is then tested and the program exited if the mission phase is’
boost. If the mission phase is coast, reentry, cruise, or landing the
vehicle position and velocity is transformed to an earth fixed coor-
dinate freme. Geocentric latitude and longitude and the'vshiéieﬁs
altitude is then compuited. The vehicle's velocity is then transformed
to a locally level coordinate system. Heading and vertical velocity
are then generated. Geodetic latitude and longltude is computed. The
[Qﬂ mairix is then generated by forming the required part191 derivitives.
The d) vector is evaluted and the strapdown navigation integrators are

updated.,

Figure 5-49 iz a flow diagram of the program (SDO1) required to control
the temperatﬁre of the strapdown gyros a;d acceleromafers. This program
is executed at & one per second iteration rate. TUpon entering the
program,indexes are set up to pick up the tempsraturss of sach instrument
one at a time, These temperatures are compared wlth t&b liﬁit values,
The instruments heater is turned on if the temperature £s below a lower
limit and turned off if the temperature is above an upper limit. ZEach

instrument is testéd in the same masnner.
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54,2 Alr Data System

The air data system converts the ailr data sensor pressures and temperdture
to altitude, velocity, angle of attack, and side =lip angle data for

use in updating the strapdown inertial navigation system and for

various pilot displays. The raw data from the pressure sensors must

be corrscied for installation anomalies, This correction is achieved

using the formulas

R'=Qq +Ag R +a,R*+ R’ (1)
B =0 +QuE +ApR" +0mR° (2)
Br =ars +danBr + Qura By + quan (3)
e = Quiso +Qog1 B tQusz E; +aw3@? (4)
[2r = Asgo T Qo) B 1000 Bogs +0oms B (5)
Bow = Qo + Agr0 By +0512B, 4055 By ‘ (6)

Where P’s is corrected static pressure, Pp corrected pitot pressure,

Pyr corrected pressure from the top angle of attack probe slot, éﬁﬁ

corrected pressure from the right slot, and B, corrected pressure

from the left slot. The "barred" pressures are raw sensor data.and the

a's are calibration constants, Static pressure must bs corrected for

speed and angle of attack., This correction is achieved uaiﬁg the

formula : ,

R = RUIHG M+ @y M @yl 1) 1+ @ X+, 878 2, g5
' (7

vhere M is speed expressed in Mach number and < is compﬁted angle of

attack.
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True dynamic pfessure, Q, is obtalned from:
9=R-R ®)
True dynamic pressure is & messure of the local change in pressure

ceused by the vehicle distrubance upon the air mass.

Altitude is computed from one of two formulas dependent upon the

vehicle altitude. These two formulas ars

H= 145447-70188.9 B*'7°%° for -2000<H<36089 (9)
and ’
H=7561L7 - 20806.9 InB for 36089<H (10)

Mach number is computed from one of two formulas dependent upon the

value of Mach number. These two formulas are

s 1%
= 15(8 4 Y3 :
M-[g(@ +‘:) 5} for M<| (11)
and |
MEE_ o MPrE20  For My (12)
where
: .4
- 4
f _:342(% + i) (13)

and

O‘L)L
f=.,01917 (%-H) (14)
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If M is greater than 1 then equation‘TZ must be solved for M. A
solution for M is achieved by estimating the value of M and imﬁroving
the estimate using the formula '

MEE- £ Mo+
2.8 Ma8=2F Mo

where Mo is the estimated value of M. Normally the estimated value of

M= Me - (15)

M will be the previous value of M deﬁermined on the last iterative pass
through the program. On the firstléass throﬁgﬁ tﬁe progréﬁ.éufing
reentry an initial estimate of Mo é; 4 will beimade. During ﬁhé initial
pass through the program equation 15 will be solved several tiﬁés using
the former solution as the estimated value of. Mo for each gubsequent
solution. Whenever |M.— Mbﬂ)’.01 multiple solutions of "equation 15 will
be used. 'The number of mﬁltiple solutions used during any one program -

pass will be limited to five.

An air éata computer generally has several-air.speed cutputs. For the
spaée shuttle ﬂocster,if is assumed that indicated éi: spegd, equivalent
air speed‘and true air speed will be computed, Fach of these speed

caleulations are employed for different purposes in the mission.

Calibrated air speed, Ve, is .computed in a mammer:very similar ‘to that
employed in obtaining Mach number. If- 7, is below 661,47 knots it is

corputed from the formula

Ve = 295.808 [ (2% -:Jl/z (16)

and if V_-is greater than 661.47 knots it is obtained by solving the

equation

ch‘s" Ve + 3. =0 an
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where

o
5= 1042 (8am+1) (18)
and
- 3 2
%= 6H.6x10 —2—3_—@—,“) (19)

The calibrated air speed at which the booster will stall is the same at
any altitude or temperaturs. Thus VE ig compared against the stall

speed constant, Vﬁs’ and & warning issusd if the vehicle approaches

stall.

Equivalent air speed is computed from the formula
Ve = KMVR (20)

Yehicle safety limits are generally expressed as tabulgtions of
equivalent airspeed versus temperature and Mach number versus temp-

erature. These limits will be-computed using the formulas

- 2 3 -
VeLIM" Qo + QW7£: + Qg Tz- +Qyg T (21)
and '
. = a2
Murm = Quo * Quy Tt +QupT; "‘amst‘a (22)
If either q? or M exceed their computed limit value a warning will be

issued. T, is the temperature sensor inpitt.

True air speed is computed from the formula

o T
Ve = K (3

True air sﬁeed is displayed to the pilot and used for inertial

navigation updates.

Indicated angle of attack and side slip angles are computed from the
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S =K = (24)
[=.4

and.

L= Eﬁﬁ - E%L‘ 2;
i § fGr + L 25)

Indleated angle of attack and side slip angle are then corrscted

for installation anomalies by the formulass

A = Kyg +HKau i + Kdzo.(l'z _ (26)
and:
B = Kao + K58, + Koy 3.5 (27)

i

Figure 5-50 is a flow diagram of the program (ADCP) used to gemerate

alr data outputs, "This program is run at an 8 per second iteration

rate,
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5.4+3  Magnétic Flux Gate Compass

The magnetic flux gate compass provides a measure of the angle
between the vehicle body X axls and the earth's north magnetic pole.

The following tasks are performed by the IMS system in monitoring

and controlling the magnetic flux gate compass

1. Ground checkout

kD In-flight monitoring
3. Tenmperaturs control

4. Magnetic heading computatioﬂs
5. _Magnetic declination correction

6. Gyro torquing

Magnetic heading, Wk, 18 delivered to the IMS as two data input

items U, and/U, which are related to \l,,by.the equations.

1 2
and
ﬂ\j;z_": KC‘OS. Wnh (2)

The angle Ujnhis thus determined from

Llumh = tan TU‘_ (3)

This angle must be corrected for mggnetic dec}inatioﬁ; ‘Magnetic declination
is a complex empirical function of latitude -and Tongltude. Near the poles
magnetic declination experiences significént daily, sqésohal and random
changes resulting in unpredictable'declination'valhes. Because of the

complexity of the magnetie declination function -of latitude and longitude
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correction values must be generated in the DMS by table look up.

Because of the unpredictabllity of magnetic declination in the polar
regions not all of the earth's surface can be covered. However, over
85% of the earth's surface can be covered to within .1° accuracy using

a table having 2500 entries or over 70% of the earth's surface covered to
1° accuracy with a table having 250 entries. It is assumed that two look
up tables will be used, one containing 100 points covering the expected
mission area to .1° accuracy. One hundred points will allow & square
coverage area having approximately 2500 mile sides., The second look up
table will contain 250 entries generating 1° accuracy over 70% of the
sarth's surface. The magnetic flux gate compass will not be used in the

polar regions due to itsinaccuracy.

In order to define the table loop up operation the following parameters
must bs defined:
A longitude of the space shuttle location
L latitude of the space shuttle location
Ln North latitude limit of coarse table entries
L  South latitude limit of five table entries
North latitude 1limit of five table entries
. Amin  West longitude limit of five taﬁle entires
Amay E8st longitude limit of five table entries
AL latitude difference between table entries
AN longitude difference between table entries
Lo elosest table entry latitude value less than

Ao closest table entry longitude value less than

=DAO



There are different values of AL, AN, Lo, and A,for each table and
the value of L,and )\, are dependent upon the values of L and X
respectively, If the megnetic declination 1s & funetion of A and L it

can be represented by the functlorial notation
IZER XA _ (4)

The differential of U is.given. by:

. O9f(nL of (X 1)

) (5)

The value of §)at the point X,L is determined by an approximate

application of equation 5 which is

g = F,Ly) + F(M*'A%g!;)—a)\q,,u\ (A-2)

. + 'F(?\o) LOZ?-L)‘— F()\o) Lo) (LTL‘)\I (6)

The heading angle \J,; is then determined from
Uh= Wpnt Wd (7)

Before equation 6 is employed tests must be made to -determine which table
should be used.

Figure 5-51 is a flow diagram of the magnetic flux gaté compass- ground
chieckout program (MCGC). Upon entry to the program the ‘ac and dc pover
liscretes are issued. A walt is then programmed‘a‘.llowing suffitient delay

for power turn on transients to decay and the supply voltages to the magnetic
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flux gate compass system then tested. An additional wait is then
programmed to allow for the gyro rotor speed and temperature to .

reach nominal value, The rotor speed, temperature and oscillator
frequency are then tested. The X torquer loop is then commended to

0°. 4 test is then made to approximately determine the vehicle attitude
by testing miésion phaze fér prelsunch or preferry. If the mission phase
is prelaunch, the Y torquer loop is commanded to 900, if preferry to

0°. 4 wéit ig then programmed to sllow for torquer loop transient dscay.
The X and Y torguer loop pickoff wvalues are then read and tested, The
compass outputs'va andﬁfé.are réad and wvehicle headlng qomputed and teﬁted.
The local magnetic declination and actual vehicle heading are input through
the keyboard for this test. The gyro torquer loop responseis then tested
by lssulng a set of step commands and reading the torguer loop pickeff
outputs at selected tlme points and testing against stored response data.
Mission mode is then tested and the power to the magnetic fluk gate compass
commanded off if- the mode is prelaunch. If any of the tests fail, error

messages are issued and the power turned off. This program is run at a 1

per second iterstion rste.

Figure 5-52 is a ficw diagram of the magnetic flux gate compass temperaturs
control and monltoring progfam (MCTM), This program 1s scheduled for both
prelaunch and preferry checkout and during the flight modes using the magnetic
flux gate compass. The program is run at a 1 per second iteration rate.

A temperature.control cycls is run with every entry f& the program. This
cycle consists of comparing the measured temperature with an upper and lower

temperature value, T1 and TO'
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If the temperature is above the upper level T1, the heater is turned off
and if below the lower level To, the hester is turned on. The mission
mode is then tested and if the mode is prelsunch or preferry, the

program is exited. If it is & flight mode a test is made to determine

if this is an @nitial entry to the program, If it is an initial enmtry,
the power 1s turnmed on and a wall programmed to allow the gyro rotor speed
and temperature to achieve nominal wvalues, Otherwise the power, rotor

speed and oscillator frequency is tested., If any test falls an error

message 1s issued and the power commanded off.

Figure 5-53 is the flow diagram of the magnetic flux gate compass heading
program (MCHP) run at a / per second iteration rate. This program is
assigned the tasks of slaving the compass gyro to the inertial navigation
gyro outputs and computing the vehicle heading. In order to test the
gyro torguing léops ; model output is computed and cpﬁpare& with the

gyro pickoff outputs. If the comparison falls an error messags 1s issued
and the powér to the magnetle flux gate compass is turned ;ff. With
proper operation determined, the values of © and § from the strapdown
inertial navigetion systems= are issued as commands to the two torquing
loops. The model outpute for the next pass comparison are then generated

using the formutlas for the plich torquing loop of:

gh = @ -‘.onn_[ ) (8)
Tn= Ko ¥ K En . (9)
Oron® Cpo,,_,+ o Th (10)
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where on is the modeled pickoff output, and KT’ K2 and K3 are congtants
defined by the torquing loop dynamics. Magnetic heading,qéh, 1s

then computed according to equation 3. A test is then made to determine

if the vehicle latitude -and longitude is within the fine magneﬁic declination
table. Actual latitude and longitude,,X and L , are tested against the
table limits of )\max, Apin? b paye 204 L pin 10 meking this determination.
If the wehicle is determined to be outside the fine table area, a test

is made 1o detefmine if 1% is in the coarse table area. It 1s assumed that
the coarse table covers the entire earth except for the two polar regions.
Thus only a test of latitude is required.l If the vehicle position is not
covered Ey either tab}e a message 1s issued. The magnetic flux gate compass
is maintained operable so that outputs will automatically be generated .

if the wvehicle enters either table area.

Upon determining thaé the vehicle is within a table area the value of magentic
declination for the vehicle position must be computed, The same table loock
up procedure iz used for the fine and coarse table;. Values of £( A, L)

are stored in sequential memory locations starting at location A with tﬁe

following order:

f(>\h'\'|n} Lmin )
f(Xmin+A>\’ Lmin )
f(Amfn.*zA)‘ij;n)

f()‘max,;—min )
f()‘min) Lmih+AL)

Ll

f(kmax’ Lmdx ) "'268"‘



Using the bracket notation [X] to denote the largest integer leas then

X then

Lo = [L/ALTAL (11)
Mo = [)\/A)\_]A%

and the address of f{ Aoy L) is

AE)= A, + [Pymn] s p [5bme] (12)
where 3
. A = [A'mz; >mm]—+ ‘ (3

anci the addresses 6@‘ f’(xoﬂn,g) and if(AajLaﬂlL) are::
A(ﬁo\ = A(fm) + | (14)
A(‘ﬁg:)= A(‘Ic‘ooj'f'B (15)

The value of {JJd is then formed according to equation 6 and Wh according

to equation 7.
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5.4.4 TACAN Receiver

The TACAN recelver is & mejor navigational source during cruise flight.
Its output 1s used to continously update the inertial nevigation system
and is a primary navigation source. The navigation data produced by
the TACAN receiver is bearing and slant range to a TACAN ground station.
This raw navigation data is converted to vehicle latitude, longitude and

horizontal veloeity, The tasks required of the DMS by the TACAN are:

1. Checkout

2. Station identification

3. Bearing determinatién

4. Slant range determination

5. Horlzontal range determination
6. Return Pulse tracking

7. Navigation Data Gensration

Figure 5-5;Jis a flow diagram of the TACAN ground check;ut program (TCNC).
Upon entering the ﬁrogram the power is turneé on and a walt programmed to
allow for power transients to decay before testing the supply power. Another
wait 1s then prograﬁmed to allow for the temperature of the crystal oven and
electronics to stabilize before fssting. The bearing test command is then
issued and a i:rogzlémmiﬁg loop initialized to test the TACAN bearing system
at several bearing values. The loop consists of issuing a bearing test
value, waiting a lgngth of time for the bearing electronice to phase lock

on the test signal, testing for the existance of the besring valid discrete,

comparing the returned bearing value with issued value, and testing for loop
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completion. The distance meassuring equipment is tested in a manner
gimilar to the bearing equipment test. The range test discrete is
issued to command the distance measuring equipment into a test con-
figuration and a program loop initialized. Within the 1lbop the slot
center position is commanded to a preset value and a walt programmed.
Tﬁe number of interrogations_transmitted and the number of replies
received are then tested against a prestored value. The position of the
slot center and the position of the return within the slot is tested.
After completion of the distance measuring gquipment testing loop a
mission mode test is performed. If the mission mode is prelaunch,
power is turned off. The failure of any test causes an error message to
be issued and the powar to be turned off. The program is run at a 1

per second iteration rate.

Figure 5-55 is the TACAN monitoring and temperature control program (TCHM).
This program is scheduled at a 1 per second iteration rate whenever the
TACAN checkout program or the TACAN Navigation program is scheduled. The
program has twé entries, a normal entry and an initial entry point. The
initial entry is not used with the TACAN checkout program. Entering

the progranm af the initial entry causes the power on discretes to.be issueq_
followed by a-programmsd velt to allow for power transients to decay. The%
initial entry-program then Joins wlth the normal entry program and the
supply volteges and electronics temperature are tested. The crystal oven
temperature is then tested against extreme bounds to determine a possible
fallure in the heater control. If any of these tests fail, an error

message is generated and the TACAN power turned off. If the tests indicate
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the TACAN squipment 1s properly functioning,oven temperature control
programming is executed. Temperature is controlled by turning

the heaters off if the oven temperature is above a value T, and on
if below & value T,.

Figure 5-56 is a flow diagram of the TACAN navigation program (TCNN)
which is run at a four per second iteration rate. Upon entering the
proéram,a test ié made to determine if the chaﬂnel gselect knobs on

the receiver hdve changed since the last pass through the program. If
_they have changed,the.program 1s foreced to the search mode, The channel
number is then péed to selsct station parameters ffom ; éablet The

data stored for each station in the table is:

LEI latitude of the station
Aé longitude of the station

..h; altitude of the staéion above sea level-
uﬁi magnetic qeclination at ground gtation~‘

’ .

plus the channel number. It isassumed that a mission plus alternatives
for the booster will not require more then 30 statiogs in. the table.
There m;y be more than one station in the,tgb}e with the game channel
number. To locate the desired fabla entry a search through all tabls
entries i1s made for those stations having the same chennel number as thﬁt
gelected by the receiver. If the ;earch determines that there are no
table entries having the receiver channel number it is gssumed that the
pllot is in the ﬁfocess of selecting a-channel with the channel sslector

setting on some intermedlate value when sempled.

-273-



TNLTIAL
ENTRY

&
|

IS SELECTED
CHANNEL SAME

AS BEFORE?

YES

luo

SET MODE
T6 SEARCH

\

FICK UF .
STATEION
TABLE VALUES

)

A

1

——tyALLD ?

COMPUTE
EXPECTED
SLOT CENTER
SET
Ta= ‘k?_
T, =%
SET r EQUAL TC
RATIo oF
GETURNS TO
INTERROGATTONS}
Ts T<i 7 . [ISTHE HoDE
YES Jger To OO Tp=Tem AT
TRACK?
LNO YES
¥ Y
SET MODE T T I35
76 TRACK T=T-4
T<0?
i i JES
SET rs Yees| 1 SET _NEW
T,=% T<o? [ |SLoT CENTER
o T:_=.t2.
[ro T
>
Figure 5-56 TACAN Navigatlon Program (TCHN}

2Tk

—

Is BEARING

LM1

READ
BFARING

CORRECT FOR
MAGNETIC
DFCLINATION

'

COMPUTE
SLANT RANGE]

!

CoMPUTE
RANGE

coMPUTE
)\,L,q"\f

}

frRACK
j3 sLoT




The TACAN ground station receives a pulse from the eircraft and
retransmitts the pulse. The time between the transmission of the
original pulse by £he TACAN set on the vehlcls and the reception
of the return slot is given by:

d
= Fr (5)

where G is the speed of light and Td is the time between the ground

station reception of the pulse and its retransmission.

Two timers, T1 and T2 are also set in the program branch executed after
finding a new recelver channel has been selscted. Testing is then
performed which generstes a three way branch., One branch is taken if

the operating mode 1s search and the ratio of return pulses to inter-
rogation pulses is less than a constant value I3 . If this branch is taken
the recelver is in the process of loocking for the return time slot. The
timer T2 controls how long the receiver éearches each possible slot
position before trying a néw slot position. If the return to interrogation
pulse ratio is not found to be larger than Iz by the timé T2 seconds have
alapsed a new:slot position is commanded. If TS is the original slot
position as computed by éguation 5 then the sequence of slot positions is
T, T, +AT, T, -AT, T_ +2AT, Ta‘- 2AT, ... etc. A maximm and
minimum slot position limit is tested and only thoss slot positions between
the limits are issued to the TACAN receiver, If the entirs range is
covered without finding a sufficient return to interrogation pulse ratio

an error message 1s issued and the process 1ls restarted.
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If the operation’mode is track and an insufficient return to inter-
rogation ratio 1s found for a period of T, seconde the search mode

is entered. If the return to interrogation pulse ratio is greater
than r, the mode is set to track and the T, counter is reset, A
test is performed to determine if bearing is wvalid. If bearing is
valid both raﬁge and bearing is available and all TACAN navigation
outputs can be computed., The bearing angle is read from the TACAN

receiver and corrected for magnetic declination by computing:
WH:‘Wm"' Ll'}d ) (6)
where |/ is the beariﬁg angle from the TACAN receiver and Yy is the

ground station magnetic declination angle.

Slant range is computer -from the formula
' :-,_C.‘.[T-i--Iﬂ-—Ta]
i LA (7)

whers TS is the position of the slot center, Tc 1s the accumulated return

B d the dslay

time between the ground station recelving the pulse and transmitting a

position within the slot, N, the numbsr of returns received, T

return, and C the speed of light. Horizontal range 1s computed and

converted to a central earth angle using the formula:
L 2_ /L L\ ‘
oF {5 = Ch-hg) (8)

shere the local radius /[ is found from

r .
- S 1 -SSR
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The longitude of the vehicle is found from

i

A+ sm_,[sm Y, sINo—
§

A CoSLg (10)

and the latitude of the vehicle from

. ceso - 2| ¢ - SIN*1Jj, SIN?0-
= o —tan!]1COSLs ~ SIN*Y,
L= SIN [\(l-—saN’%SlNi‘rJ ? [ SIN Ls

(11)

The vehicle horizontal velocity is then computed using a flat earth model,

(3

The velocity magnitude is found from

V=‘A%nl()‘n_)\n—hzcostn+(Ln—Lh—I)L (12)

where the subscripts n ‘and n-1 are standard difference equation notation.

Vehicle heading is determined from

. -1 (An "')\n-f)COSLH
l.)U.: tan [ ‘Ln "'Ln-l }

On each pass ‘through the program the TACAN receiver IME time alot is

(13)

adjusted so that it will track the returns. The slot center position

T, is computed by solving the two difference equations.

T
Tan = Tap* o, (14)
and ,

T80 = Ton + Tan (15)

If the ratio of the mumber of returns to interrogations is less than

Is then Té/fNR 18 assumed zero.
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For thls case g walt 1s programmed and if the same channel remains
selected after the walt 1s over, an error message is issued. The
closest station is selected if it is determined that more than one
t;ble entry has the same channel number as the receiver. The clos-

est station is the one which has the miniwum value of:

(= xg)+ (L= Lg)? (1)

vhers A and L is the longitude and latitude of the vehicle as determined

from the inertial navigation program.

The expected line of sight distance from the vehicle to the station is then
computed for use in estimating the position of the receiver return slot.
To sccomplish this, first the earth's central angle hetween the vehicle

and ground statlion is computed frém:

g-=cos  [SINLSIVL + COSL Cas LsCOS(h~2g)] (2)

A spherical earth model having a radius equal to the local earth radius
at the ground station plus the ground station elevation is used to deter-
mine the grouﬁd disténce between the wehicle and ground station. Thisg

is determined by computing:

dy = a—[hs R E— (3)
. ‘H'f'gz-stst :

whers fe is the earth's equaforial radiue and £ is the ellipticity of the

earth, The line of sight distance ts then computed from

c=ddt -k \* )
d-=yd}+ (h-hg) ( w
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5edia5 lending Systems

The space shuttle booster avionics system will include. an Advanced
Instrument Landing Sjstem (AILS) and an Instrument Landing Systeﬁ
(ILS). The AILS is the more sophisticated system pro%iding %ZeT0-
zZero landing capabilities. The ILS system is included to assist
landing at alrports not equipped with. AILS ground equipment., Only
one of the two systems will be used for any particular landing. -
The systems are activated dgring landing approach, Both systems are
checked out during pre-launch and ﬁre-ferry. These systems are thé

primary séﬁrce of navigétion data during final aspproach and landing. .

ATT.S

Three programs are used in conjunction with the ATLS., These are a
ground checkout progrem, an inflight monitoring program, and the
landing éystems navigation program. ‘Figure 5-57 is a representation of
the parametérs assoclated with landing navig;$ion. The output of
the AILS is the elevation angle- 7l , the azimyth angle T and line of
sight rangse from.£hé vehicle to‘the end of the runway R. The location
of the end Sf the runway in coordinates of longitude X, latitude L,
elevation FE, and the bearing of the runway centér 1in; I+L will be
stored in the compute?. It is agsumed that 20 values is sufficient
for all the airports required of any mission plus mission alternates.
It is required that the IMS compute the vehicle position in navigation
coordinates X, L., and h'and with respéct to the desired landing
flight path E an& A, The inertial navigation system will be updated
so that it can provide a reference during final approach in the event
of & sudden ATILS failura. |
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Flgure 5-57 Landing Navigation Parameters
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Because of the short range of operation of the AILS (25 neuticel
miles) a flat earth model can bs used for the required éomputations.
To, convert distance values to earth central angles a local radius

value is required. This is determined from

_ ra
Q = hS + e - (1)
v+ E2SIN?L

The longituds.of the vehicle is determined from:

‘ RcosY?c—os(.U.’-fT‘)
AT X F TUReeS Ly (2)

and. the latitude from:

P ’ ‘-_'T"
L=l + RcosWrst (Yem 7)) (33

The altitude of the wehicle is given by:

h="hs+ RsinM] ‘ 2 (4)
The two control parameters are determined from

A= Rew T (5)
and | |

E;—-‘Rcos'r‘sm(')?c-’)?) (6)

where 7?C is the commanded flight path angle. The desired flight

path is not a straight line but becomes tangent to the runway at zero
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range and tangent toc a constant descent line at intermediate and
large ranges from the runway. A function which exhibits these

properties is:

K, R*
KaR®+ K3R + Ky « (7)

N =

In the event of the AILS failing during final approach,the inertial
navigatlon aystem can be used for landing., The AILS failure must

have oceurred after an accurate inertisl navigation update has been
obtained using the AILS. Landing must occur within a short time gfter
this update to insure'that inertial navigatlon system drifis are

not significant., To provide this capability,tﬁe landing system
parameters E, A,'and R must be computed from inertial navigation

outputs. This is done using the formulas:

R=y L2 (L=Ls)*+ R2(A=Agicos® Lg + (h- hg)? (8)

A= AV cosls SINY, - (L-Lg)costy, :
(9)
gnd V(L—Ls) +Z)\“>‘5) COS:ELS

E= [(/\ ')\QCOSLS CC‘;'SWC-P(L"LS) SWW:][S!N)& _ (h~hg) cos ¥ J (.10)
’ 5

v (ELg+(A-AsYcos2L

Figure 5-58 is a flow diagram of the ATLS ground checkout program
(ATIS).. Upon entry to the program power on discretes are issued, A
#ait is then programmed to allow for power transients to decay and the
supply power tesﬁed. Test configuration number 1 is fﬁen commanded
mnd a pointer established to reference test configuration number 1

best limits. The range slot center position is commanded to the expected
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return position and & wait programmed to give sufficient time for

the AILS to generate the proper returns. A test is then made of

. the range valld discrete, the elevation valid discrete, the aéimu@h
angle, the left right azimuth discrete, the position of:the range .
return i£ the slot, the number of range pulse transmissions, and the'
number of range pulse returns, A test i; then made to determine if
the AILS is éommanded to test configuration number 1. If it is,—test
éonfiguration humber Z‘is commanded, a poinfer establiéheé to referance
test.configuration-number 2 test limits,and a branch'made to the point
in the program where the range‘slot conter position 1s set, If the test
shows that the AILS is not commanded to test configuration number 1. the
electronics temperature is tested and the AILS is commanded back to
tﬁefoperational_ponfiguration. The power is then commanded off and

thé program éxited. If any test in the program indicaﬁés a failure,

an errér message is issued and the power is turned off.L This program

is run-at 2 1 per second itération rate.

-

Figure 5-59 1s a flow diagram of the AILS inflight monitoring program
(ATIM). Tﬁis program is run at a 1 per ‘second iteration rate.' - Upon
entry to the prograﬁ the power on discretes are issued and a wait
ﬁfogrammad to sllow for powsr transients to decﬁy. ‘The ATLS 1s

then commanded to an operational configuration and the power and
elactronics temperatﬁré tested. If either tegt fails an error message

is issued and the power turned off.
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Figure 5-60 is a flow diagram of the main ATLS navigation program,
This program is run at a 4 per second iteration rate, -The program
has an Initial and normal entry point. -Figure 5-64 includes a

flow dlegram of the initialization program. The airport paramesters

of latitude, lbngitude, elevation, and runway bsaring are extracted
from the airport datae table. The data extracted is for the closest
airport to the vehicle when the AILS is energized. Pilot override to
select a different airport will be available., The center of the range
slgt position is‘then commanded according to the formula:

E.—- -‘-2-68-'!‘.}2 ] . (1'])

where R is the range between the wvehicle and the airpqrt, C the speed
of iight and Td the time delay between the ground gtation reception

of & range pulse and its retransmission. Four timers are then initial-~
ized, T, which is used to control the time allowed for the %esting

of each range .8lot position for an acceptable return before the next
glot position is tested, and TA’ ol and TR which are used to time the
maximum period allowable beitween valid azimuth, elevation and range
returns respectively. Four flags are then initialized, F,] s FA, FE and
FR. F1 is used to indicate whether or not the.igertial navigation system
has been sufficilently updated for use in the event of an ATLS faillure.
EA has threé posslble staﬁes 0, 1, and 2 used to indicdte respectively

that azimuth data has not been received since entry to the program,
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agimath data ié 0K, and azimuth data has previously been received but
not recently eﬁougﬁ to be accurate. FE and FR are identical to FA
except they‘are asgoclated with elevation and range respesctively,
rather than azimuth., A mode flag is set to indicate the rangs equip-
ment is in a search mode and a walt programmed to allow for the AILS

to start generating outputs.

Referring to Figure 5-60 upon completing the initialization programming, -
the initial entry and normal entry programming colncide. The collect-
ion and testing Sf range deta is then performed. A detailed flow

dlagram of the colledtion and testing of range data is shown in Figure
5—61. Firat a test is performed to determine if the operational mode

is search.or track. If the mode is track a test of tﬁs range wvalid
diserete 1s made., If the range is valid the ratio of return pulses

to interrogation pulses is compared against a prestored constant.

If the ratio is above the constant value, range 1s computed from

N -
R= [T+ m—m] - (12)

whers Ts is the commanded range‘slot center position, Tc is the ace-
umglated position‘of the returns in the slot, Nk is the number of returns,
Td 1s the g;ouﬁd station delay between reception and transmission of

the pulse, and C is the speed of 1light. The slot c;nter is then

moved to track éﬁa faturn if thq.?ange flag (FR) is 1. The range slot

is tracked using the formula
Ton= T, * & (Ra - Rins) (13)
S5n T Sy C n n-|
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If the range flag is not equal to 1 the value of R _4-1s not knoun,
and thus insufficient data is available to evaluate the new range
slot position, In either case the timer Tp is reset and the range
flag set to 1.

If the initiél_track mode testing indicated either raﬁge invalid or,
the‘return to interrogation ratio inadequate, the_rangp timer (TR)

is decremented .and tested. If the timer has not run out,no. further
action is taken until the @éiﬁ pass through the program. If the timer
has run out, the que,is.changed to search and the normsl search path

with no range data available is taken.

If the initial test éhowed that the operating mode ﬁas.track, 8 tést
of £hé'rangé vali@ discrete and the return to interrogation pulse
ratio is ﬁerférmad. If good range data is avaiiable the mode is’sét
to trac%, tﬁe T1 counter is reset ,and the ﬁreviousi& déscribeé’;om—
putation of range and ;angg siot trécking is performed. If valid range
date is not ‘available the timer T, is decremented and tested. If—;ha :
timer has not run out no further action is taken until the next pass
through the program. If the T1 timey has run out the slot is moved
to & new positiop. If the position of the slot determined by the
initiﬁlization programming or the position of the‘slét when track was.
lost is TSO,_ﬁheﬁ the .slot is repositi@ned acco?ding to the sequence:

Tyor Taot AT, T ~AT, T _42AT,, ete.
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The T, timer is then reset and the T, timer decrementéd and tested.

1 R
If the timer :R has run out and the range flag FR is 1, the range

flag 1s set to 2.

Figurs 5-62 is a detalled flow dlagram of the testing requireé to
determine if the ATLS gemerated Elevation and Azimuth data is valid.
First the elevation valid discrete is tested. If elevation data is
valid the timer TE is reset and the flag FE set to 1. The elevation
angle from the AILS is then picked up and stored for later use in the
naﬁigation caleuletions, If the elevation data 1s not wvalid the timer
TE 12 decremented and tested. I? the timer has run out the flag FE
" is tested and set equal to 2 1f 1t wes previously 1. The azimuth
angle is treated thé same as the elevation amgle with the exception

of a signed azimuth angle constructed from the azimuth magnitude input

and the left-right discrete input.

Figure 5-63 is a &etailed flow dlagram of the AILS navigation computa-
tions and testing required by the remaining portion of the program of
Figure 5-60. First the flags FR’ FA’ and FE are tested. If any flag
is. set to zero the ATLS is atill in an inltial operating configuration
and no naviéhtion data can be generated, If all three flags are 1,
navigation data is available and values of A sLyh A, 7N, énd E

are generated 5y computing equations 2,3,4,5,7, and 6 respectively.
The error.between the AiLS and inertlal navigator da£a is compared

with g small value Eb. The inertial navigation update program will
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Figure 5-62 ATLS Elevation and Azimuih Valid Testing (AFAV)
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drive the inertial navigaﬁion outputs to ccincide with the ATLS
outputs such that after a few AILS inpuis the comparison should
be less than Eo' When thls cccurs the flag F1 ig set to 1 and the
timer T2 is set. If any of the flags FR’ FA or FE are equal to
2, an indicgtion that the AILS has stopped receiving data, a test

is made of flag F, to determine if the inertisl navigation outputs

1
are sufficiently updated for use as landing data. If,F1 is a 1,

a message 1a lssued to Inform the pilot that landing navigation dats
is now being provided from the inertial navigation system. Values
of R, A, and E are then computed using equations 8,9 and 10 respect-
ively. The timer T2 is then decremented and tested. If T2 is leas
than gero or if F.1 1s zerq an error message is iasued.in@icating

lgnding navigation data 1s unavailsble,
18

Since the ILS'does not offer enough accuracy to achieve zero-zero
landings a complétely automatic landing cannot be made using ILS.
The ILS will provide data to the pilot and commands to the pitch and
yaw control systems. Two programs are required for conmtrol and use
of the ILS. These are a ground checkout program apd an in-flight

program, Both programs are run at a 1 per second iteration rate.

Figure 5-64 is a flow diagrem of the ILS ground checkout program (ILSC).
Upoh entry to the program the AC and DC power on discretes are issued

and s walt brogrammsd to allow for power itransients to decay. Thse
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Figure 5-64
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supply voltages are then tested. The ILS is commanded to test
configuration number 1 and a pointer established to expected test
values for test configuration number 1 outpuis. The alevatioﬁ angle,
azimuth.;ngle, marker bescon discretes, and slgnal strength discrete
are then tested against expected values. 4 test is then made to
determine if test configuration number 1 is commanded. If it is,
test configuration number 2 is commanded and slevation, azimuth,
marker beacon discretes and the signal strength discrete tested
again;t configuration number 2 expected values. The electronics
temperature 1s then tested and the power ‘turned off, If .any test
indicates improper operation an error message is issued and the power

is turned off.

Figure 5-6"5 is 'a flow diagram of the ILS monitoring and navigation
program (ILSﬂ). The program has a normsl and an initial entry point.
Entering the program at the initial entry point causes the power on
diseretes to be issued. A weit is then programmed to allow for power
transieﬁfs to decay. The elsvation and azimuth angles measured by

the ILS are presented to the pilot on a display,and issued to the control
system as piteh and yaw attitude commends. A galn is applied to these
commands ané in order to reguléte the vehicle response this gain is
decressed ss the yehicle approaches the‘runway. The gain setiting

and reduction is controlled by setting the gain to a fixed vaiﬁe at
each marker beacon crossing,and then decrementing the gain as a function
of time in between the marker beacons. A lower limit on the gain value
is used to keep the gain from becoming too smell., The Initislization '

program assigns an initisl value to the gain, K, and the lower 1imit, L.
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The initialization program alsc sets a flﬁg indicating that ILS

landing data 1s available to the control system.

The powsr supply voltages and elscironics temperature are first tested
upon entering the program at the initial entry point. If either

of these tests fail the power is turned off, and an error message issued
+o0 the pilot and the control sysfem. The control sysfem.will dis-
engsga the ILS steering commande when the signel strength is inade-

quate.

A‘test iz then performed to determine if any marker beacon diséréte

is on., Theggain value and.gain 1imit value are set to the appropriate
values if a marker beacon discrete is on. A flag indiéating which
marker beacon ié being erossed is output to the pilot. If the inner
marker beacon discrete is on, the attitude commands are disengaged

from the contro; system, If‘no marker beacon discrete 1s on,the gaiﬁ
is decreﬁented and teafed against the lim;t‘valua. If the galn is below

the 1imit value it will be set equal to the 1imit value.

Pitch and yaw commands ( ©, and ¥/ ) are then computed by multiplying
the programmed gain times the sensed elevation and azimuth angles
respectively. These commands are then displayed and made avallable

to the control system.
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54eb Radar Sensors

The space shuttle hooster contains two radar semsors, a radar
altimeter ané a weather radar., Two programs within the IMS
control the opsration of the radar altimeter. Figure 5—1 is

a flow dlagram of the radar altimeter ground checkout program
(RALC). This program is run at a 1 per second iteration rate.
Upon entering the érogram the power on discretes are issued,

and a walt programmed to sllow for all powsr transients to decay.
The supply voltages are.then tested. A timer Is set to allow suff-
icient time for the temperature of the crystal controlled oseill-
ator oven to stabilize. .While the timer is running,the oven
temperature is controlled by turning the heater off if the tem-
perature is above an upper limit TH,and on if the temperature is
below a lowsr 1imit TL‘ The test configurstion is commanded when
£he timer runs out. The radar altimeter altitude, signal strength
BITE output,'oven temperature, and electronics temperaturs is
tested against ezpected values, The power is then turned off and
the program exited. In any of the tests indicate faulty operation

an error medsage 1s generated -and the powsr turned off.

Figure 5- 674s a flow diagram of the radar altimeter flight program
(RALF). This program is run at a 1 per second iteration rate.. The
program contains an initial and a normal entry point, 'In the initial
entry, the power 1s turned on and a delsy programmed to allow for power
transient decay. The radar altimeter is then commanded to an oper-
ational mode. A timer 1is set to allow suffiéient time for the crystal

oven to achieve operating temperature. The oven temperature is then
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Figure 5-66
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requested a navigation update using radar altimeter data. Ths
pilot must insert through the keyboard the value of the local.
térrain elevation along with his update request., The altitude
of the booster above sea leyeliis then computed by adding the ‘

iocal terrain elevation to the radar sliimeter measursd gltitude.

Two programs are used in conjunction with the weather radar, a
ground checkout program, and an inflight monitoring program,
Figure S-ég is a flow dlagram of the Weather Radar Ground Check-
out Program (WRAG), . This program is run at a 1 per second in-
eration rate. Upon entry to the program the AC. and DG power on
discretes are issued and a delay programmed to allow-for powar
transients to decay. The test configuration is then commended.

A timer is set of sufficienf length to allow the temperature of
the oven to stabilize at its nominal value. As the time is de-
cremented and tested,thé-éven temperature is controlied by turning
the heater on if the temperature iz below a lower limit value, and
off if above an uﬁper limit value. The supply'vgltage, oven tem-
perature, electronic temperature, and BITE output dre-tﬁéh tested.
If a failure is Indicated,;an error message is issued. After testing

the power is ﬁurned off,

Figure 5-69 is a flow diagram of the weather radar flight program (WRAF)
This program is run at a 1 per second iteration rate. The program has

an initial and normal entry.point, Upon entering the program at the
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Figure 5-68 Waather Radar Ground Checkout {WRAC)
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initial entry point the power on ‘discretes are issued and delay
programmed to allow for power transients to decay. The operational
configuration 1s then commanded and a timer set. Control is then
transferred to thé normel entry point of the program, Upon en-
tering the program at the normal entry point,an ovaﬁ tenperature
control cycle is performed where the hester is turned off if tﬁe
oven temperature is above an upper limit,and off if below & lower
limit, The timér;set by the initialization program,is then de~
;remsnted and tested, Until the timer runs out only the oven
temperature is.performed at each entry %o the program. After

the timer runs out,the Supply voltages, oven temperature, eleét—
ronics temperature and BITE output are tested along with the
parfo?mance of a temperature control cycle., If testing indicates

a fallure, an error message is issued and the power turmed off.
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5.4.7 Miscellaneous Flight Instruments

The ground checkout and inflight monitoring of the miscellaneous
flight instruments shall be performed by the seme program. It

is assumed that the inﬁuts from the f£flight instruments will be
parameters already developed by the navigation system within the
IMS, making comparison with existing data the only testing required.
Figure 5—%0 is a flow diagraﬁ of the miscellaneous flight instrument
monitoring progrém(MFIM). This -program 1s run at a 1 par second
.iteration rate._ On each entry to the program a counter I %s set.
The counter indicates which instrument is being tested and acts as
a pointer to gather the data requlred to test each instrument. A

., test of the discrete input for the Ith'instrument is then madse.
This discrete ie turmed on whenever power 1s being supplied to the
Ith instrument. If the instrument is operating a counter J is set

equal to the number of outputs from the s

instrument., These outpute
.are then tested one at a time against appropriate na&igation data,
The testing 1limits are also established for each instrument output.
An error message is isaued if a failure is indicated, J is then

decremented and tested. When all outputs of the Ith

instrument
have been tested I is incremented and tested. When all instruments

have been tested (7 instruments are assumed) the program is exited,
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5. 4.8 Guidance

The booster flight program guldance is divided into five parts:

boost, coast, reentry, crulss, and landing.

5, 4.8.1 Boost

Boost guidance starts at launch and continues through rocket engine
thrust termination. The primery concern of booat guldance immediately
after launch is %o Insure that the vehicle clears the launch tower.
Immediately éfter launch a small pitch angle command ( QLTG) is generated
to tilt the vehicle away from the lsunch tower. After sufficlent elapsed

time this pitch command is removed.

The alignment of the booster on the Iaunch pad is dictated by the physical
requirements of umbilical attachmenté. Before the piteh over mansuver is
initiated the- booster must perform a roll meneuver so that the body X - Z
plane bescomes coincident with the desired orbital plans. The roll msneuver
ig initiested when the booster has reached a sufficlent altitude (hT) to be
above the lzunch toﬁer. The primary coordinate systems for boost guidance
have their X - Z plaﬁeé coincident with the desired orbit plane. The reoll
maneuver command angie in guidance coordinstes in thus zero degrees. Prior
to the roll maneuvef initiation a roll command angle equal to the launch
roll angle is used. This keeps the vehicle from performing any roll attitude
change until roll meneuver initiation. During the first portion of the
boost trajectory the major constraints upon the vehicle are imposed by
aerodynsmic loading. The pitch guidance during this period is an open loop

funetion of time., During this period the guldance equations are:
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T}le booster is equipj'ped with multiple rocket engines. It is assumsd that
the mission can be completed in the even.t of up to four rocket engine
failures. The guldance trajectory must be modified in-the event of an
c-gngine feilure. The trajectory modification is achieved by computing

a incremented time ATf in the event of a failure from the formula

(ANLB, +B, (t-t,)] for 1<t
i AN[B:;*saz(i"f))] For tct<t,
ATp= $ . (2)
- AN[Bal'*Bgz(f’t&)] FOI" t?.<i. <‘t3

|ANLBy + By (t-ta)]  for ta<t<ty

é-Tf is computed for each engine fallure. If there is & multiple simultaneous
qngine failui:'e AN is the number of simultageous enging f'a:.Llures. The value
of Qc is held constant at 1ts previouély computed value for ATf seconds
after an engine fallure. The values of 'b1 ’ t2, ’03, and t ), are increased

by AT, in the event of a failuve,

Open loop guidance is discontinued and iteratlve guidance Initiated upon
gchieving an altitude where aerodynamic effects are negligible. The iterative
guidance deseribed below is a modification of the guldance used on the

Saturn V vehlcle., TIterative guldance makes use of several coordinate systems.

Of primary importance ars:
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Tangent Plane Coordinate System (XA’ YA’ ZA)

The tangent plane coordinate system 13 & right hand orthogonal space
fixed system with origin at the geocentric center of the sarth., The
XA axis lies along the intersection of the desired srbital plane and the
earth's equatorial plane and is positive toward the descending node of

the. desired orbit. The positive Z, axis lies in the desired orbit plane-

A

90o downrange frém the XA axis.

Injection Plane Coordinate System (2, T, 2)

The injection plane coordinate system is a space fixed system with origin
at the goecentric center of the earth. The posltlive Kv exis lies- in the.
desired -orbit plene at an angle - ﬁi from the.X4 axis, and passes throggh
the predicted injection point. The Z_'axis Iles in the desired orbi

plane 90° downrange from the Xv axis.

ﬁavigation Coordinate System (Xs, Y, ZS)

This navigation coordinata.éysﬁem is a-space fixed coordinate system definec
gt time to by the launch site position. The time‘to occurs shortly
before launch,at_which-tiﬁe gtrapdown inertial navigation begins. The-
positive Zs axi; lies along the north polar earth axisf &he positive Xs
axis lies iﬁ the equatorisl plane lntersecting the equitor at the G}eenwich,

meridian at time 6,

The iterative guidance squations must be initialized at {time to. This
initialization requires the establishement of the transformation martix
between the navigaﬁion coordinate system and tangent plane coordinate

gysten, This transformetion matrix is given by
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cos A SIN N o
Mgyl = {SINT aINA  SINDCOSA -cosi )
L] * . 3
COSLSINA COSLCOSX SIN L
where A is the latitude of the descending node of the deslred orbit at

to and 1 is the inclination angle of the desired orbit.

The boost mission from lsunch to the insertion of the orbiter into orbit
is divided into two phases, which are the period of booster and orbiter
thrusting. The lterative guldance mechanization requires the initial-

ization of the followlng constants before the main guldance program can

be entered.

T,i - estimatlon of time between end of open loop guldance and
boost thrust termination

Tei -~ estimation of zero thrust.period during separation
Toi - egtimation of duration of orbiter thrustiné
Vexi = estimate‘of boogter engine exhaust velocity
Vexs = eatimate of ofBiter engine exhaust velocity

q:- - estimate of the booster specific impulse, i.e., mass to
mass flow rate ratio

T = estimate of the orbiter specific impilse
ﬂ%éﬂa* estinmate of the reciprocal of the booster acceleration
("fF),- estimate of the reciprocal of the orbiter acceleration
In additiontojﬂmseparameters the constants specifying the desired orbit

must be inserted in the program. These wvalues are
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Ry - vector posltion of Injection point
Vr - vector vehicle veloclty at injection point
. - earth central angle between launch site and injection point

A.feciﬁrocal acceleration filter is mechanized throughout powered boost
- flight. ‘The filter requires an input value of wvehicle acceleration
determined from tlie navigation system. Defining the navigafion velocity
output ag the vector having components V%, V&, and:V% a cﬁaracteris%ic

velocity change is computed from

= F - 2 _
V= Ve o4 (o= Vy o (Ve =) ()
The filter reciﬁrocal acceleration is then computed from

(M/F), = K (AT/SW), + K (AT/SV),c,
+ Kol AT/SV)nea +Ka (AT/SVe) 1es
+ Ks (AT/S Vedney + Ke( M/ F s, _, )
+ Ky(M/F)sn-z"’ Ke (M/F)s,;-s
1 kq (M/F)S‘n-—ll-

where AT ie the period between guidance iterations (.5 seconds).

Booster thrust termination is determined normelly by é test of the chara-

cteristic wvelbcity which is determined from

=V VRV (6)

When Vé.is greater than the termination walus, thrust is. terminated.
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Tzhe iterative guidance calculation used by the booster ‘are performed

i
in the following sequence:

(1) Compute booster time-to-go ('I’,Il and specific impulse ( "T’.I) from

Mc = Meo e-Vc/Vexl . (7)
Fe = Mc/(M/F)s (8) .
SVer = Veyw - Vc (9)
T = Veur (M/F), (10
Ti= T (1- f-j"wc'/'é"") (11)

where Mco is the totel booster/orbiter 1ift off mass and Vosn is
.the total booster veloclty to be gained. A backup thrust termination is

i pef_foméd i Mc. is less than a preset value,

(2) Treansform the vehicle position and velocity from navigation to

‘target plane coordinates by

.-R.q. = [M54J }?-S (12)
Ve =[Msu] Ve (13)

(3) Compute the following set of intermediate parameters

L, - l/ex‘ ln (7:._?—'6 (14)
J, = L, ’T,‘ - Vex| T (15)
S:‘= LI_Ti:_i -J | (16)
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Ql = 317: - é l/E,’Xl ﬂiz‘ (17)

R= T - Veu T2 (18)
U= QT -t VenTii - (19)
S,.=8,+L,Te; ‘ (20)
L = Ve In (52527 ) (21)
Ly=L,+L, (22)
Jp = L’z T3 ~VexzTai (23)

(4) Compute the predicted total time to go from
Tic=Tit +Tel (24)

T= Tie + Tpg (25)

(5) The current range angle (in) is calculated from the position vector

components in the target plane system by

-f
@ = rAn” (%) (26)

(6) The terminal range angle (Q’T) is then predicted from vehicle state
variables, projected future rerformance, and ‘dési-re'd terminal conditions

from.

v 2
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S = Ve TH -3 +15 T ~(KNexa) L (T -T) L, (28)
T ~T) L] (L +Vve- V)

Rr =y Ra + R +R7, (29)
bir = TR (52+ 5) (20

Br= @ + Der (31)

The angle GT is the desired terminal path angle and must be initialized

with the value of ’Y‘T prior to launch.

(7) The components of the desired terminal position, velocity, and gravit;
vectors are obtained by orienting the injection system so. that the ter-
minal position vector is coincident with the Xv axis. -This is done

by computing:

Xyr = Rr | (32)
Rvr =V SN Or (33)
év, =V} co0s.Or (34)
Kygr = ~M/ RF (35)
%ng'"‘ 0 | T ' (36)

Where Y is the gravitational conmstant. Hquations 32 through 36 To-
present components of vectors -R-'VT s ?VT and EVT' The additional com-
ponents of these vectors not included in equations 32 through 36 re-

main zero throughout f£1ight,
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(8) The current position, velocity, and gravitational vectors are

transformed to the injection coordinate system by computing

o] cosPr O sING,
M = O } O
v ~ |-sIN@r 0 cCOS@r ")

Ry = [Mvq] F§4 (38)
Vo =Ml Ve (39)
Gy = [MV'}][MQ.S] é-s (40)

The vector'E; is the gravitational vector developed in the navigation

syatem,

(9) as estiﬁated velocity-to-be-gained vector ( A;VJ ) is computed.
This is done by computing an average gravitational acceleration vector
(Gv*) for the remsining flight time. The estimated velocity-to-be-
gained vector is then computed by subtracting the current acquired
velocity vector and the vector representing the velocity loss during
the remaining time due to gravitational acceleration from the desired

terminal veidolty vector., The computations are:
=% _ 1 (A ~
Gy = z(Gvr * Gv) (41)
AV = Nyr - T*G (42)

(10) An improved estimaste of T based on the new information now

available for velocity-to-be-gained is computed from

AL, = [(A (avi/)* _ yJ

2 Ly (43)
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Aq:'ALa(%‘-Ei)/Vexz (44)
7;.!: = Z'E.L +A7:z' '(4_5,)

TR T+ Tad (46)

(11) FEquations 14 through 46 are based on a time—to-go value which is
normally computed during a previous computation cycle. If the vehicle -
performs as predicted, then the predicted time to go and intermediate
paraméter valuesAof équatians 14 through 25 are very close to the
éorrectad véluea‘of equations 43 through 46. The wehicle performance
is of'ten not this:predictable, and a second itératioq qf equations

27 through 46 is made to improve accuracy. Before doing this 1t is

necagsary %o exscute?d

Lp =Ly +ALg (47)
Ly=Lty+rAL, (48)
-fz.j = Jo + iDL, (49)

(12) After perfoiming a second iteration of equationé 27 througﬁ 46
en improved estimate pf-vélocity to be gained is made based .on the

3% ) - -
new T value and the average gravitational acceleration by computing

et d—

AV, = AV, - AT, G (50)
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(13) Preliminary guidence commands relative to the target plane

system are then calculated from:

AX
X, = TAN" sz) (51)
-t A\?v

SO +(A2F

~
Xz= TAN (52)
(14) 1In order to generate guidance commands which satisfy the position
constraints while meeting the necessary velocity constraints, position

correction terms are added to the veloclity constraint guidance commands

by computing:

L,=LytAL, (53)
T2z T+ Ty AL (54)
Sa= LT =T, (55)
Qu=SaTs = FVexz ol (56)
Ly= L+ L, (57)
y=d+tl+ LT (58)
Sy=Siz ~Jp + Ly Tai (59)
Q=@+ QS Tre +7; (T + o) (60)
Ky = Ly/Jy ' (61)
Dy= Sy - Ky Q) (62)
AYy =Y, +Y, TH+d Y"" T+ +3Sy SIN%; (63)
Ks = AK,/(D_Y coSX,) (64)
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Kg’ = Ky K3 (65)

B= (B +2T)- S Ve T2 (6)
U= Qu(B+2 T )= £lexaTei (67)
Lp= Ly COS X (68)
C,= COS Xz + Kz SINX; (69)
Cy= Ky SINK, (70)
Jp=3,C - C(R+R+1,T&) (71)
Sp=SyCa-GQy Cy (72)
Qp = Gy Co- Coly# Us # 8, T + (T + Tei) R (73)
Ko= Lp/Tp (74)
De=Sp—Ker Qe (75)
AXy = Xy x\,r-f-x THg Xk T4 5, SN, (76)
K, = A'Xv‘/(Dp COSXy) (77)
Ky = Kp K, _ (78)

{(15) Veloeity commands which will cause the vehicle to satisfy both
the position and velocitj'r constreinis are computed in th@ target plane
gystem by summing the commands needed to satisfy the constraints sep-
arately by

—

Kyy= Xy =7 (K=K AT) - - 5 . (79)
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Xgy= Xe = 7 (K3 =K, AT) (80)

{16) These commands must then be transformed to the navigation
coordinate system for use in the control system as a pitch eommand

(90) and yaw command ( Q)c). ‘This is done by computing:

_ [ €08 Xy, COS Ay )

Fy = [ Msa] SIN Xz (81)
-. "‘S‘N X_yl} COS Xz#i

6.+ TAN(Fss /Fex ) | (82)

We= TAN R/ - Ff ) - (83)

Once the itefhtive guidance mode is entere& a complete éﬁidance
computation set is performed each pass through the progrem. The
1nitialization of the guidance parsmeters prior to launch represents

a mgjor computational task. On.vehicles such as the Saturn V this

tagk isg performed by a ground coméuter complex requiring in the viecinity
of 40,000 words of memory for program and data storage. It is antieci-
pated that for the space shuttle this program.will be executed by the
flight computers during the prelaunch activities. This progrém will be
stored 1n the system mass memory and loaded into the flight computers
for execution-at the appropriate time during prelaunch‘éctivitiee. The

total program does not have to reside in core at the sams time, 1.e.,
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the program can be executed as an overlsy job, For this reason the pre-
flight computetions of guidance coefficlents will not influence the

flight computer requirements and is thus not investigaited in this study.
Fig;re 5-;; is a flow diagram of the boost guldance flight program (BGFP).
This program is run at a 2 per second lieration rate. The prOgraﬁ has an
initial and normal entry. The initial entry point includes programming

to %nitialize all boost guidance pa;aysters‘not initislized by the pre-
1au?ch guidance program. Figure 5-71 inclédes the flow diagram of the
initialization programming. fhe timer used to hold constant.attitude
com?apds (A TF) in the event of an engine failure is set equal to zero.

N is set equal to the number of booster rocket engines. The gttitude
coméanda 0, W, and ¢é are initialized. The magnitude of the desired
ter?inai position and velocity vectors are determined, and the transformation
'matfi# between the navigation and target plane coordinate systems is formed.
A f}ag used to control the exscution patﬁ through the boost guidance flight

program is set equal to zero. Control is then transferred to the normal

entry point,

Upog entry to the prqgramﬂat the normal entry point, time is,inéremanted
and a multiple brancﬁ made upon the value of the program cogtrol flag.
Whep the control flag is 0,a test is made to determine if launch time (to)
has arrived. In not, the program is exited until the next iteration pass,

If %aunch time has arrived, a launch command is issued and any launch time
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dependent guldance parameters initialized. The control fiag is then

set equal to 1 and the program exited.

If the control fiag is 1,8 test to determine 1f the time

to generate the lammch tower clearance pitch command has arrived.

If not, the program is exited. If the time has arrived the pltch
2ttitude command is set equal to-the constant value GLTG and the control -

Tlag get equal to 2 before the program is exited.

If the control flag is 2, a test of time is made to determine if the
iaunch tower élearance'ﬁitch command should be removed. " If the time
for removal has arrived, the pitch attitude command is set squal to

zero and the control flag et equal to 3.

If the control flag ié equal to 3 the vehicle aititude is "tested to det-
brmine if sufficient altitude for pitchover has been achisved. If %he
altitude is sufficient, the roll attitude command is set equal to zero,
the open loop boost guldance program is scheduled and thé.control flag

§
is set equal to 4.

if the control flag is 4, a test is made to determine it the time to
étop open loop guidance has arrived. If the timhas arrived the open loop
guidance program is descheduled and the boost iterative guldance program

scheduled. The control flag is set equal to 5.
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If the control flag is 5, tesis are made to-determine if the vehicle
characteristic velocity has reached the terminal veloeity or if the total
vehicle mass has been reduced below a prestored value. If elther -
condition is I;resent the iterative guidance program is descheduled,

coagt guidance is scheduled, thrust termination is’commanded and

this program descheduled,

"Figu.re 5-72 is a flow diagram of the boos_t‘ open loop guldance program
(BOLG). This program is run at & 2 per second iteration rate. With
each entry to the program time is tested and a pointer (j) set equal

to 1,2,3 or 4 dependent upon t < t,, £,< t<t,, <t<£3, and t, < b

2% 72 3
respectively. The valus of AN is then obtained by subtracting the
number oi‘ operating booster :;-ocke't engines frc;m the number ';af engines
opergting on the previous pass tlirough the program. The_ vaiue o_f_" AN

is then tested and if not zero, a constant attitude command peri-o& (ATFf )
is computed. -The number of failed engines is then updated and the newly
computed constant attitude command period -added to any remaining con-
stant attitude command period from previous passes through the progran,

The time test limits t‘l s 1:2, ‘b3 and t 4 are then increased by A,TBf .

A test A A TFis then ‘made to dstermine if a conatant -attitude commsnd
period exists., If it does, ATF is decremented by A T and the program

exited., If ATF is less than zero Gc is computed and the program exited,
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i

Figure 5~73 s a8 flow diagram of the Boost Iterative duidance Program
(BIGP): This program is run at a 2 per second iteration rate. The
program follows the previous description of the inerative'gu;dance
equations. The numbers indicated in the flow disgram é}e the equation o
numbers of thsse equations which must be computed at esach £low diagran

atep.

5.4e8.2 Cogst

Cﬁast guiaance is initiated at the time of the issuance of the booster
thﬁﬁst termination commend. After thrust terminaﬁish, the booster must
maintain the attitude present at the end of boost guldance until sep-

| arétion has occurrea end the orbiter ﬁas achieved a sufficient separation
distance to be clear of any booster attitude changes., The ‘booster then
assumes a pitch attitudé which minimizes orbiter plume impingement while
the orbiter ignites ité maln rocket engines aﬁd accelerates out.of the

ares of the bhooster.

The booster tﬁeﬁ assumed & reentry attitude. A proper ;eentry.attitude
maintains the body y axis in the earth's tangent plane, malntains’ the y
body axis component of tﬁe ralative velocity between the booster and

the atmosphere zero and maiﬁtains & congtant pitch attitﬁde with respect
to the earth's local tangent plané. During coast the inertial navigation

system is generating a .position and veloclity vector with respect to an
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inortial coordinate nyslew astablished ab lsunch, The rotational ecoordiants tranaformation
botween the body sxis mud inortial coordineio mynten in almo gonorated by ihe inertial
pavigation system, Figure 5-41 phows the inertlal coordinate nyntem used by the inortinl
‘pavigation system.

Figure 57,  Paremsters Required for Reentry Attitude

To determine resntry attit{xde a unit vector normal to the earth's tengent plare must be
transforzed to body mxis. Figure 5-74 showa various paramoters required io generate this
unit vector. The X, ¥, % coordirate system is. the inertisl sysiem wsed by the strapdown
inertial navigation system. R 18 the position vector of the boomter having components

Ry R, and B, The vector R is first transformed to the X', ¥', % coordinate axis result-
ing in the compoments of R being

n‘¥= Rx2+Ry2 LD
n;, =0 (2)
R! =R (3)

¥
In tha X, Y', 7 coordinate systenm a vmit vector normal to the local earth’s tangent plane
hss components )

13; =005 I, . {4}
U, =0 ) {5}
U, =SIN Ly (6)

where I.g is the geodetic latitude of the hoostor. Geodetic and geocentric ". latitude arve
related by ’ .
TAN L, = {1-e} TAN L (7)
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where e is the earth's ellipticity. However
TANL = Ry /R, (8)

Using ttigonometric relafionships equations 4,5, and- 6 become .

Us = Ry /Y T1=eF R+ RiZ (9)
Uy= 0 ' (10)
Us = (i-e) Ry /Y (1-ePREZ+ R (11)

Transforming the ﬁ, vector to the inertial coordinate system ylelds:
Ux= ReUx/YRE+RS (12)
Uy = Ry Uy/Y Ri+R} (13)

Uz"" Ué ’ (14)

The computations required for obtaining the U vector can be obtained by

combining equations 1,2,3,%,10, 11, 12, 13 and 14 to yield

U= Ry /(- RE +RE+ Ry -+ - (15)
U= RyNu-eVRE + Rk + Ry (16)
Ug = (1-€)Rz [y L1-e¥R + RE+ Ry (17)

Y

The direetion cosine matrix [C] defined in section 5.1.4.1 transforms
body axis vectors to the inertial coordinate system. The above unit

‘vector tramsformed to bhody axis is
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U, =[cl U (18) 1

The roll attitude command angle is determinsd from
. ' t
B =K Uy + K, [ Upy dt (19)
. o -
where K1 and K2 are constant gain factors and the integral term is
approximated by .
: t - - )
Co f Upydt = I¢n= I¢n—l+ Usy AT " (20)
[+

The strapdown inertial navigation program provides the booster velocity,
T with respect to inertial space in inertisl coordinates.  The veloélty

gf‘the air mass in inertial coordinates has components of

Vi =Ry (21)
VW) : RXQ (22)
Vo= O (23)

where {) ‘is earth rate. The relative velocity of the booster with

respact to the air mess. in body axis coordinates is

Vie = [C]T(‘V;f'\—/:vj o (24)

ARpTEHT

The yaw attitude command is generated from

L 4
U = K. Vag, * Ko [ Vag, dt (25)
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vhere the integral term is approximated by:

) _
[ Vaay 9t 1, = Iy, + Vag,AT (26)

If the desired angle between the booster X body axls and the local
earth's tangent plane at reentry is QE then proper reentry attitude

is established when

-1 Upy
o, = TAN ™' &%
E Upg (27)

If the relationship of squation 27 is not true, then a reentry pitch

ettitude error exists of

- -1 L/bx
O = O -TAN" (28)
A piteh attitude command willvbe generated from this error by:
+
Qc = K, QE +K2 Qfd‘i (29)
()
where the integral term is approximated by

t
[_65 Jdt = Iﬁn = Ien_, + G AT (30)

Figure 5-75 is & flow diagram of the coast guidance program (COGP). This
program is run at & 2 per second iteration rate. The prdéram has both
an initial and normal entry point, In the initial entry & time counter is
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set to zero, a control flag inltialized to zero, an initial time limit set,
the desired reentry pltch attltude established, and the three attitude
command integrators inltialized to zero, In the normal entry a multiple

branch is performed based upon the value of the control flag.

If the control flag is zero, the value established by the initial entry
program, the timer is incremented and a test performed to determine if
separation has occurred. Separation is tested by a continulty test of the
booster/orbiter connection. If separation has not occurred the timer

is tested against the timer limit t1. If the timer has exceeded the t1
value, an abort situation exists in that booster/orbiter separation has
apparently failed. Under this condition the control flag is set equal to
3 and the desired reentry command angle changed to an absrt value. If

the separation test indicated separation hes occurred,the timer limit t,
is set to the present timer value plus a constant T2 and the conirol flag

to 1.

If the control flag is'1,the timer is incremented and tested against the
limlt value. If the 1imit value hes been exceeded, the ﬁitcﬁ attitude
command is increased by tﬁe plume impengment avoidanqé_value, the control
flag set equal to 2 and the timer 1limit set equal to the pres;nt time plus
a congtant TB' ' ,
If the control flag is 2,the timer is incremented and tested against the
time limit t1. If the tlmer is greater than t1 the control flag i1s set

equal to 3.
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If the control flag is 3, the reentry attitude commands are computed,

. feo

Flgure 5-75 aléo shoﬁé . the program required to compute the
reentry attitude commands. First the reentry attitude commands are
computed using the equations described above. A test is then made to
determine if reentry has occurred. This test is based upon vehicle

skin temperature. If reentry has oceurrsd, reentry guidance is schadnlad

and coast guidance descheduled.
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5.4.8.3 REENTRY GUIDANCE

At the point .of reentry the nevigation syatem etarte computing position and velocity of the
booater in & navigation coordinate freme end eatablishes & coordinnte transformation matrix
D batwesn the navigation system and body axis system. The navigation coordinate Byst.ems
has _its X, ¥ plane locally tangent 40 the earth with the X axis pointing north, the Y axis
amst, and the Z exis directed downward. The navigation system &lso.gonerates the Euler
angles batween the body sxis and the navigation coordinates. ’ -

Initielly the primary function of reentry giidence is the maintenance of vehicle heating and
Ioading within tolerable limtis, This initlal pericd is termed the eurvival reentry phase.
During this phase the vehicls's large potential and kinetic energy is converted to heat.

As the vehicle veloeity with respect to the air mass is reduced, it becomes more difficult
to exceed heating and load limits allowing the guidance system to control the vehicle toward
the desired flight path. This phase of reentry is termed the conbrolabllity reentry phese.
The relationship betwesn 13f't and drag forces are used to control the vehicle during reentry
(ses Figmre 5-76 ). ’

Figure 5-—'7@ Reentry Asrodynsmic Relstionships

The X, ¥, 2 axis are the navigation coordinates and xb ia the vehiele X body mxis. The
f1ight path angle, 'y ,is moasured batween the vehicle total velocelty voetor V end the navi-

- gatdon system X, ¥ coordinate plans. The angle of attack, % , #& maasured between the
velocity vector and the
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X body axis. Drag force F_ 18 a vector having a direction opposite

D

to the veloelty wector., Lift force FL actg in a direction normal

to the velocity vector and in the vshicle Xb, Zb plane.

The magnitude of the 1ift and drag vectors are given by:

F =K2/c\/zsma< CO8eX . (1)

- F, = PVE(Kat+ Ky SIN'X) _ (2)

The drag force opposes the veloeity and thus decrsases the velocity.
The 1ift force being normal o the velocity vector causes the velocity

‘vector to rotate,but does mot effect its length,

The heating rate.of the vehicle is given by:

Q= K & Vv 3)

‘where é is the heating rate per unit aresa,.

At thrust termination the hooster is in a suborbital ballistic trajectory.
At reentry the vehicle has passed the apogee and thus has a positivé
flight ﬁath angleY . The survival reentry phase lasts until the
velocity magnitudé is less than-.a constant Vo: The vertical plane

equations governing the motion of the vehicle are:

X’ =z ——% C03Y+%sw)’cos¢ (4)
7 =-%31NY—%CosYcos¢ +9 (5)
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where § is the veiicle roll angle and X¥ is a horizontal axis along
the direction of flight. If a roll angle exists the 1ift force will

not be in the vertical plane and thus must be multiplied by cos g.

Reentry guidance during the survival period employs a vehicle model.,
This model ig integrated faster than real time from the wvehicle's
instantaneous position to a posltion where V is less than or equal

to V;. The model consisite of firast determining atmospheric density

by

p=p e (6)

wﬁere,‘;‘aﬁd K are constants and h is the vehicle altitude obtained
from the navigation program.' The navigation pfogram also delivers

the initial values of the velocity vector components V#, Vy and Vz.
The f£light path angle Y -is computed from .

:‘Y = TAN™ (7)

vx2+ vyﬂ.

and velocity magpitude from

V=YY (8)

The inatantaneous 1lift and drag forces are computed from

F= K,_ £ V* SINK, COSely : (9)

and
T

Fo= V2 (Ks + Ky SiN',) | (10)
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Kz, K3 and K ), are constants and it is assumed that the vehicle will
fly a constant angle of attack trajectory during the survival phase
which for nominal conditions will be 0<o. The acceleration on the

vehicle is then computed from
I
ay= =7 (FpcosY + Fan Y) (11)
i Y
az=’r'n(F53WY+ﬁ_cosv) (12)

.where m is “the nominal vehicle mass., 4 zero roll angle 1s assumed,

The accelerations are then integrated using the formula

VX/" = Vxln-l + %(BQXn_ axn-:) (13)
vén = \'[:‘t"h;-l + 'é.g (30-5” - qfn-l) (14)

On the initiai integration iteration past and present acceleration

values are assumed constant, The Initisl integration iteration

agsumes
Vina =Y VE+ V2 (15)
Ve = Vg (16)

Y = TAN™ 22 (17)
Ve
V=Y rvgE (18)
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altitude is propsgeated using
’ T ! '
]'1',., = hn—; + éé_ (3V£n-\én-;) (19)‘

On the initial integration iteration present and past velocity values
are assumed squal and the altitude past value is initialized to the .
navigation altitude output. At each iteration the heating -and loads

on the vehicle are computed from

L= Fp SING;+ F COSH, {20)
. ‘23 .

T KNP V' =Ky (Taa-T5) (21)
Thz Taa t AZI (3-};1 "-i_n-—l) ‘ (2?)

F?r‘the initial integration,iteration T;_1 is initialized from a skin
temperatuie .sensor and-it.is agsumed that the present and past temp-
ature rates are the same. The maximum load and temparatﬁre point is
determined as tﬁe model eguations gre integrated. If the maximum
load or temperature exneéds a maximum limit value,the angle of attack

is commanded to reduce the above limit parameter.

It is anticipated that the shubttle booster will reenter using a very

large angle of attack (approximately 60°). Temperature and loads produce

opposing requirements on angle of attack. Increasing the angle of attack

increases the drag and decreases the 1ift forces. This causes a mors
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rapid decay in velocity decreasing the total temperature rise,how-
ever the normal force loads are increased. The maximum load value,
Lm and the maximum temperature TQ'determined from the model are used
to determine an angle of attack command from the formula:

Kr (T~ Tmax)  for Tm >T:qu

o o) For Tm<d Tmax * Lm< Lmax (23)
K (Lm - Lmax) for Lm>Lmax

where Tmax and LInax are constant 1imit valuses, Piteh command 1s then

computed from

S, = Oc,,., + Ky & AT ‘ (24)

Roll and yaw command remain zero during the survival period. As
goon as the total veloeity from the navigation system -is less than
a preset value the survival phase computations are halted and control-

ability phase computations initiated,

The vehicle is controlled to fly over a target poinit which is on the
degired route to the return landing field, The required range and cross
range to reach the target point is first computed. The great circle arc
between the vehicle present position and the desired target point is

computed from

By = COS'[SINLSINL +COSLCOS L, COS(A-A7)] - (25)
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where I and ) are the wehicle's latitude and longitude as determined
by the navigation program and Ly and AT the target point latitude
and longitudé. The cross range angle gcR is computed from

o SIN(L-L) )}

Bex= SIN" [81N 8,5 COS (U + SN ST (26)

where \Pv is tha_ horizontal heading angle from the navigation system.

The required range is then estimated from

RR =re (GAR +%9CR) (27)

where lp 18 the earth's equatorlal radlus.

An average geocentric radius to the vehicle's position during the

remaining reentry phase is computed from

v = _gﬁ [2- e(§iN2L+SIN.° Ly)+h+hg] (28)

wﬁere @ 1s the earth's ei].iptici‘ty, h the vehicle's present position
altitude from the navigation system and hT the desired wehicle altitide

at the target point.

A 1ift to- drag ratio command (L/D)c. is then obtained from an equilibrium

glide range formula:

LY L 2 Rr
'(T)')c' w (In@, = InQ,) (29)
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where

2 \
as- -%f(l;vﬂ‘cosu | (30)
b= 2Ny L COSLSIN(Yp~¥) (31)
4=k 4a (32)
V=i VE+V2+VE (33)
¢= Grevira (34)
f visbv+a

_(2Y+b -YF)(2V+b+VF)
. T RVABY) 2Vt bV )

(35)

where M is the gravitational constant, {1 the earth rate and qlﬂr

the desired heading at the target point.

f

A command flight path angle ]/c is determined by sppiying the formula:

o g’f.d_v
= . v t
Y= v { S (36)
dh
where ~ 1is the atmospheric density. Equation 36 is evaluated by
computing
JP - 2B __ (fa_.. cJFg)
TV - VLDV T dy (37)
Y o YFp (38
7 (L/D), ‘ (38)
and
de -Kh
75 S KA (39)
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where

M vr2rn costSIN(We ~U)  rn?cos?L (0} °
= rey Y v .
oV

and

r=re(1-esIN?L) (42)

B is the vehicle's ballistic coefficient at the nominal angle of attack

and g the surface gravitational acceleration,

Attitude commandsrare computed from the command flight-path angle by

computing:

‘ Va
Y Yc“TAN",/vx’"+Vf)+VF
Cy=2 AT b (43)
-1 SIN(L;-L)
n=%-v - s’ SIN g (44)
Cp= v(}}r - nLSINL) (45)
%n " ¥Xn-y v_n'vh-! vn'vn—-t
L= Yerien Yo Moot Vot te (46)
e _ 8 (47)
o= TAN" REZ3V5 ‘
&, = (%, CH+Ch —Lh)(f’in-dn-,) (48)
AT(Ln—Ln-i)
o () -8 @
C AT
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8e= 6O, + K AT (50)

¢c,,= ¢c,,_‘. + ¢c aT (51)

Yaw command is maintained zero by the guidance system. The control
system will auvtomatically command & yaw rate that wiil generate
a coordinasted turn.

. )
Figure 5-77 is a flow diagram of the reentry guidance program (REGP),
This program is run at a 2 per second iteration rate. Upoh entry to
the program those parameters which are common to both the survival and
controlability reentry phases‘are computed. A test of which reentry
phase exists is made,based upon total vehicle velocit&., In the survival
phase the reentry model is integrated and Qc computed, It is assumed
thet the model equations must be computed 20 times in order to predict
the vehicle maximum loading and heating during the survival phase.
At the finish of each iteration through the controlapility phase
guidance equations a test for the end of the reentry guiéance'computations
is made based upon vehicle velocity and altitude. As soon as the
velocity or altitude drop below a preset value,the reentry guidance

program is descheduled and cruise guldence scheduled,
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5.4.8,4 CRUISE GUIDANCE

At the beginning of cruise the booster will be at an altituds above
the normal crulse altitude and at a veloeity below nominal cruise
veloecity. TInitially the éruiée engines will be deployed and at the
same time & pitch down attitude command issued. The boosfer will
diﬁe until it reaches cruise altitude which should approximateiy

cosncide with reaching cruise velocity.

During cruise the pllot can select one of several siteering modes.
Within the DMS computers will be stored a table of route points.

The data stored for each route point will be latitude (L ), longitude
( M. ) and altitude (h ) of ths flight leg which should be maintained
“when flying to the route point. In addition to the route point table,
th;re‘ié also a sequence table which determines the order in which

the route points ashould be flown.

Two automatic modes exist for flying between route points. In the _

first mode a steering command is generated to maintain the vehicle on

the flight leg defined by two route poimts. In the second mode,stesring
commands are gemerated to cause the booster to fly & great clrele route
between its present position and the next route point. If the vehicle

is at latitude - longitude coordinates L, flying between routs -points
having coordinates L., A, and 1_2, )\2'then the central angle arc distance

1
between the wvehicle and the firat route point is given by

o = cos~'[siNLsiNn Li+cosbecosL, cos(x,~2}] (1)
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and botween the vehlcle and tho second route point given by

4

= cos [ain LoinL, +cos L c?.a .Lz con (A ~h 2)] {z)
The contral angle are distance betweon the two route points iz glven. by

42 = cos™ [ain L, sin L, + cos I, cc:s_L2 cos. -()\.;1“-?\ 2}] )]

Presont d, Point 2
Position - .
r o
Route
Point 3

Figure 5-78 Route Point Steering Geomeiry

Figure 5-78 shows the geometric relationship required to generats the steering commands
for routs point steering, Applying the law of coaines ‘to the spherical right triangle
having sides with central angle are lemgths of X, 61 , and e yields .

- 'Jt *
cos 4, = cos x cos & + sin x 8in @ c08 —o— (&)

In like manner for the triengls having oides d12 - d2 and e yielde

coa d, = cos (d12 ~x) ecos e + si..n (612 -x) ain e cos- g (5)

Eliminating x between equations 4 and 5 end solving for o yields
p \jcoszdz -2 ¢os gi2 ¢o3 4, cos dy + cos z

(6)

@ = cos-
Sin 612

The stoering command generated depends upon the magnitude of e. All major steering turns
are mede at & constant turning rate which produces & circular £light path which is the are
of a circle of radius r. If e is losa {than r/re & roll command is generated from
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) @L if K@< @L
b= {Kge if - ¢,_<K e< B, (7)
@. if ¢ <K¢E
If € 1is larger than Efﬁ,the vehicle will be commended to fly normsl to
the desired route path until it gets within a distance of r from the

desired route path. In order to determine the desired hsading angle,

qg.the following computations must be made

d,,7x = cos™ [ cos d,/eos &7 (8)
o= =-etn™ [ cosl, sinf );1 - 3 in a7 (9)
= cos-1[cos(d12~x) sin L, +sin(d, ,-x) cos L. cos o] " (10)
ST s:N"tcos LgSle’/S!NL‘r] (11)

s 'L | (12)

The desired heading is achieved by commending a roll angle proportional
to the error in the actusl aireraft heading and the desired heading.

The error is compuied from

Y= We =W (13)
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Where i, is the hroizontal heading angle from the inertail navigation
gystem. The roll command angle is generated from
~@. F Ky e < @,

¢c.: KE"Wé if - G.<Hp W Po “ (3.4)
G, IF P <KpWg

Tn the second automatic mode a yaw error is established from the formula

Y, = T0-SIN"[eos Ly SIN(, -3, /sindin ] - Y, (15)

% roll command angle is generated by equation 14 for the second automatic
ﬁode.

- ' !
The pilot can select a heading reference derived from the magnetlec flux

gate compass or the TAGAN receiver instead of the inertlal navigation
gsystem. When a different reference is sélected, qLin bquation 13 and 15
is substituted with the new reference. A new leg of the route is selscted

when dé becomes less than |

oo .
Altitude control 1s achieved by commending pitch attitude.as a function of

the error between the vehicle's actual and desired altitudes. An altitude
ieﬁerence can be selected from either the inertial navigation system, the
éir data computer (i.e., pressure altitude), or the raaar‘altimeter. The

attitude command is determined -from
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VL it Kn(he-RY>V

Vac 2 (K heh) if V7 Kin(he-h) 2~V

-V, ;F-vt>Kn(h°.»_-h\ ' (16)
6= Ky (Vee ~ Vi) (17)
Bc, =6, +6 AT (18)

in the automatic mode the commanded altitude (hc) is found in the
route point tables. Both an altitude and heading commend can be
selected mapually in one of two different ways. A value of desired
heading or altitude can be entered numerically by the pilot or the

pilot can issue a command to hold the present altitude or heading.

Another cruise steering functlon which can be selected is to fly an
automatic holding pattern. Upon selecting the holding pattern mode

the boos%er will be commanded to fly a circular path having a radius

of I, . The eircle will be tangent to the flight path at the point whers
the holding pattern mode was commended. To compute the steering commands
required to keep the vehicle on the holding pattern flight path it is
necessary to compute the latitude and longitude of the cireular fiight

path center., This is done by computing

Lp = SIN"'[coS I SINL + COSL Y3iNir, - Cos?y, | (19)
Ap=A-SINT[sivg cosy, [cos Le) (20)
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where I, 18 the radius of the holding pattern circle expressed in
central angle arc units, and Lpand ), the latitude and longitude
of the center of the circle. At each iteration through the program the

distance from the vehicle to the holding pattern center is computed

from

r=cos™ [sNLsiNLp+COSLCOSLpcosh-2a)] - (21)
4 -roll rate command is then computed from

éc:K‘;ﬁh (ry =) ' (22)

4 roll command is then computed from
L Pep= Py B AT (23)

and limited by

@, if ¢Cn>(¢L
Q- _¢in AN :-@ o (24)

Figure 5-79 is a flow diagram of the cruise guidance program {CRGP).
This program is run at & 2 per second iteration rate. The program has an
initial and normal entry point. In the iniital entry the first automatic

flight leg is established. This is done by picking up the first and

34l



75 HHFLG=) 2 vES

NGRMAL

PICHYE
SELECFED E§ HOLD HEARDING
HEADING AHD SELECTED?
ALT:TUCE
REFERENCES Jxo 1 _
1HHFLG=O HHFLG = L | [TS PILOT COMMAND
T HOLDING H ALTITUDE SAECEEDT
PATTERN MODE {3p YES
SEiECTED 7 FICROP LATEST
vEs " TS PIOT (o7 AND |YES [W.=LATEST Fitor| £ 1 1A J

3 HEADING SELECTED? OMIAND 4LOT” CarrIAND

IS APFLG=07 122

NO

PICK UF NEXT

ROUTE FOINT h

IS HAFLG*O?
YES

he = h
|;;‘r:.c=:

o, =S~ [ L SN+
cosLCosles (Y

YES

1= SINT[CaST, SIVE

"
+Cos LTI C

IS AUTOMATIC
MODE § SELECTED?

1 vES

decosTisrvlsai,
costeosicos(a-N]

Wem T~ Stk™*IC0S, «
(LIRS ST P

Ap= A~SIN {SINT, .
casifl, /cosle]

W RO
Vit
AT (5N

e=c0S (Lo, T8 ALTOMATIC
.zcosci,,noéa.cosd, 10F 2 SELEcTED? |7
#0s*d. 15 /5ind, e 1y}

! {

F= COL T SINCSINER+
COSLCOSERCOS(Mar)]

YES
Sellrf i of Hped-g, .
8= :(,Z:f-wgaﬁ Oe, =8, FEAT
67 @< &C

Yecos'[008d, fease]

I3 LANDING
e,

{é;nfi?’ﬁ
Yo=Y ~gh

B fird>a,>%
i -
i =S [cosl,
SINCL -3 /51M ]
FHIRY 17005 [0S Taii T
SINYCOSLaCoSo]

FroaupP FIXST
ROYTE LEG o= I [Fosl, S/
sNLY- /2

SCIEPULE
LANDTAG GUTDAUNE,

ALY R

T oaTES OUTPUT
A F 0 3

RecrewsL 7
YEFS

LSy~

s RACGKAM

AT
é{

Figure 5-79 Crulse Cuidance Program (GRGP) .
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Second route point as determined by the sequence itable. The first route
point will normally be the desired reemtry target point. The pilot has
the ability to modify both the sequence table and route point iable,
After establishing the first flight leg the progrem proceeds to the

normal entry point.

At the normel entry point the heading and altitude reference value is
Selected, The heading references that can be selected by the pilot ‘
are:
Inertial Navigation System
Magnetie Flux Gate Compass
_ TACAN

T%s altitude references that can be selected by the pilot are:

Inertial Navigation System
Air Data Computer

Radar Altimeter

The desired reference is determined by a .switch setting on the pllot's
console. A test is then performed to determine if the holding pattern
1ode is selscted. If the pilot has selected the holding pattern mode
1 flag (HPFLG), which is éét to zero whenever the holding pattern mode
ié not selected, ig tested. If the flag is O this is the firet pass

tﬁrough the program with the holding pattern mode selected and the
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latitude and longitude of the circular flight path center is cal-
culated and the flag is set equal to 1. The computation of a roll -
command based upon the distance from the hol&ing pattern center is then

computed for either a normal or initial holding pattern entry.

If the holding pattern mode is not selected, the holding pattern flag
"(HPFLG) is set equal to zero and a test made to determine if the pilot
has selected a hold heading mode. If a hold heading mode is selected

; flag (HEFLG), which is set equal to zero whensver the hold heading mode
is not selected, is tested. If the flsg is zero indicating hold
heading has just been selected,'ths heading command is s;t egual to the
present heading reference value and the hold heading flag set equal to 1.
If the hold heading flag was 1 when tested or after being get to 1,a

heading error is computed and converted to a roll guidance command,

ITf the hold heading is not selected, the hold heading flag‘is get equal
to zero and a test is made ts determine if the pilot has selected a
pilot commanded heading, If a pilot commanded heading is selected the
}atest pilot heading entry is picked up and used as & heading command.
A -+hsading error is then computed and converted to a roll command by the

L

same set of instructions used in the hold heading mode.

If a pilot command heading is not selected then an automatic heading mode

must be selected. The distance to the next route point is computed and
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a test made to determine which automatic mode is selected. If automstic
mode number 1 1s selected the distance from the booster to the desired
flight path is computed. This dilstance is then tested against a pre~
stored constant. If the distance is less than the prestored congtant,

2 roll command proportionsl to the distance from the desired £light

path is computed. If the distance is greater than the preéstored con-

stant a heading command is computed which will requife the booster to

fly normal to, and toward the desired flight path. The heading command

ig used to compute a heading error and roll command by the same instructions

useéd in the hold. heading modes.

ifqautomatic mode number .2 is selected, s ﬁeading command.is computed
which will cause the booster to fly toward the desired réute point, A
%est'is then performed to determine if the booster is within a distance

" of the desired route point. This same test is performed on that branch
. of the prog?&m where automatic mode number 1 is éelec?qd and the booster

is within the.prestored distance from the desired'flight'péth. If the
booster is withiﬁ the distance I° of the next route point,a new flight

leg is selected by faking the next point in the sequsncé table, At the
time of selecting & new flight leg the fiight leg disfance (d12) is computed.
A test is then made to separate the program path fo; the automatic mode
fumber 2 program, -If %utomatic mode number 2 18 selected, a heading

érror and roll command is computed using the same instruetion set used

for the hold heading program,

-348-


http:command.is

After computing the roll commend, a test to determine if hold altitude

-18 selected. If holdbaltitude 1s selected, a test of a flag (HAFLG),
which 18 set equal to zero whenever hold altitude is no% gelected, is
made; If the fiag is ‘zero the altlitude command is set equal to the present
. altitude and the flag set egual to 1. If hold altitu@g‘is not selected
the hold altitude flag is set squal to zero and a test made to determine
if pilot command altitude iﬁ selected. If pilot command altitude is
selected the latest entered éititude command is picked up. . If pilot
commend altitude is sot selected, an automatic altitude mode must be
_éslected and the altitude command is obtained from the next route point

in the route point tables.

A piteh coﬁmané is computed from the altitude éommand. 4 test is then
berformed_to determine if the landing mode should be enfarsd. This test

| is based on either a pilot input command or a flag stored in the route
point at which landing sequence should be initiated. If the landing

flag is set, landing guidance is scheduled by gcheduling the Advanced
Instrument Lending System program. As soon as this program indicstes that
it is receiving inputs from the ATLS receiver, the cruise guidance progran
is descheduled. The AILS provides guldance inputs for the remainder of the

flight.,
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5.5 Flight Control

The primary function of the flight control system is to control the
attitude of the booster. The flight control system receives atﬁitude ]
commands from the guldance system or pilot controls, genérates attitude
errors between the commanded attitude and actual attitude received
from sensors, and issues commands to systems which prodﬁce torques

on the vehlecle which change the vehicle attitude reducing the attitude
errors., In performing this function the flight control-system must
guarantee system stabllity and maintain acceptable attitude responses
which maiﬁtéin. forces and torgues on the vehicle below a maximum
value where structural daﬁage to the vehicle or physical damage to

the crew would result. The commends generated by the fl;ght control
gystem are a highly filtered combination of command and sensor signals.
‘In a digital computer filters are mechanized through the use of
diffefence equations, An exemple of a difference equation is

Vo= QX+ Ay Xy + 23X g = b, Yooy = b, Yooy, (1)

where'Yh is the filter output and Xh‘is the input to the filter.

The filter output is calculated at a fixed iteration ¥ate of 1/T times
per secoﬁd, il.e., a gsolution is calculated every T seconds, If Xn is
the value of the input at some time t then Xn_1gis the value of the
input et ¢t - T, Xh_z at t - 2T, etc. This same relationship holds for

Yﬁ, 15_1, Xﬁ_z, atc. The parameters 84y 8y &g b1 and_b2 are constants
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which determine the filter characteristics., The computational require-
ments of mechanizing a digital filter is depsndent upon the number of
past values required by the filter. In the sbove example four past
values (2 past values of X and 2 past values of Y) are required, In
the flight control equations given below the symbol Fm will be used to
repre§en£ a filter requiring m past values, Statistics on computer

requirements for mechanizing a digital filter are

multiply and/or divide instructions m + 1
ail‘other instructions 4m + 1
total number of instructions 5m + 2
constant storage area - m+ 1
varigble storage ares m

The flight control equations are dependent upon the methed used to
‘producé torques upon the vehicle, Torques are produced by thrust vector
control during boost, reaction jets during coast and initial reentry,
and arsodynamic surfaces during reentry, cruise, landing and ferry
opsrations. During boost the flight control computational requirements

in equation form are

Bz 6 -6. | (2)
esw-ueC | (3 -
Be= - & (4)
s = Koy B¢ F + Kpy Ay 5+ Kpg 9,Fs + Kpu9, K (5)
Es=Kr1 P s + Ko P E (6)
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Ey = Ky Y o +Kyp Ay By + Kys I - (7)

Irver = o+ &y (8)
Srvez = o~ & (9)
Stvea.* 59' 7 &y (10)
Srecy™ Ep =€ (11)
Se e Op s + Kep Ay e 7 Kes G F +Ker G, F (12)

Equations 2, 3 and 4 generate pitch yaw and roll attitﬁde errors by
subtracting the guidance commands from the wvehicle attitude. FEquations
5, 6 and 7 are used to calculate the desired thrust vector deflections
for each vehicle axis, Desired pitich deflection is computed as the
proportional sum of filtered pitch attitude error, QE,‘normal accel~
3¥ation, Az, and the two plich rate gyro outputs 4y and dye Each term
is filtared separately by a fifth order filter (rapresénted in each cass
. by F5)' The filter constants (6 for each filter) are Eyanged four
aifferent tiﬁsa during the boost flight, The gains Kp1’ sz, Kp3 and
Kp4 are continously varied thoughout boost by interpolating a 10 point
loockup teble for each gain; Desired roll deflection. is computed in the
same mﬂnnef.as pitch deflection however only two terms, roll attitude
e*ror, gﬁ, and the roll rate gyro output, p; are used. Desired yaw
deflection is calculated in the same manner'using thrée'terms, yaw efro;,
“¢%P Jateral acceleration, Ay, and yaw rate, r. lEquations 8, 9, 10

and 11 are used to caleculate the four engine command outputs, During the
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atmospheric portion of boost it 1s assumed that the elevons are used
to supplement pitch attitude control. The control effectiveness of the
elevons is proportional to dymamic pressure. By-using the elevons for
load relief, the control of loads on the vehicle is automatically
phased in and out during high dynamic pressure regions where loads dfe
most severe. The elevon command is calculated using the same terms

used in determining Eg'with different filter coefficients and gains.

During coast and the initial reentry phase the reaction jet systen

is used to control the wvehicle attitude., Figure 5- ;Q shows the ass-
umed reactlon control jet arrangement, There are 16 jets mounted in

two rings, one located in the forward portion of the vehicle and the
other in the aft. Each Jet when mctivated causes torques about two
-vehicle axis and a linear acceleration along one of the vehicle axis,
Figure 5-81 shows the angular and linear accelerations produced by each
Jet. The IMS computes a desired torque about each axis on each iteration
pass fhrbugh the program. The desired torques are based upon the mag-

nitude of an error computation for each axis. These error equations

are
Eo= Ko (6-6c) 4Kz 9 + Ko of £ - (13)
Ey= Ky(Y-W)+Ky r + Kp a5 £ (14)
Ep= Ky (-0 tKs p + Koz _ Qs

where Qc, ¢g and ¢; are the guidance system attitude commands, 8, yﬂ,
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and @ are the vehicle attitude reference outpute from the strapdown’
system,-q,l, r and p the rate gyro outpute (only one of the pitech rate
gyro outputs is used with the reaction jet system), amjl O'"g, 0",;, and
0“¢ are the pilot commends, Ths pilot commands are fi]_.tered by a
first order-filter. The detent switches on the pilot's sidestick
controller and rudder pedals calise KQ, K,]u and K¢ to be zeroed when

they are activated,

Reaction jet produced accelerations are requested when ever the cal-
culated error exceeds a constant valus. The requested angilar accel-

erations- are determined according to:

" request + P - if EQr L= 8¢
request - p if E¢ b E¢
reaquest + g if Eq {-&p
request - § if Ey €a
‘request + I if By <~ 51,)

request - r if By 7 5,‘;;
where 8¢, Eg and Ey) are constants, The reac'bionljets which are

activated at any time is dependent upon the combination of requeéts.

Figure 5-82. indicates the reaction jets that are fired for each possible
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request combination. The selsction loglc which must be performed by .

¢ ¢

the IMS as determined from Figure 5-'82: is

= (g B
F3=i%é*é T

F4=€i+-(é,+f5_+}é)+
Py= Re(Brd)+R(
Fg = @4é+%)+é'
Py = 4 (B R+I)T
7g= (R +R*1)+
b= 1 (B+R+Y,)
A, = §4;+é+?ﬂ
4,2 4-(B+ B+ 1)
b= 4 (B rB4E)
By = ’;_('%*ér*%)
b= Re(BrR+4,)

b= 4o (BrRtE)

ag= 4, (B +R*E)

-+
5

0 L]
+
"I“' S

+0s e
&

l-.cl
a.Oo
—_

)
(i+F)
i)

-356~

(16)

(17)

(18)

- (19)

(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29}
(30)

(31)



JRIS
FF F F F F F RA A-A} 4 A A 4
5 4 #| |12 3 4 |5 67 81 345 6 7 8
000
o 0 - X X X X .
o o0 +| |x X 1z
0~ 0 X X X X
0 -« = x 4 X ux X XX
0 - + b4 X b4 X XX z
Rjo + 0 X X X X
g 0 + - x |x x |x x x 1
Tio + + X X XX I X X
|- o0 X
Tij- 0 - X X ux X
-0 +| |x b4 T xx x
- -0 X I X X X
- - - - X X X
- - 4 I X X
- + 0D X Iz X Ty
- 3 - ‘X X X
.+ b e 1 X
+ 0 0 X X
+ 0 - X X X X X
o+ 7 2 I X = ;
+ - 0 >4 X X X X X
+ - - . X b4 X
+ - + xr X x x.
+ + 0 X X X z X I
+ + - X X X X
+ + + X X X X
Flgure 582 = Jet Selection per.Acceleration Request
THaplay:
) |BpmIe
Test Tast Engines Tast Accelercneter
Pilot Throttle Rate Teat
Inputs Syatem Gyros
Teat ? | Test _ Test Teat Test Thrust
Trim Flap Aerodynamic Reaction Vector
System - 1 System - Surfaces * Jeta Control
g EXIT ' HE . 1

Figure 5-83 - Flight Control System Ground Checkout {FCGC)
Sy 1’ .

~357~




The reaction Jet system remainsa effective until dynamiec pressure, Q,
exceeds & preset value, Qmax’ at which time the reaction jet system is

shut down.

The serodynamic surface control system is activated at the same time fhat
the reaction jet system is turned on, i.e., at the end of powered boost.
The control system errorsfor each axis for the aerodynamic control inputs
for pitch and roll are given by the formulas:
A9=K9(9._6C)+Ké%+KGOEF; (32)

Ag=Xg(d-B)+Kgp+oz £ (33)

The control gjstem gains K9 and K¢ are set equal to zero if the pitch or
roll pilot command éaluss are greater than the detent position. The

gain Kg is derived from a three dimensional table lookup procedure as a
function of { , angle of attack, M, Mach mmber and Q, dynamic pressure.’
The gain KG is -constant until dynamic pressure is greater than Qmax and
then is determined as q function of 1/V where V is the vehicle total

velocity.

The yaw aerodynamic error is determined from

ARp=Kpit F + X-HKeep + 05 K (34)
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if Msch is_lsss than 4 and for Mach greater than 4 18 18 computed

from
Aw=KR2r+x-KCFP+05F2 (35)

The ggins KR2 end KR1

lookup procedure as a funetion of & , M, and Q. The gain K

are determined from 8 three dimensional table

OF is
computed as a function of &£ .

The parameter X is equal to the slde slip angle w3 when Q is less than
Qmax and equel to lateral acceleration when Q is greater than Qmax' )
The commends to the elevons are computed from the filtered aerodynamic

errors determined from the formulas

Se = KpEg Fy (36)
S¢ =KgEg F, (37)
Se=Ky (Ep ") K (38)
Ser= 6t S (39)
JeL = 59"=S¢ _ , (40)

The gains Kp, KR and Ky are each computed from a table lookup as functions
of M, « and Q. The magnitudes of 59, g¢, 5}?. and O‘EIJ are sach

limited in absolute magnitude before being used.
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Included in the flight control system 1s automatic throttle control
of the cruise air breathing engines. The throttle position is computed

from

§rc£"'K;SF'}'K1VR+KV(VR‘V)+(VR—V)5 *OF (41)

whers 5F is the throttle feedback position and Vﬁ the commanded reference
velocity. The term (Vﬁ -V F, 1s limited before being applied in the

above equation.

The flight control function is accomplished through the use of several
programs in the DMS. Figure 5-83° is a flow diagram of the flight control
ground checkout program (FCGC).  The program sequentially tests all of

the flight control systems. TUpon entering the program the pilot and
copilot sidestick controller and rudder pedal functions are tested.

Figure E-ézi is a detailed flow diagram of the testing required for this
function. By use of the dlsplay system the DMS makes a reqguest for the
statlon select switch 4o be placed in the pilot position, A flag is

then set to zero for use in the program for selection of pilot inpute

and a walt programmed to allow for the crew to respond to the request.
Upon completion of the walt the station select switeh is tested and a
request issued to place the sidestick controller and rudders in the zero
position. Another wait is then programmed to allow the crew to regpond
and all inputs from the sidestick controller and rudders tested for proper

outputs, The detent switches are then tested and should be off. A
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Figure 584  Pilot/Copilot Controls Testing
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request is then issued to place the rudders and sidestick controller
into the detent positfon for right rudder, pitch down and roll right.

A wait‘ié programmed to allow for the crew to respond aﬁd then all
inputs including detent switches tested. A request of detent position
for left rudder, pitch up and left roll is then made, s wait programmed
and then all inputs tested for proper value, The flég is then tested
and if zero a request for the station switech to be placed into the co-
pilot position is made. The flsg is then set to one and & walt prog-
‘remmed. ~ The station switch is then tested for copilot position and the
prdgram transferred to the controls testing programming for tests of

tﬂe copilot station., With the flag equal to one at the flag test, the
control- section of the flight control ground checkout program is exited.

If any test falls an error message is diaplayed.

Upon completion of the testing of the pilot and copiiot controls a

test is made to determine if the cruise air breathing engines are op-
erating. If they are not operating the test of the autothrottle inter-
?acé_must be bypassed. If they are operating the testing shown in Figure
5—85 is conducted. First a display request is made to place the throttles
for all six engines in the idle detent position. A wait is then programmed
to allow sufficient time for the crew to respond to the request. A test

is then mede to defermine if the throtiles havg been placed in detent.

A test of both-the detent &iscretes and throtitle position is made. A
command of idle thrust is then fssued %o each engine and a wait prog-

rammed to allow for the engines to respond.  Each engine response signal
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is then tested to determine if each engine is idling. A display
request is then made for the crew to place the throttles in the maximum
power position. A wailt is then programmed to @llow for crew response
and then the throttle positiona and detents are tested for each engine.
The engines are then commanded to maximum thrust and their responae
compared with expected response wvalues sgtored in the computer. An

error message is isswed if any test fails,

Referring to Figure 5-83 +the next test performed is a .test of the four
rate gyros., Each rate gyro is tested by the procedure shown in the flow
diagram of Figure 5-36'. The testing on all four rate gyros is per-
formed simultaneously, The power on discretes for both the AC and

DC power are issugd and a walt programmed to allow for power transients
to decay and rotor gpeed to build up to its operating wvalue. The AC
and.DG supply voltages and the rotor speed are then tested.

A counter is then initialized to count the seven test command outputs.

A 1$op is then executed wheée each test configuration is commanded and
the resulitant rate gyro output tested for being within desired 1limit
values. Upon completion of the test configuration tesfing the tempera-—

ture of the rate gyro elsctronics is tested.

The next flight control ground checkout tests to be performed is the

checkout of the linesr accelerometsrs and the main engines thrust vector
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control servos., A detalled flow diagram of this testing 418 showmn in
Figure 5-87 . A counter i1s set which initializes s loop for testing
both zceelercmeters in each of three test configurations., With each
pass through the testing loop both the normal and lateral accelerometers
are commanded to a test configuration and their outputs and status
tested, The thrust vector control (TVC) servos are tested by first
issuing a power on discrete to each of the tweltve TVC gystems and wait-
ing for power turn on transients to decay. The DC supply voltages to
each servo and the status indications from each servo are then tested.
A1 tyelve servos are then commanded to a zero position which requires
'the issuance of four commsnd words. A wait is then programmed to allow
the‘servés to‘achieve zero position. The position of.each of the twelve
servos:  is then tested to determine.if its position is within a
minimum r;nge about zero degrees. All servos are then commanded to
a maximum positive deflection. Their response is tested by comparing
their sampled instentaneous positions with prestored limits. A1l servos
are then commsnded %o their maximum nega£ive position and their response

tested. If any errors are encountersd an error message is issued.

The remaining preflight f£light control ground checkout includes the
testing of the reaction jet system, the servos for the aerodynamic control
surfaces, the flaps system and the trim system. Figure 5-88 is a detailed

flow dlagram of the program required for this testing. All of the resction
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jets are commanded on and a test made of their returned status to deter-
mine that they are on., All reaction jets are then commsnded off and
tested for being off, A power on discrete is then issued to the elevons
and rudder servo systems, A walt is then programmed to allow for powar
transiente to decay and then the supply voltages tested. Both elevons

and the rudder are commanded to zero position and a walt programmed to
allow the servos to respond to the command. Their positions are then
tested for being at zero within a preset limit. The elevon and rudder
servos are then commanded to tpair maximom positive position and their
output compared with prestored values as they respond to the command.

The servos are then commanded to their maximum negative position and their
response tested. A power on discrete is lssued to the flap system and
a wait programmed to allow for power transients to decay. The flaps
are then commanded to zero degrees and a weit programmed to allow the
flaps to respond. The flaps ars then commanded to full deflection and
& test porformed £o determine that the time required to reach full
deflection is within preset 1imits., The flaps are then commanded to N
zero deflection and their response time again tested. The trim systeg

is tested by commanding all surfaces to zero trim, then positive trim and

then negative trim and testing for the correct return status for each cass,

During boost there are three programe which perform all of the flight

control computations. One program performs all of the slow iteration rate
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flight control functions require thet 13 gains be continously varied

a8 8 function of time with each gain belng cornstructed by interpolation
between values in a 10 point table lookup array. There exists a different
table lookup array for each of the 13 gains., Generation of each gain
value is achieved by the process of first computing the integer A which
is the largest integer contained in the ratio t/T where T is the time
increﬁent between table values. Fach gain is then computed by applying
the formula

6= G, + G =Calgeam)
: \42)

th

are the A2 and (44112 table entry. This formuls

Wwhere GA and GA+4
is computed once for each gain value. Testing is then performed to
determine if + is between 0 and T1, T1 and Tz, or T2 and T3 or greater
than Tj and a pointer set for the filter coefficients dependent ﬁpon the
Qegion in which t_appears. The gain values and filter pointer are passed
to the Main Boost Flight Control Program.

: .
is a flow dlagram of the Main Boost Flight Control Program

Figurse 5—9%
(MEPC). The program first tests the thrust veetor control servos to .
.determins if they have properly respondé@.to the previous command outputs
and then performs the boost flight conmtrol computatibné;previously des-
cribed. Errors in TVC position cause an error message to be displayed

and an abort to be initiated if multiple failures are indicated.
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Several programs sre used by the flight control system during coast,
reentry, cruise and landing. Figure 5—;;L 1s a flow diagram of the
Reaction Jet Coﬁtrol Program (RJCP). The program computes reéction

Jjet pitch, roll and yaw error from the rate gyro inpufg, the atiitude
data provided from the strapdown system, the attitude command from fhe
guidance program and filtered pilot inputs received from a lower

. 1teration rate control program. The sttltude errors are tested against
limit values to detérmine attitude commands. The attitude commands,

are used in the jet selection logic to generate individual Jet commands.
Before the jet commands are issued & test is made to determine if'the
previous response of the rsaction jets was ag commanded. An error

megsage is generated if any reaction jet fallure is indjcated. This

program is run at a 32 per second iteration rate.

Figure 5-:93 is a flow diagram of the Aerodynamic Control Surface Program
SACS?). This program is run at a 32 per second lteration rate. The

proéram conputes pitch and roll errors as a function of gitch and roll

rate, plich and roll attitude reference, pitch and roll attitude command
inputs, The pilot command filtering is done by a sléwer iteration rate
flight contr;l program., Yaw error is computed by onme of two different
formulas, dependent upon the value qf Mach number. Yaw error is a funetion
of yaw rate, roll rate, filtered pilot roll input command gnd elther side,
glip angle or lateral asccelerstion dependent upon serodynamic pressurs.
Aerodynamic.surface commends are then generated by filtering and limiting{and

then subtracting directly from yaw error, Right and left elevon commands
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are formed from pltech plus roll and pltch minus roll commands. The
major control gains used in the computations are functions of sensed
aerodynamic parameters and are generated by lower iteration rate

flight control programs.

Figure 5-94 18 a flow diagram of the Pilot Gommand Filtering and Gain
Genération Program (CFGG). This program is run et a 16 per second
itgration rate., Dynamlc pressure is tested and if below a preset
value pitéh, roll and yaw reaction jet position gains are set 0 pre-
stored values, pilot inputs are filtered, the yaw error X term set
equal to the side slip angle, and the KG gain set equal to & constant
falue. If Q is greater than Qmax the reaction Jet control program is
descheduled, X. is computed as a curve f1t function of 1/V and the yaw
error X term set equal to }ateral accéleration. Aderodynsmic control
systen geins and filtered pllot command outputs for the aerodynamic
control system are then formed. The pilot command detent switches are ‘
then iested and position gains set equal to zero for both the rsaction
jet‘and aerodynamic control systems if the pilot command input is above

the detent wvaluse.
.t

37
o

Figure 595 is a flow diagram of the Throttle, Trim, and Flap Control
Program (TIFC). This program is run at an & per second iteration rate.
The pilot selescts either manual or sutomatie throttle control which the

program tests and either sets the engine thrust command to the throttle
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position or the computed autometic value. The automatic value is

a computed velocity command system compensated with vehicle attitude.
The trim system is tested to determine if the system has responded
to previous commands. The pilot trim input is then tested and the
trim system activated according to the commanded input. The landing
system is then interrogated and the flaps commanded down if the app-

ropriate landing conditioﬁ exists,

Flgure 5- 96 is a flow diagram of the Cruise Flight Control Monitoring
Program.(GFCﬁ). This program is run at a 1 per secoﬁd‘iteration ra?e.
This program tests the rate gyro power supply voltages, raﬁs gyro tenm-
peratures, the rate gyro rotor status, the lateral accelerome£er status,
‘the elevos and rudder position, the elevon and rudder péwer supply
voltggeé, the flap position, and the flap power supply voltage lssuing

an error messsge upon the detection of out-of-tolerance indication.
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5.6 COMMUNICATIONS
" . oF

L

5.6,1 VOICE COMMUNICATIONS

Voice Communications Executive (VCEX) routines are used. to supervise
volece communication unit usage and provide information required
by the Voige Qommunicatiéns Equipment Tester (VCET) routine in
perforﬁing its functions of testing, initiating, and recording test

results and status data. Figure 5-97 is a_flow diagram of VCEX,

VCEX is entered under the. following situations:
. During the prelaunch checkout
. When a change in volce communication mode is required

. » When a request for a status display is made by the flight

crew

» When é requeat for a Voice Frequency Select and Display
(VFSD) 1s made by the flight crew

. During inflight testing

VCEX answers these entries by adjusting the bit patterns of the request
and frequency link words. : During the prelaun&h check-
Aat, all vunits are tested and an initial status display is formed for
the flight crew evaluation. Units scheduled for use &uring the boost
mode are designated by setting the appropriate bits of - the request

word.

4 change in voice unit usage may be required due to a chaenge in
misgion phase or to failure of & unit in use. For a scheduled change,

VCEX has access to a mission phase/bommunicationq mode plan which
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designates primary and alternate units to be used. VCEX dets the request
and frequency link codes as required to establish the schedule., For
degraded mode, VCEX examines the status table prepared by VCET, and

asslgns available units for use.

&t any time dwring the flight, the crew may request a status report
_ through the'uae of the function keys of the display keyboard. VCEX
answers this request by setting the status report bit of the raquest
word and clearing the remainder of the word. VCET then assembles
the latest status information and forwards it to the display file.
Another‘function key request activates the VFSD routine. The crew
.positiong the cursor symbol over a geographic location and makes a
-request to set and display the frequency of the statioﬁ located at *
the cursor point. VFSD determines the latitude and longitude of
the point and forwards the information to VOEX. VCEX examines the
prestored frequency table, correlastes the posltion

information with frequency and station name data,é?hd assembles the
request words for use by VCET. Name and frequency clmracters are
displaysd on the assigned CRT and the appropriate voice unit is switched

to the requeasted sfation.

Inflighf tests are scheduled periodically and VCEX is entered during this
time in order to ﬁest volce communications equipment. VCEX sets all
bits of the test portion of the request word and leaves the initigli—-
zation bits in their present status so that current communications

is not disrupted. VCET then pfocesses_this request, reporiing any

change in gtatus,
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Volce Communications Equipment Tester (VCET) procedures are used to test

voice communications units, to initialize units according to requests
and to assemble test and status data for recording and display. Figure 5-98

ig a flow chart of VCET.

VOET is entered from VCEX when action on test, initlallzation, or
gtatus display requestg are requlred, VCEX provides a varlable which
£as bits sét'in accordance with vnit testing or initislization require-
ments, and status reporting desires. This variable 1s also used as a
link to a table estaplished by VCEX for frequency settings of the unlts
to be activated. VCET first checks to see if status reporting is the
only service required, and, if this is the case, alsembles the data

on the .atatus of volce communication units, and prov1des & &ispiay
format for this status reporting. VOET checks switch and frequency
gsettings. Data for units turned on are obtained from prestored

tables or from maintenance records updated by VCET. Thé-COMM/SEL
switéh'poaition indicates which of the two settiﬁgs for each unit

is avallsble for use. VCET then moves the information o the specified

display flle area.

The variable input from VCEX specifies the units to be tested. VCET
mgsks this word and sets up a loop for conducting the tésting
operations, Static checks are performed initially to verify resistance
megsurements, circuit continuity, and eircult impedance at signal

inputs. The static checks and the functional tests make use of inputs
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from the onboard checkout system and prestored 1imit criteria and
parametera. The head phone audio output functional cepability is
evaluated for a specified amplitude ané frequency using~prestored
modulation index values. Volume control is checked by having the
knob set to a maximum position. The audio output amplitude is then-
measured and evaluated for a specified minimum a£ the maximvum

volume setting. Tone squelch operation will mute an otherwise
aétive receiver audio output. The receiver RV carrier must contain
both tone and voice modulation components to enable the audio output.
The tone squelch function is tested for ite capability to sense and
féact to the tone component at each of two separate RF carrier fre-
‘guénéies. The receiver output is monitored for the presence and then
aﬁsence of audio signal when the tone modulat;oh is respectively

present and then absent from the receiver carrier.

Receiver sensitivity tests are made at the maximum and minimum
frequencies of the unit being tested, as well as four other frequenciles
chosen at random across the units operating band, Transmitter fre-
quencies accuracy and power output checks are alsc made at these same
frequencies. All these tests are conducted without Might erew
intervéntion.-.Follawing completion of the tests for paréieular

unit, VCET checks to see if other units are required to be tested.

The procédures are repeated 1f additional checks are required.
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When the tests are completed, VCET agsembles the test results for
maintenance and post flight dlagnostic purposes. If a status report

is requeated, the test data 18 also used to provide gualitative

unit status information and to pin-point LRU's inoperative or in
warginal condition., VCET checks the Initialization portion of the request
word. The units spscified are actlvated and set to the frequencies
designated by a table updated by VCEX. Other units not required are
deactivated and the information for the volce communication status

report is revised.
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56.2 Commend Commumnications:

Up Link Executive (UPEX) procedures perform general suparvision

of the Initialization and testing of command communications equipmenﬁ,
and the processing and execution of messages transmitted to the booster.
Flgure 5:99 presents a normal mission command communications modeé
schedule and a flow diagram of UPEX. UPEX is entered when a message

is beihg transmitted from a ground station, a change in mission phase

occurs, or & request for equipment testing is sent by the systems executive

A command decoder interrupt is generated by the uplink equipment when a
mesgage is received., UPEX recognizes this interrupt aﬁd calls on the

Up Link Commsnd Processor (UPCP) to process and verify the informetion.
If the message meets the specified eriteria, UPCP returns control to UPEX
providiﬁg information on éha type of commend recelved. The .command
‘execution procedure is dependent on the booster flight mode. If the
boosgter ié unmanﬁed, UPEX prepares the commands for execution by addressing
the appropriété subsysten and puttiﬁg the command information on the
data bus. If the. booster is manned, UPEX first checks to see if crew
execution is desired or required, For both autématic or manual modes,
UPEX provides the Displays and Controls routines with thé information

necessary for message display and reprogammable switch operation,

If a change in mission phase of a request for equipment test is recedved,
the Up Link Communications Initializor (UPCI) routine is entered. TUPCI

performs functions associated with the communications mode scheduls,
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After initialization and testing equipment, UPCI prepares status
messages for crew dlsplay interpretation and forwards‘maintanance

data for recording or telemetering,

Up Link Commend Processor (UPCP) procedures are used to interpret,

process and verify uplink messages, UPCP formats status and error messages
for telemstry and provides information to UPEX for completion of the requested
command, Figure 5-166 are examples of formats specified for command

words. Vbr;fication of uplink messages 1s dependent upon information being

received in ‘the exact format required for a particular command word.

— .

Figure 5-101 1s a general flow chart of UPCP. UPCP is entered from UPEX
vhen a command decoder interrupt occurs. UPEX also has responsibility

for maintaining or recovering uplink synchronization.

UPCP first validates the vehicle and system address Biﬁé agaiﬁét its 1dst
of acceptable ones. UPCP branches to verif& the partlcular command word
format being sent on the uplink, Figure 5-101 -shows the flow for stored
program (SPC) verifisation. (The requirements for real-time command,
guidance and navigation data, and central timing ve?ification are similar
to those shown for SPC). ”Hp link messages may require more than one
30-bit word: Figure 5—;02 lists some possible uplink message types. The
first word in each message is 2 mode command whose information bits refer s
to thé desired mode to be executed. UPCP tests to determine if the mode
word is being received. (Mode or data words are distinguished by loglcal
combipa‘tions of two of the message control bits). Tests are then made

on the format of the mode word, If any of the tests fail, a coded error

message is formulated for interpretation by the ground station. TFigure 5-103
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Figure 5-102Mode Comnand Deseription and
-: Data Word Requirements

Mode Pata Words
Commend Hama Description . -Required
1 Terminate Tarminate routires whose data word a

requirements have not been met.
Torminate memory dump if In progress
Prepare for new mode.
2 Mepory Dump Telemeter the contenta of the 2
memory rodules specified by the
data words,
3 Single Msmory Telemeter tha contents of one 3
Locatlon spacified IMS womoxy location,
A Misaion Time— Incremants or deerements start- ) 1
line Update ing times for fuiure mission
phases.
5 Inhibit Event Stop parformance of the maneuver 0
k gpacified by the mode command,
6 . Update Event Increment or decrement initiation
k tims for event k.
7 Exscute Event Parform computations for and exscute 0
k meneuver specified by mode command.
8 Alternate . 2d4d or omit functions in the pre- ‘ 0
Seguence m planned nission schedule as speclified
by the alternate schedule.
9 Switch Activate or deactivete thes switches 2
Selector specified by the data command format.
1 Bits 1-3 not a lsgel vehicle address
2 Bits L-6 not & legal aystem address
3 Information bits 15-22 are not the complement of bits 23-30
4 Sequence blt (7) incorrect, Should be O for rode command
5 Hode command received when & data word is required to complete
{the requirements of a previous mode command
Another uplink routine is presently being processed
The mode command is not defined for the mission
The mode command is not accepiable at the time it is received
(e.g., event to be modified has occurred)
9 . Dets cowmand recelved when a mode command is expacted
10 Peta bits 15-22 are not the complemsnt of bits 23-30
1t Sequence it (7) does not meet requirementa. 1 for odd-
numbered date words, O for even-nurbered deta words
12 Data does not meet reascnableness criteria

Fipure 5-103 Command Commmicationa Error Messages
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11ets the error messages assumed for UPCP validation of SPC messagss.
UPGP maintains a count of consecutive fallures. An exit will be made

to UPEX to wait for the mext word. Upon return to UPCP, processing is
continued until the number of consecutive failures reaches a preapecified
number. If-this occurs, UPCP originates a terminate commend to inform

the ground station of communication statusa.,

UPCP first tests if bits 23 to 30 are the 1's complement of the mode

command information bits., If tﬁis test fails, UPCP doss not attempt

error correction. Processing of the message is discontinued and the
appropriate error message is formed and an exit is made‘to wait for repetition
One of the message. control bits is called the sequence bit. This bit

mist be a O for the mode command word.

TPCP next checks to see if a terminate command has been received.

Tf this commend is received, other verification tests are bypassed

and the ground station is informed of its acceptance. As the terminate
commend does not require data words, an exit is made to UPEX, whsré

the appropriate action is initiated. . If the mode command is not the
terminate commasnd, the checks continue with the mode expected test.

For each mode, UPCP checks to see if the curract nﬁmbar-of data words
are received. If a new mode word is received before all the data word
requirements are met, then’the mode expected test checks to see if the :

mode is defined for the current flight., The time acceptance test verifies

that time criteria are satisfied. For example, if an event to be cancelled
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has already occurred, the time acceptance test falls.

After all tests have passed, UPCP forms a mode status word

consisting of the information bits received plus code bits, )

The Telemetry Formatiing and Timing (TMFT) routine is then used to.
transmit the mode acceptance to the ground station. TPCP checks the
mode ;nd data word requirements table to determine the number of

data words assoclated with the accepted mode. If no data words ere
required, then the informetion, required by UPEX for mode execution, is
assembled, If data words are required, an exlt is made to UPﬁX to

wait for the next word.

Testing of data words is similar to that performed for mode words.
The message control bits inform UPCP that & data word is to be processed.
4 data legal test checks to see if a data word is expected. If all data

. ]
word requirements for the current mode have been met, then the next word

should be another mode comﬁ;nd. The complement test 1s the same as thgt
corducted for the mode command. ‘For a data word, the sequence bit should
be a 1-for odd~numbered words and & 0 for even-numbered words. Finally,
reasonableness tests are performed on the dsta, Thesp tests are primerily
logical onss (e.g., time changes illogical, etc.). When the data word
passes all the teste, a data st;tus word ia formed and telemetered. UPCP
‘repeats this loop if more data words are required. When all the specified

number of data words are received, UPEX is provided information necessary to

initiate execution of the command message.
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Up Link Message Execution (UPME) procedures are used to provide a

flow of information to support command messages. Following verification
of the uplink messages, UPCP forwards the mode command number and other
information to UPME. TUFME uses this command number te set a table index
as shown in Figure 5-10;‘ s & general flow chart of UFME. A prestored
table contains all necessary d;ta for linking the comménd number with

the address of the subsystem responsible for completion of the eommand.
For btoth automstlic and manual modes, tﬁe table lists what type of media is
used for storing messages, what the address or record number of the message

is, and to what display file storage area the message is to be moved.

ﬁsing this table index, UPME finds the address of the system’ scheduled to
perform the requested operation.. The information necessary. for the
commend is tﬁén outputted to the proper subafst;m. If the flight is
unmanned or the command does not require assistance from or notification
to the flight crew, all action necessary for comﬁand eﬁécution is conducted
at the scheduled time. For a manned flight, crew intervention nay be
required or desired. In this case, UPME returné to the table and determines
%he source and destination for the display message assoclated with the
command., If the message is on tape, UPME forms a read request for use by
the Tape Transport Executive (TTEX) and then exits to this routine. If the
message ié'stored in memory, it is obtained and moved to the designated

display file memory &area,

-390-



Set “Table
Index

]

Fwad Grecubing

Sustem addnass

|

-2 A&-“'l. hos

ob""fo"' Ifb"bmd‘{.a

ﬂ*
1 Nes

Get messaqe
addvess

Ne

LR

Figura 5-105 Up Link Commmicatiocns Initislisor

JAckivats amad
Test Equipment
far mewt Hida

o atreny o
s EVT CHECRSTY
e e

Deachivet L
EQUn?m(n‘\

nat (lziu'.rfj

|‘*v5

[ onmmuntcatinet Egus -nis

L L] A Oy
?ru"ldc mﬂr‘ﬂn
S rnary

Lo
requested line

ey

s | ol
Checias + CEcbT
test afl prh'-'k.

L4 154 .mr-!'l ?q‘
mede sutching

e R i Sk e gnt
rim Summmarnl SER

Co.‘... q l«nr’l'-l

- Ser
E’g::’-l::‘-l-t-p drectert
(A1) 1

Set ur P
Boos4 Qh--w:'ldiv
Hode,

H‘.;—hr‘l-‘ “A'g
read yequest

o speuficd
Jusp'laﬂ 't‘lI{

Mave wessnge

Pumes
el

nir

oriy

Pes

Figure 5-104 Up Iink Message Exscutien

-391-

/

Provide SHatus
D:Sg\a.u\ and

Matenanc,

Record

I i T

3{."«& l::;:l Hd.;u..

Ruts  |Hem
Homah| Tape
- -

Heviage
Pestimafinn




Up Link Communications Initializor (UPCI) routines are used to

initialize equipment required for the current communications mode,
to test and validate this equipment, and to provide status displays
for crew evaluation and maintenance records for post flight diagnostics.

£

Figure 5-105 is a general flow chart of TUPCI.

UPCI is entered during the prelaunch checkout, whenever a change in
commmnication mode occurs, or when a request for cireuit margin
calculations or communicetion subsystem status display 1s initiated.
Dﬁring the prelaunch checkout, all the uplink equipment is tested and

the capabllity to swiﬁ?h from one commmication mode to another is
verified. Filgure 4;34 lists the various uplink S-band modes of operation
and provides informestion on the equipment required, the modulation
techniques used, and the frequencies of the subcarriers. The Comm-
unications Fquipment Checkout (CECO) routine uses this data as it ecycles
through the switching from one mode to the next. As créw Interface dis
required for some of the modes, check lists are also employed uvseing

tape handler and display subsystem capabilities. Folloying the com-
pletion of CECO functions, the Communication Equipment ﬁargin Summgry
(CEMS) routine is entered. GCEMS established s link gith the spacecraft
checkout facility or adjacent MSFN facility. Then uging standard range
equations, the circuit performance margin is computed, CEMS analyzes the
resu;ts, and prepares a summary for display and recording. TUPCI then

establishes the uplink equipment for the boost phase communication mods.
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1

Communication mode changes maey be required following a change in mission
phase, through a request from a ground station or by equipment failure
necessitating ‘a degraded mode. For any of these cases; UPCI is entered
with the apﬁropriate flags and variables so that the required switching
can be performed, CECO activates and tests equipment' required f;r the
new mode and assembles status display information. Equipment not re-

quired for the new communication mode is shut down.

A eircult performance margin summery is performed when communicétiona

are initiated with a different ground link, when requested by the flight
crew, or scheduled as part of inflipght testing, CEMS is entered with the
information required to specify the link for which the summary is desired.
CEMS then obtains the parameters required for its csleulations and assembles
" the results in summary form. Prior to exiting, UPCI updates the squip: -
ment status and maintenance history files.and makes them available for

display and recording.

Communications Fguipment Margin Summary !CEMS! rountinas are used to compute

circuit performance margins for radio links, to analyze the results of
its calculations, and to assemble the results in summary format for display

or post flight diagnosties., Figure 5—10é is a flow chaﬁt of CEMS.

Parameters required for margin calculations are obtained from prestored

tables, CECO, or other subsystem routines such as navigation or oﬁboard
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chackout. The computation of the circuit performance margin is carried

out in two essentially independent ealenlations: (1) calculation of

received sigpal power, and {2) calculation of nolse poﬁér.

(1) Caleulation of recelved signal power 1is performed using ths equation:

Py

where

]

"d

for

2

bl

=1

I

i

10 ."i.t)gI’JG + 1C log G“h + 10 log Gr -0 log L

- 20 logR - 20 log £ ~ 37.8

received signal power in -dBW

transmitber power oubput in 4BW

transmitter antenna gain in db

receiver antenna gain in db

system losses in decibels (antenna polnting, antenna

" polarization, transmission 1ine losges, power divider losses, etc

20 log R + 20 log f + 37.8 = space loss factor in decibels, where

- R = range in nauticel miles

f = carrier frequency in megahertz '

(2) Caleulation of nolse power uses the equation:

noise

where

T
g

B

il

1]

(dBW) = -228.6 + 10 log T + 10 log B

system temperature (°K)

noise bendwidth (hertez)

~395~



The system noise temperature ls computed from the equation:

= Ia 1- 1 o
T, = + ( L)29o + T,

anterna temperature (°K)

]
n

recelver temperature (OK)

3
n

elrcuit losses from antenna terminal to receiver input

o
I

in ratio form
Ta is obtained from prestored tebles for systems likely to be linked
to the booster, Tr is the noise generated within the receiver itself
and is specified by the noiss figure (Nf) given in decibels. T, is

computed from the equation:

_ : o]
T, = (N, -1) 290

Using the above equations an actual S/N (signal to noise) ratio is
computed. Associated with each link is a required S/N ratio for receiver
threshold, high intelligibility, low error rate or other performance
criteria, Tolerances are also specified for each performance factor.
CEMS compares computed and required ratios to determine if system.

performance. is within allowable tolerances. The computations are then

)
’I!

summarized in a format similar to Figure 5-107 and made availsble for

display. The results are also formatted for recording,
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5.6.3 TELEMETRY

Telemetry programs are required to control the formatting and timing of
down link data. Associated with this requirement are data compression :
routines end communication mode control. Test and calibratioﬁ routines
check the operability and accuracy of telemetry subsystem equipment. (Tele-
metry programs sssociated with up link routines, such =g verification loop

and test request, are deseribed in Section 5.6.2

It is anticipated that télemstry'fequirements wlll be a funetion of mission
phases and flight mode (manned or unmanned). For each mission phase a

down link communicatiom mode is specified. This modg agtablishes a tele-
metry bit transmigsion rate., This bit'rate along with requirements for J
outputting data at varying sample rates will dictate the TIM formst used.
Finally, a TIM list organizes the data and flis it into the proper tlme slota.
'Fig'5-1981'?showa a possible relatlionship between these considerations.
Normally, t;lemetry cutﬁut requirements will be less for the manned fligﬁt
than for the uwnmsnned flight, bub the type datarequived will be similar."
This implies that a reduced telemetry list can be used durlng most of th;
mission phases of memned flights. The contents of the telemetry 1list i
primarily depend on mission phases. Three possible arrangements of tele;atry
1list requirements are: 1, used in boost and staging phases; 2, used in tge
coast, reentry, and transistion to aerodynamic flight phases; and 3, useé’

in fefry f£light, cruise, and approach and landing phases., Assoclated with
each of these lists is =z reduced list. Telemetry programs select a subset

of a telemstry list if transmitted in a reduced state. | -
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Figure 5.i08 Telemetry and Miasion Phases for

Manned and Unwarmed Booster

$1M Comm Modes {1 thru 9) defined in Figure 44V
TIM Formats (1, Model; 2, Geminl; 3, Apollo High Rate; 4, Apclle Low Rate)."
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—-ﬂ Misslon Phasa Boost | Staging | Comst Beentry|Transistion {Crulsa |Approach | Ferry
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Program DLCI (Down Iink Communications Initislizor) is used to initialize%and
=~ T .

establish the requirements of Figure 5-108 s telemetry and mission phases

for manned and unmanned booster, The functions of the routine are:

+ Determine, or recelve notlflication of, a change in mission phase.:

» Activate and test equipment called for by new down link communication .
mede. ‘

» oShut down equipment no longer required.

. Update commmnication status for display and meintenance record.

» Adjust indices, counters and other variables for‘ass?ciated telemetry

format and telemetry lisat.

Figure 5—&09 sho*s the general flow of DLCI procedures. A change in miss%on
phase can be determined by the occurrence of a particular event (boost and
orbiter separation, etec.) or by a point in the mission tim§ line, When a
misd on phese change occurs, DLCI is entered from the EXEC. DLCI determiées
which mission phase is eurrent from a variable set by EXEC, . calls up f
the matching communication mode aﬁd telenetry format,an& 1ista numbers f;om
a table, An additional table éontains information on communication equipi
ment assoclated with eaéh down link,mﬁde. If a change in Equipment statu? is
required, the new equipment is turned on and the approprigte test subroutine
is entered.. Equipment not required is shut down. The, results of any tests
performed and an indication of change iﬁ the status of communication eqniéa
ment is prepared for maintenance history tape recording. The appropriate‘
information is alsé péepared to notify the flight crew of changes made.- %aria-
bles assoclated with different telemetry formats and lists are initialiqea.

These variables, conaisﬁing of appropriate flags, counters, indicaﬁors, addreases
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and other parameters, are used by the telemetry formatiing and timing

(TMFT) routine %o control and monltor the output of information via the

telemstry equipment.
1

Program TMFT (Telemetry Formatting and Timing), using the information provided
by DLCI, supervises the flow of the various data types into the telemetry
subsystem, (It is assumed that some data will bypass the data bus - e.g.,

computer memory dumps, flight qualification test points, etc. ) The functions
of TMFT are:

. Establish operating procedures as required by telemetry format and
list, and initiate flow of data in response to start and synchronization
signals. '

. Monitor and control data flow from data bus to PbM output register.

. Load and update parallel digital words for sequencing to telemetry
buffer.

s Verify time slot reservation for analog data.

. Monitor synchronization signals and dinitiate out of sync recovery
procedures if required.

. Recognize telemestry stop discretes and inform interested systems of

snd of transmission.

Figure 5110 is a general flow chart of TMFT. Although control of the various
types of data is shown sequentially, logic, as dictated by format and list

requirements, will manage interleaving of data.

Program TMFT, followihg initializatlion by DLCI, walts for the occurrsnce of a
telemetry start discrete, It then initiates action required to ensure that
data is ready for transmission at the time of frameasync diacrates; and that a

steady bit flow is maintalned., Data from the data bus conslists of address,
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parity,syne, and information bits. TMFT verifies that the data is in-
tended for transmission, .checks the information and parity bits (by a
COUNT ONES subrouﬁine) to ensure that errors dld not occur in data bus

transmission, and tests synchronization with the established time standards.

If digital data (computer words) ;re to be transferred directly to the
telemetry equipment, a telemetry buffer (memory area) is loaded with the
apbropriata paraméters.TMFT provides packing and formatting functions. These
words will be shifted into the telemetry output register at a fixed rate (e.g.,
1600 microseconds for one 32-bit word et 51.2 KBPS rate)., TMFT reloads i :
the buffer as‘required for repeating of—the transfer process. Care must be
taken in loading the buffer so that telemetry words willlﬁot be loaded into an
area which is currently being tramsferred. In ad@ition, 1t 1s neceseary to

maintain synchronization between the transfer cycles 'and the telemetry eycls.

If analog data, which has not been previously converted and put on the data
bus, is to be telemstered, then TMFT verifies its timing and synchronization

to engure there is no interference by other data being transmitted,

éync bits are tested at apecified intervals. If these discretes do not satisfy
their required condition at a particular time, then an out of sync condition
exigts and TMFT will initlate recovery procedures. This primarily results

in & delay of valid telemetry data until the proper discrete settings and '

time considerstions are met,

Telemetry is terminated either by completion of a predetermined amount of data
transmissions or by the receipt of a telemetry stop discrete indicating that
receiving station is out of range., TMFT sets a flag to indicate end.of trang-

mission and then waits for start of next down link output.
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Program DCPX is an execubive routine to handle requests for a particular
computational algorithm for dai a compression requirements. Prior to putting
data onto the data bus for telemetry transmission, the routine computing,
testing, or inputting the data to be transmitted requests the appropriate
data compression routine., The fumetion of DCPFX is to ini%ialize and switen
to the requested routine, and to insert the parity bit on the compressed

data prior to return to the requesting routine.

Progrsm DCBP provides a blt packing of discrete, bi-level, or event information

into a single status word. Its function is to determine the answer to the
UP/DOWN, ON/OFF, or YES/NO condition, and put a "i" or "O'" in the appropriate

status word position,

Program DCDB provides debiasing for a specified signal. If the signal is

expected to have a smell dynamic range with a large magnitude, it may be
advantageous to subtract a bias wvalue from each sample and transmit the
deviation from this blas value. An example of the use of DCDB is in the
monitoring of a power supply voltage where its value is expected to have small
variations about some RMS value (e.g., 28 volts). It will required a fewer
number of bits to represent the signal if 28 volts is subtracted from each

sample. The funetion of DCDB is to perform the computation

where,
: Yh is the actual value of the n-th sample
Ky is the bias constant for the signal Y

Tn is the transmitted value for the sample
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Program DCLC uses a dlfference coding algorithm for data compression.,

Ingtesd of transmitting the value of the sample, the difference between
successlive samples 1s tranamitted, This tranemission of first order
differences is similar to DCDB in its application to samples having a small
dynamlc range or to signals which are relatively smooth. Nelther DCDB or DCDC
introduce errors by their compression algorithm., The function of DCDC is

to perform the computation

Tn = Xn - Yﬁ-1

where
Yn is the value of the sample at time n
Yn is the value of the sample at time n-1

Tn is the transmitted value.

Program DCZP uses a zero order polynomial predictor algorithm. DCZP

transmits the difference between samples if the differences exceed some preset
value. If no value of the difference is transmitted at time t, the value of
the sample 1is assumed to be the seme as at t-1., The function of DCZP 1is

to perform the comparison
lYn- i 17K

and indicate to the requesting routine the result of the compubation.

Program DCZI uses & zero order polynomial interpolator algorithm, DGZI
is similar to DCZP with the difference being that instead of predicting succesding
values from past values, successive data points are examined and a horizontal

line fitted to as many consecutive polnts as possible without ereating errors

NOTE: Telemetry data compression may be done external to the DMS with specisal
purpose hardware.
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greater than the established criteria., DCZI performs the comparisons
and computations necessary to determine the value to be transmitted, and

to adjust the‘upper and lower hounds abouit the horizontal 1line. Given

that
Yi is the current sample
Ku is the upper bound
Ke is the lower bownd
4 1s the aperture width
Yt is the transmitted difference
then
T, = Ky ; s - Ty
if
YiibKe - 24
or '
Iig:Ku + 24

If these . inequelities are not satisfled no adjusted transmitted value is
required. The bounds are adjusted {to Yi) if the change in sample values is

greater than the error bound.

Fig 5-111 .ig a flow diagram of the above data compression routines. Due

to the short mission time end no flight crew experiment requirements, 1t is
agsumed that more sophisticated data reduction techniques, such as higher
order predictors or interpolations, statistical algorithms and complete'data
reduction schemes, will not be required. In addition, as thers will not be
significant time intervgls in which the booster will be.out of line of sight
to a ground telemsbtry - facility, there is ﬁo-requiremsnt for data compression

in the processing and storing of data for later transmission.
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Program TMCC controls the Calibrator~Controller assembly and interprets

the results of tests. The functions of TMCC are

« Output "discretes to comtrol the assembly
Read calibration outputs and compare with prestorsd values for
each calibration step

. Rebturn assembly to operational mode

TMCC starts by supplying 28VDC power to the Calibrator-Controller assembly
Then an Enable/Disable switch is set to the Enable position which permits data
flow through the calibration gates. (Disable position is for use by normal
dperational telemetry data)., The calibration start command resets the cal-
ib:éfion voltage to the first of six steps. The output of‘the calibration
gate is then read and the results noted (A message - félemetry out of
Calibration - is displayed if bits other then the lea;t significant bit
disagree with the prestored value). TMCC tﬁgn stepes through the other five
steps (using Calibrator - Controller Advance discrete). When the test is
completed, the calibration gate is disabled and the assembly turned off.

Figure 5112 shows the. general flow of TMCC,

-

Booster telemetry operations are verified with the help of the.ground based
facilities with which it is communicating. A test pattern word can be in-
cluded in down link transmissions., Also the verification loop, test request
and margin calpulation routines describsd in Section 5.6t2t are an indication

of satisfactory telemetry operations.

406~



5.6.4  Recording

Recording programs are required to perform preflight tests of write
and read units and to provide operational control and monitoring of
these units in flight. The basic software method for interpreting
and éontrolling the magnetic tape units are through the status and
funcetion words. - A preselected tape
transport .assignment is required for program ofganizaﬁion. The

following assignment is used for this study:
. TIT #1_- primary: record telemetry, FAA, and meintenance data
secondary: record flight qualification data

. TT #2 - primary: record flight qualification data '

secondar&: record telemetry, FAA and maintenance data

. IT #3

i

read checklists

. TT #4 - read copy of checklists

« Voice recorder - record volice

Functional Tests of Write Units (FTWU) routines are used to provide

& complete verification of the caﬁabilities'and characteristics of the
vrite units (TT #1 and TT #2) of the magnetic tape Subsystem (MTS),
FTWU cycles throﬁgh various subtests, controls‘the display of error
messages if requirgd, resets and initializes the tapes for operationél

use, and rscords the results of the funetional tests.

Figure 5-113 is a flow chart of FIWU, FIWU first sets up for the sub-
tests by initigligzing TT #1 and TT #2. 4 request for transport status

is issued, and the status word received is examined by FTWU. If the .
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transports are ready, the first subtest is started. If a. transport

is not ready, an advisory message is displayed on the CRT aasigned
for magnetic taps subsystem testing, As FTWU ¢ycles through the
tests, it maintains a table of results for recording at the conclusion
of the tests. If test criteria are not satisfied during each sub-.
test evaluation, an exit is made to FTWU for error message display
and advisory cues to the flight crew for recovery. When discrepancies

bave been corrected, FIWJ will continue the tests.

The Tape Transport Subtest (TTST) routine tests the formatting capabilities
of the selected transport by cycling the tape unit through the writing,
reading and verifying a record for all legitimate combinations of densify
and modulus. Records are verified by compering data read back from

the MTS with data sent to the MTS. TTST will inform FTWU which data,

if any, fails to meet the comparison test. The repeat and rewind functlon
word bits are then set so that the Rewind Read Subtest{RRST) routine

can be conducted, The returned status word is analyzed and the record
which is read is verified. The Search Subtest (SRCH) routine is then ]
used to test the forward and backward search and resd functions.
Identifier words ars transmitted to the MTS control unit. The raecord,

when found, is read into memory and verified.

-

The Check Output Timing Error (COTE) routine forces a condition vhere an

output timing error should be noted by the MIS control. After sending
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& write instruction, COTE goes into a test MIS busy loop instead of
giving data required by the write instruction. When the MTS is no
longer busy, the status word is examined for the output timing error
discrete. If found, the test is successful. The input timing error
test is conducted in & similar manner by the Check Input Timing Error
(CITE) routine. The Improper Frame Count Subtest (IFGCS) routine is
used to verify the operation of the frams count error discrete. Thé‘
frame count error is generated by writing a fixed length record in
one modulus and reading this record in another modulus so that the
record is incomplete. IFCS then repeats the reading -operation using
the same modulus as during the writing of the record. This will verify
that the frame count error was generated by an incomplete record and
not by conditidns, such as a bad spot on the tape, which would cause

characters to be loat.

The Redundancy Check Subtests (RCST) routine verifies the operation
of the Vertical Redundancy Check (VRG), éyclic Rédundancy Check (CRC)
and Longitudinael Redundeancy Check (LRC) i?fprmation placed on the
tape by the MIS control unit., Figure 5-114 shows the configuration
of check and data bits on the 9-channel magnetic tape. The VRC is an
odd parity bit added to each tape frame., The CRC is computed by the
MIS control unit durlng writing and recorded at the end of each tape
record preceding thellongitudinal check frame. The nine bits of the
CRC character are generated by an algorithm involving exclusive or
addition, shifting and inversion of predesignated bi?s. The LRC is

added to insure that the number of ome bits in each channel is even.
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This frame 1B generated by the tape control durlng wrlting and checked
on reading. RCST creates conditions in which redundsncy check
errors will exist, verifies the proper status word response, and then

uses its recovery subroutines to correct the bits in error.

The Rewind Clear Write Enable {RCWE) routine rewinds the tape to the,
load point and then attempts to write a record. As this is an im- X
proper condition, RCWE tests the status word for the proper setting ;
of both the improper condition and the no write enable discretes.' )
Low tape and end of tape conditions are evaluated by the LTET routine.
LTET also ensures that the iwproper condition, forward commaﬁd at eﬁd

of tépe, is recognized by the control mechanism. Similar procedures are
evaluated by the Load Point and Beginning of Tape (LPBT) routine.  An
attempt is made to backspace over the load point. "In this situation
both the load point and improper condition bits sﬁould be set In the
status word, The Test Direction Indication (TDIN) routine test..s 'I:he|
Jast motion of tape bit of the status word. A record is writien on
tape and the status word is checked for proper indication of .forward
notion of tape. TDIN then backspaces over the recérd and tests the.-
status word for backward motion indication, The Interrecord Gap Length
Subtest (IGLS) routine tests the 0peratign of writing both the XIRG |
and IRG, and recognition of the gaps by the status words. A -check :
'of the gaé lengths is made by IGLS by & time countiﬁg procedﬁre which
recognizes first and last characters of a sequence of iecords, and
reads through the interrecord gap to maintain tape speed. The backspace
function is evaluated by the Backspace Subtest (BCKT) routine, and the

Rewind Subtest (RWST) routine tests the rewind function and resets the
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tapes to the position required for the start of operational recording,
FTWU then completes the assembly of data concerning the funciional
testing of the write units znd writes a record on the assigned tape.
The data recorded comsists of status word configuration after each
test, operation timing information, and other information of use

during post flight disgnostic analysis.

Functional Tests of Read Units (FTRU) routines are used to verify

the check list and speeisl symbology records contained in the tapes
of TT #3 and #,, and to check the operational characteristies and

capabilities of these unlis,
.

Figure 5-115 is a general flow diagram of FIRU. The Tapa Transport
Read Initialize (TTRI) routine readies ths transporis for testing.
Power is turned on, blower operation is monitored, and the over - temp-
erature alerm is tested. Status words are examined.to verify that the
no write enmable and transport ready bits are set., TTRI then inltializes

indices, flags and counters used in the test loop.

FTRU verifies rscords by searching for, reading into a preassigned
storgge area, and comparing word for word the informetion costained on
tﬁa two tapes. As one tape 1s a copy of the other,corresponding words
in the two storage areas should be the same., An additional check is

made (to ensure that both words from tape do not have the same error)
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by a comparison test with a prestored table., This table contains one
word from each record (the word has been preselected randomly and
verified). If comparison tests and status words indicate that the
‘read opsration ﬁas been performed successfully and that stored
information is accurate, FIRU then repeats the procedure for the next
record. FTRU proceeds through the records first in a search and forward
read operation. When all records have been checked in this manner, the

operation 1s repeated using search and backwerd read instructions.

The Tape Read Error Correction (TREC) routine is en£ered i1f an indicatior
of character error is received., During a tape read 0p§ration, the CRC
frame is computed again and éompared to the CRC frams récorded vhen

the check list records were written. The ﬁRC and LRC characters which
were written are also checked during the reading process. TUnder control
of TREC, the error correction capability is desigmed %o correct_almost'
any pattern.of'erroneoua bits along 8 single channel within any reéord.
Joint use of the CRC and VRC can locate the channel in error when an
erroneous record is read. ZError correction is performed by the MIS
control uﬁit when TREC backspaces and rereadé the erronecus record.
When the VRC detérmines during the reread that a frame 1s in error,

the bit in that frame in the channel that containéd errors duriﬁg the |
original read is‘qorracted. TREC then rejoins the verification process

mwnder FTRU control.
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Functional Test of Voice Recorder (FTVR) procedurss are designed to test _

and verlfy the operational requirements of the voice recorder equipment.

The functions of FTVR are to:

.o Verlfy the operatlon of the record, playback and erase features

of the volce recorder
. Test the data time tag function of mierophone closure

. Test the voice and flight data recorder operations associated with

the recovery hescon

Figure 5~116  1s a general flow dlagram of FTVR. FTVR works in donjunction
with the preflight checﬁlist be?ng displayed on the assigned CRT, 'The
displayed cﬁeck list provides cues to the flight crew for verifying the

volce recorder functions. The crew operates the reprogrammable switches
assoclated with the test to initialize the voice recorder. Pilot, copilot
and ares microphones are checked by having a message from each recorded on the
tape. At the seme time the operation of the microphone closure discretes

is verified. The tape is then reversed and the messages played back. If

the crew is satisfied with the quality of the recording, the tape is again

reversed and the erase feature is tested.

To test the recofding requlrements assocleted with beacon operations,the
volce recorder is turned OFF, and 2 simulated excessive acceleration data
word 1s placed on the data bus. FTVR verifies that £he volce recorder

is turned ON following receipt of this over limits information and that the
magnetic tape unit associated with fli ght data recording is activated and
has recorded the required flight data.
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Tape Transport Executive (ITEX) procedures provide supervision of the
megnetic tape read and write units., The timing of the data to be recorded
can be prescheduled as & function of mission phase reguirements and knowm
flight qualification, telemetry and maintenance requirements, Additional
recording may be required in response to uplink requests or emergency
situations. These additional requirements will fit into available time
slots or take precedence over current tape usage. Recora lengths for each
recording requiremégt are determined by the parameter to be recorded,

1ts sample rate and number of bits., For example, a record‘of 120 B;bit

characters each 6 seconds would satisfy the flight data requirements of

Figure 4;41. The display file data-Pn tape transﬁorts 3 and 4 ére
arranéed in gormal mission sequentiél order to minimize:tape access tims.
Figure-5—1a7- is a general flow chart of TTEX. The Write Flag is get if’
writing of data is required, If this flag 1s set, TTEX 'continues input
funétions associated with the data bus interface. A variable word associated
with the record requirements is formed and an exit is made. to the Operational
Use of Write Units (OUWU)} routine for further processing. OUWD returns

to TTEX wherse the ﬁead Busy flag is checked., This flag is set when tﬁe tape
units are supplying data from the read transports. If the flag is not,husy,
the condition of the Magnetic Tape subsystem (MIS) is verified. This

test checks blower operatiom, transport temperatures, and gtatus words for
conditions which might require reassignment of the read or write énits. ‘

-If réassignment— is necessary, TTEX revises the lists it maintains and sets
appropriate flégq for use by other tape handling routines., TTEX fecognizes

read requeats from the Displ;ys and Controls programs, and, after checking
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to determine if the transports are not currently busy reading, will form
8 read request word conteining a record number aﬁd'usage Information.
TTEX then exlits ‘ﬁb Operational Use of Read Units (OURU) where the
reading operatiggLis performed. OURU returns to TTEX where a schedule
of writing requirements is checked. If it is time %o start a new write
record, TTEX formulﬁtes requests for the parameters to be.included in
the record. After setting the Write Flag, TIEX exits- until the next

assigned entry time.

Operstional Use of Write Uhifs (OUWT) procedures are used to record

scheduled and requested deta and to monitor the status of the assigned

tape units. The functions of OUWU are to:

. Format and store flight qualification, maintenance, telemstry

and flight data in thelr assiged buffer areas

. Provide idenmtifier. codes, time tags and other data as required to

complete a record

. Write a record at specified time. intervals on the designated tape
Figurs 5?{%8 is a general flow diegram of OUWU. The Tape Transport
Bxecutive (TTEX) interfaces with the IMS and the data bus for required inputs.
At each entrance to OUWU, TTEX advises OUWU on the number of the inputs
destined for each record. OUWU formats the data (removes addressing
or pafity bits and forms into 8-bit:bytes) and stores the data into the buffer
area assoclated with each data type. If the current inputs complete the
data words required for a record, OUWU will add forward and backward search
words, time tag, and other information words required to assist in the reading
and identification of tape records during post flight analysis, OUWD then

forms the instruction word (specifying format and transport address) for
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writing. After repeating these steps for other records being formed, the
Write a Record-(WREG) subroutine is entered. WREC performs the output of

the instruetion word, monitoring of the status word, and reporting of results
of the write operation.

Operational Use of Read Units (OURU) routines are used to input check list

or display.symbology characters into the specified display file memory area
and to monitor the status of the assigned tape units. Figurg 5;%19 is

a general flow chart of OURU. OURU operates in conjunction with Displays

and Controls routines to provide display cheracters., OURU receives a

request for a specific record mumber. A table look up is made to find the
identifier code ané dilsplay file address for the requested record. OURU
maintains information on.ths current position of the read tapes, so that

data from the record table is sufficient to determine if a search and read
forward or backward is required. (The tapes have beenwritten in a sequential
mammer for & normal mission so that a minimum of time is required for

access to the record. However, records may have to bs taken out of sequence
or repeated if events, determined by the systems executive, require changes in
f;ocedures). The instruction word is formed and the Search and Read (SHAR)
routine 1is entered. SHAR performs the functions of issuing the read

commands, monitoring the status words from the MTS control unit, and reporting
the results of the search and read operation., If the read- operation was
successful, , the copy of the display file data is read into the tape buffer .
in order to pﬁt the tape transports at the same positions and to provide the
copy for verification purposes as desired by Diaplays and Controls routines.
The display file data may be required for use if the read operation on TT#3 i
wag unsuﬁcessful., In this case, the instruction word is reformed to call on !

IT#4 to provide the data for use by the assigned CRT. Prior to exiting, OURU

ipdates its data.on- tape positioning and tape transport status,
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5.6.5 Beacon Subsystems

Beacon FExecutive (BCNX) routines supervise the testing, initielizing and
usage of-beacon subsystem units. Figure 5-150 is a éeneral flow chart

of BCNX. BCNX calls on routines for testing the radar beacon (ATC
transponder), PRN (pseudo random noise) ranging subsystem, (-band radar,

and recovery beacon units during prelaunch or inflight testing. Comm-
unication mode changes may require reassignmwent of C or S-band equlipment,
and operational requirements mey ask for activation and'usage of the radar
or recovery beacons. In these cases, BCNX recognizes the requests generated

by other programs and enters the sppropriate program,

When BCNX is entered during the prelaunch mode, BCNX initiates ?he cycling
through the Radar Beacon Test Initializer (RBTI), the PRN Ranging Test
Initialize (PRTI), the G-Band Radar Test Initializg (CRTI), and the
Recovery Beacon Test (RBNT) routines. These routines test the various
beacon componenta, establish the condition dictated by. communication mode
schedules, and report the equipment status to BCNX. These routines are
also entered if inflight testing is desired. Changes in.S-bend communication
modes scheduled as & function of mission phase or required by equipment
degraded operation may cause a reassignment of PR ranging., PRTI is
entered to activate or deactive urits as required and to test the equipment
being activated. If a shift in C-band redar usage is also scheduled, CRTT

performs the necessary functions.

BCNX is alerted when en air traffic control (ATC) station requests position
or identificetion deta. BONX calls on the Radar Beacon Response (RBNR)

routine to input necessary data from other programs, and to verify and
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format the information for output by the ATC transponder. BCNX also
monitors the recovery beacon subsystem, and, if emergency situations
require, calls on the Recovery Beacon Activate (RBNA) routine to turn on

and verify the recovery beacon.

Radar Bescon Test Initislize (RBTT) procedures are used to verify beacon

voltege levels, switch and adjustment settings, frequency and powsr output
parameters, and code response operatiqn; to initializsthe ATC transponder
units as required by the mission schedule; and to provide status information
to CRI's for flight crew use, and test results for post flight diagnostics.

Figure 5-121 is s flow diagram of RBTI.

On entry to RBTTI during the prelaunch checkout, initialization
procedurss ara'performed.1 These procedures consist of stafting the equiﬁ—
ment and-performing a routine check in order %o determine if gross dis-
crepancies such as blower motor failure, power failurs, or cirecuit breaker:
openings have occurred. When the equipmgnt is ready, the functional and
adjﬁstment checks are started. Powsr and heater voltages are first checked
against their allowéble tolerances., If these measurements are out of lim%ﬁs,
the Radar Beacon Status Message (RBSM) routine is entersd to prepare an L

appropriate status message. RBSM uses a prestored message table and in-

formation form the calling routine to £ill in the blanks of the mesaage,
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When all tests are completed, RBSM assembles all the status messages
and informs the Displays and Controls subsystem ‘that the data is ready

for display and flight crew analyais.,

Some transponder functions require the presetting or adjustment of various
circults. The echo suppression switch is set to ON in areas where echo
Interference is more troublesome than pulse-type jamming, and OFF for

the reverse condition. This setting is preselected to provide the most
consistently satlsfactory operation of the equipment, The transmitter

dead time (TDT)_cifcuit disables the transponder set for 225 or 500
microseconds after the transmission of each reply pulse. -This dead time
limits the maximum repstition rate of the transponder set to either 4000

or 2000 pulses per second. The IR suppression eircuits share the:

same time constant components supplying pulses of equal durations. IR
suppression prevents mutusl interferénce between-traqsponder sets. The
radar suppression circuit prevents other booster radar from interfariﬁg

with transponder set operation. When a radar is connected to. the radar
suppression Input the transponder is insensitive for about 18 microseconds
at the start of each radar %ransmiasion.. The transponder set nsy be rendersd
insensitive except when enabling pulses from a separate receiving aystenm

are present. RBTI checks this enabler 1ink if this optional ecircuitry is
used. An automatic gain-stabilization (AGS) circuit performs an anti-
jemmiing function if extremely high pulse recurrence frequencles are recelved.
AGS can be turned off, permitting en increase in noise ievel ﬁhd thereby

serving as an operational check of the equipment. RBTT gathers measurements



and settings of these speclal functions, compares them with theilr pre-
assigned requirements, and calls on RBSM to assemble advisory messages,

1f required.

RBTI then cycles through the voltaée and current measurements available
from the voltdge current selector switch. All the measu:aﬁenfs are
compared against their upper and lower 1imits. Receiver frequency, and
transmitter frequency and power output are checked using data from the
onboard checkout quipment. fhe normal triggering level is the minimum
peek voltage rsquired to cause full firing of the transppnder set, Thg
triggering level l1s checked at 1010 and 1030 megehertz to insure that full
firing can occur &t both ends of the receiver band. RBTI next checks the
-code functions of the transponder. The preassigned identification code

is tested to verify that the asasoclisted pulses are activated. Two other
codes are also .checked to ensure the capabllity to switéh to othef iden-
tification codes if requested by ATC ground statioms. Altitude,.rgnge

and azimuth codes are checked by inputting a knowq value into the tfanspondef
and verifying that the expected (according to prestored tables) pulses

are activated. Following the completion of the radar beacon tests, RBIT

completes the table of test results for/recording purposes. RBII then

requests RBSM to move the status record to the assigned display fille area.

ﬁadar Beacon Respongse (RBNR) procedures are used to input, format and =store

navigation data in the proper transponder buffer, and.to verify correct

radar beacon operation following ground radar triggering of transponder

S

circuits. Figure 5-122 is a flow chart of RBNR.
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RBNR i3 entered from BCNX when a request for radar beacon informstion is
detected. BCNX then sets a flag so that entry to RBNR continues at one
second intervals, When there ars no longer ahy requesta, RBNR clears
"this flag, discontinues.requests for navigation data inputs, and sets the
radar beacon equipment in a standby conditlion. Upon entry to RBNR, data
bus input functions are performed. The information from the navigation
systen is decoded and address, parity and insignificaﬁt bits are masked
out, The data is then stored in the transponder output régigters reserved
for each partlcular request. At the next ground radar sweep, the data
‘48 transmitted by the transponder circultry. RBNR then verifies the |
operation of the equipment. The identification code is verified by
checking £he getting of the pilot's control unit against the transponder
pulsé output, Verification of the navigation data outputs are performed
by matching the transmission code outputs with the data received from
'the navigation subsystem. A table lookup on the output code (tables
cor&espond to that shown for the altitude transmission codez

is performed and compared with the inputs to ensure that outputs are

within the code resolutions.
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5.7 OPERATIONS MANAGEMENT .
T .

5.7.1 Dats Management Computer

Data Management Computer Executive (DMCX) routines are used to check-

out, monitor,and isolate faults for the data management subsystem's
digital computer; to provide recovery procedures in the event of fallures;
and to reconfigure digital computer equipment as required to maintain

’ - iz

optimal computationsl and rédundancy capabilities. Figure 5-123 1s =

flow chart of IDMCX.

IMCX is entered when a request for computer self-check is made, when
periodlc monitoring is acheduled, when a fault is detected, or when
reconfigurati&n of the computer subsystem units is requirgd.( The self-
check ‘test is.made during the prelaunch checkout and inflight if" requested
or scheduled. As.part of the prelaunch preparations, the computer units
are powersd u§ andlmaﬁe ready f;r testing, Then the Digital Computer
Command Test (DCCT) routine is entered. DGCT cycles through verious
subtests which vérify the complete repertolre of command and arithmetic
instructions, The Memory and Regidter Test (MART) routine verifies input
and output operations. If faults are detected by these test routines, the
Digital Computer Fault Isolation (DCFI) routine is entered and the failuge

symptom catalog 1s examined to determine the appropriate action.

DMCX résponds to program fault interrupts such as computer power failures,
il1legal codes and'addrasses, and computational overflows. DCFI attempts
to 1solate the fault and then the Program Recovery (PRGY) routine is entered

to take the appropriate remedial action.
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If a central processor, memory unit, or Imput/Output controller falls, the
Reconfiguration Management (RFMG) routine performe the functions of
scheduling the various computer units so that computational efflclency and
redundancy requirements are maintained. RFMG provides necessary information
to maintain data flow between the booster subsytems, The Data Manapge-

ment Computer Monitor (IMCM) routine provides monitoring‘capability for
functional and environmental parameters essential for status repo?ting.

" DMCM is entered periodically under executive contro;,at ‘the request

of the flight crew for status information, or from the gnboard-che;kout

subsystem following an out of tolerance measurement.

Digital Computer Commend Test (DGCT) procedures are used to test the
control and arithmetic sections of the computers.A Figﬁxe 5;122f is a flow
chart oquCGT. Tests performed by DCCT are organized intp’sub%esfs which
involve similar instruction types. These subtests check‘tha legal -
combiﬂations allowed by the instruetion word formast (functiop Eddes, index
designators, jump indicators, and operand addresses). If errors are
encountered during the tests, a table is assesmbled for use by DCFI in
isolating the cause, The final subtest of DICT checks the 6perat;on of
program faults anﬁ'interrupts to ensure entry to DCFI and PRGY in order

to recover from operational program errars,

Subtest 1 checks inmstructions concerned with data transfers to and from
storage. These include instructions such as:
. Store A 3 Store’Q 3 Store A Complement

« Inter A 3 Enter Y-A ; Enter Y+A
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Subbest 1 uses preinitialized memory areas, cycles through its assigneé
instructions (in more than one way), and arrives at final results which
can be compared with predetermined values for deciding whether an error
has occurred. Similar schemes are used for the other instruction repertoire

subtests.

Subtest 2 tests the various shift instructions including operations such
LT
. Shift Left Cireular ;3 Shift Left Cireular Double-

. Shift Right Fill Zeros ; Shift Right Fill -Sign-

Sgips and jumps are checked in subltest 3. Typical instructions in this
group are: . ‘

» Unconditional Jump ; unconditional pkiﬁ

. Jump A p;éitive (negative, zero)

. Jump equal {greater than, less than)

. Jump within (outside) limits

. Skip B zero (negative, equal)
Both of these subtestes exercise all the function codes of their groups
together with the indexing, Jump, and opérand designator capabllities.
The end results of the tests .determine if an error has been detecied.

Subtests 4 and 5 are the primery ones used for evaluating arithﬁetic
operations. In addition to standard add, subbtract, multiply and divide
instruetions, flxed point ariﬁhmetic operations may include other functions
such as

. Replace add {subtract)

. Partial add (halves or thirds of reglsters)

. Double precision add (subtract)
' =433~



Floating point arithmetic includes add, subtract, multiply and divide
with optional rounding snd double precision operations. DCCT validates

the precise functioning of all ardthmetic inetructions in the repertolre.

Subtest 6 verifies scale factor instructions. The single scale factor
instruction normaslizes the accumulator register and stores the shift count
in en index register. The Double scale factor instruction performs the
same function for a double length register. DCCT cycleé through a

table of known bit petterns, and verifies the shift counts generated.

qubtest 7 is used to check the instructions which perform loglcal operations
such as:

. Selective set (clear, substitute, complement)

. Logical AND (Exclusive OR, inclusive OR)

. Replace selective set (clear, substitute, complement)

Return jumps, both conditional and unconditional, are validated by subtest 8.
Subtest 9 checks special or miscellaneous instructions not included in the

other subtests. Typical instructions consist of:

‘+ Square root
. Masked search for equal (not equal, greater, less then)

. Count Ones; Test parity (odd, even)

Following complstion of subtest 9, DCCT assembles the results of all the tests.
If an error has occurred, the fault detected flag is set and DCFI is entered

when memory and input/butput teates are finished,.
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Subtest is used to check the functloning of program recovery alds
following illegel operatliona such as the use of 1llegal Sodes or addresses,
and computational faults such as arithmetic overflow. DGCT verifies that
the appropriate subroutines of Program Recovery (PRGY) are entered and —

that returns are made at the proper points following recovery.

Memory and Register Test (MART) procedures are used to verify memory per-

A

formenee, and to test fault indicators and control registers. ¥Figure 5-125

is a flow chart of MART., The tests conducted by MART are designed to
provide the infbrmation‘neéessary for the Digitel Computer Fault Isolation
{DCFI) routine to determine the cause of computer melfunctions that

directly affect memory operation,

Memory tests are performed to verify core storage and associated circuitry.
Test 1 does é'search instruction which reads' every coré address. If a
parity error is encountered, MART records ‘the address at which it ocgufs;
Test 1 also check sSums programs storage areas to provide a high confidence
'in storage reliability. Test 2 pro;ides date to Isclate malfunctions

in main memory-timing and enabling circuits., Test é verifies the address

gelectors in main.mamory.

Control register tests are designed to axercise arithmeﬁic, index, program
control, and speclal registers under worst case conditions whic£ mgy éause
faillures in marginﬁl control memory areas. This section of MART is
organized in subtests{fo; different bit patterns. Te§£ 1 checks the‘capf'
abilities of the cpntrol memory to retain ah all zeros pattern, Tgst ?

performs the game check using an all onel!s pattern. Teat 3 checks the control
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memories ability to retain a single bit shifted through all the registers!
bit positions, TFor test 4, reandom dats is genserated with check sums used

to ve?ify the data, Using this same random data, test 5 does a sum check
by cohverging from either exterme in addresses, thus exerclising the

address register and assoclated line drivers. Test 6 uses an alternate
pattern of zeros and ones in exercising the control memory. A checkout

of eritical write-in and read-out timing functions is performed by fest

7. MART then assembles test data for use by DOFI in analyzing the condition

of register'enable; inhibit driver, sense amplifier and other memory circuits.

Soﬁe régisters are reserved for special functions. Thése registeré are
tested to ensure that the assigned functions are performed. Function

tesf 1 verifies the operation of the central processor clock register,

A typlcal clock register is decremented at & rate of 1024 counts per second
with an accuracy of 2 counts during a 10 second psriod. The clock may Ee
deactivated by setting the most significant bit negative. Upon cyciing
through zero, an interrupt 1s generated so that precise timing of computer
programs 1s possible. Function test 2 -examines the power status register.
To onboard checkout system and BITE uni?s provide the information to set

the bits of this register. Figure5;42é;hpws a typleal format nsed., Test

2 cycles through the possible combinations to ensure the capability of the "
power status register to perform its functions, Test 3 exercises dedignator
storage word registers. These special registers provide necessary in-
formation such as interrupt status codes, entrance and return addresses

and indirect addressing data. Test 4 verifies the operétion of the
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functionel ‘status register. This register, like the power status

register, has bits set to indicate various out of tolerance or error

conditions, . Flgure 5—1?6 shows a typical format used for this function.

Funetion 5 verifies the correct operation of all interrupts which have
not been tested by other DMCX routines. Interrupts used vary in numbsr
and characteristlies depending on the computer subsystem. Typically,

the interrupts are organized in four classes,

. Fault and hardware interrupts - such as the power toleraﬁce fault
. Program error Interrupts -~ such as illegal instructions

. Input/output interrupts - such as external function monitors

. Executive interrupts - which turns control over to the executive

progrem

Test 5 checks the interrupt processing schemg designed for the data manage-
'ment computer, including the proper activation of various reglsters and '
the setting of interrupt loékouts if specified. Test 6 éhgcks the operation
of the master clear féature. This signal normally clears hardware and
program fault indicators and assists in program recovery- techniques. Tés%'
6 verifies that the appropriate bits ars cleared and thét the specified

registers are actiﬁatad.
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Input Output Imstruction Test (IOIT) procedurss are used to check-

out input/output (I0) instructions, and to verify IO date paths

and control circuits used for communications with the central
processors (CP) and peripheral equipment. (Other IO functions

are tested by sdditlonal Eheckout routines - for éxample, the man-
machine interface is verified by the Display Tester (DITR) routine).
Figure 5-127 1s a flow chart of IOIT.

Typical input and output instruetions include

. ‘Enable (disable) interrupts

. Set—(clear) discretes

. Jump on channel busy (not busy)

. Read monitor clock

o Initiate external function buffer

. Terminate dats buffer

Control signals between IO controllers, and central procéésors or
peripheral eguipment cémmonly use a technique described in Figuré 5~128 .
The tests performed by IOIT verify the IO instructions and communications

procedures used.

Test 1 checks the ability of any of the central proceséors to select

any of the IO controllers in the data management comﬁutar subsystem.

Cross date paths between the CP's and the IOC's, the éircultry associated
with status and assignwent registers, and funetion cods. translation

logic is verified. Test 2 performs a checkout of the interrupt generation
and sense circuitry. The ability of the interrupt registers to hold
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all necessary data configurations 1s tested. Interrupt instructions
are exercised and verlfied. Teat 3 checks and verifies the operation
of the ciréuitry aasoclated with the control memories in each of the
I0 controllers. The ability of the memories to be set to épecific
data configurations, reglster translation logiec, and associated
controlfmamory logical enables and timing are tested. Test 4 checks
the channel active network. Instructions fequiring a test of the
channel active condition are evaluated. Test 5 examines the fimction
hold registérs of the IO controllers, checking bank selection circuitry
and I0 parity nmetworks. Test 6 is concerned with vglidating funection
engble clreuitry and function termlration logic, and the imstructions

used to activate the applicable networks.

Test 7 examings’the circultry and instructions asaocciated with dats
transfér‘yia an I0 controller, This test results in a verification

of buffgr storage, acknowledge timing, request sense légic, input &ata
anplifiers, and output data amplifiers. The buffér cémparator is also
chacked using specific data combinetions for proper termination confrol
enables, Test 8113 concerned with the setting and clearing of interrupt
;ockout logle, the ability of the I0 comtrollers to transfer interrupts
to the prOpér central processor, the generation of external functions,
and the timing of interrupt acknowledges. Test 9 checks and verifies
the operation of the circultry associasted with priority networks., IOIT

cycles through the 1ist of interrupts for the computer system, and deter-
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mines that priority requirements are satisfied. These requirsments
normelly consist of interrupts listed in priority order, interrupts
which are locked out under some conditions, interrupts which are
never locked out, and other interrupt processing conditions. The
remainder of IOIT tests are concerned with signal conditioning and
interface verification. Test 10 checks digital to analog conversion
techniques, Test 11 verfles the operation and accuracy of .analog

to digital procedures. Test 12 tests dlscrete output logic and
clrcuitry. Following completion of its tests, IOIT assembles the

results and forwards the information to DCFI for fault analysis.



]
Digital Computer Fault Isolation (DCFI) procedures are used to provide

information for updating computer status, performing onboard repsirs, or
reconfiguring computer subystem unlts. Figure5-129 is a flow chart of
DC¥I., Prestored tables used by DCFI, and display input generated by

DCFI are also shown in Figure5-129,.

DCFI is entered if failures are detected by the computer test routines, beeT,
MART, or IOIT. These routines input varlables to DCFI specifying which test
failed and on which central processor, I0 controller, or ﬁsmory unit the
fault occurred._ Using this information, DCFI can initialize table searéh
counters and indices, and enter the fault catalog table to determine the

corrective action required.

The fault isolation catalog is a prestored table which is developed
through various diagnostic and fault isolation techniques. Simulation
methods are commonly used to generate a catalog. The logic equations
which define the equipment are adjusted to simulated failures and the
effects of the fallures are noted. Functionsl level checkinghis also
simulated In a menner similar to that done at the logic level. The
register, gates, and transmission paths of a device are anticipated,

the sequence of operations necéssary to use these elements is established,

and the effects of a failure are predicted,

For a short mission such as anticipated for the booster, a complete
fault catalog is not required. The table will provide sufficient in-
formation to replace some of the more critieal replacement cards in the

computer subsystem. Other table information will indicate that the use
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1
of additional test procedures or equipment is required to pinpoint the
discrepancy. If this type failure is detected during the prelaunch
checkout, & hold in the mission may be ordered o perform additional

maintenance procedures.

As DCFI cycles through the catalog, it assembles the data gathered into
a format suitable for status display. When sll the faults reported. -
by the test routines have been diagnoged, DCFI informs the display
subsystem that the status snd repsir message is ready., If an omboard
fix can be made by a card geplacemsnt, then the flight c?éw informs the
gompﬁter subsystem (via the alphanumeric keyboard) whether an attempt to
perform the card replacement operation is deéired. If a'fix is desired,
‘DCFI sets a‘variable containing all necessary informatidn and exits‘to
the Reconfiguration Managoment (RFMG) routine. RFMG then monitogs the fix
until the applicable unit is either back in operaficn or-declgred Inoper-
ative. For unmanned flight, an onboard fix is not possib]s, 80 thatjin
‘this case shutﬁown procedures for the failing wnit is indicated. In
addition for failures during menned flight where no card replacement
fix 1s specified, shutdown procedures arve initiated. DCFI again provides
g dafa word fdr uge by RFMG in reconfiguring to a degraded méde of

operation.
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Program Recovery (PRGY) procedurea are used to provide techniques for

continuing progrem opsration in the event of varlous hardware or
: Lo

software faults. Flgure 5-130 1s a flow chart of PRGY.

PRGY 1s entered in response to faults or abrnormal interrupts requiring
software recovery tebhniques. PRGY is primarily concermed with recog-
nizing the fault, taking sny immedlate actlon necessary, setting‘ﬁp an
appropriate variable so that tests required can be conducted, and setting
a flag .so that RFMG can monitor the testing or supervise the  shutdown

of the unit at fault.

If a primary input power failure is sensed to be imminent, & hardware
in%errupt will cause a Jump to PRGY, Typically, this interfupt ocecurs

a minimum of 250 microseconds prior to power faillure. ﬁuring this time
PRG& will stors essential information which will be of value to RFMG

in the.event of the return of normal power to the umit., PRGY saves

the contents-oi arithmetic and index registers, the time of entry into
PRGY, the address at which the imminent power failure was detected, and éﬁy
other vita;:information to the routine that was interrupted. PRGY
determiﬁes Which data is vital by means of a table correlating interrupt
addresses and storage locations., PRGY then sets a power failure flag

vhich is used by RFMG in reconfiguring the computer subsystem.

Abnormal internal interrupts are generated by the IO controllers {(IO0C)
when various timing, buffer initiation, or memory reference criteria are
not satisfied. Associated with each of these interrupts is a list of
possible causes. Using this 1list PRGY forms 2 test request word for the

indicated I0C. PRGY then sets a flag for use by RFMG in evaluating the
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computer subsystem. Similarly, the encounter of an illeéal code or an
illegal address in a- routina indicates a probable memory fallure as it
is assumed that the software has been extensively debugged prior to
operational use. PRGY is entered if illegal operations are detected.

4 test request word is formad and an 1llegal operations flag is get for

RFMG monitoring.

Various coding techniques c;n be used to assist in determining‘subsystem
discrepancies, Common methods include setting a tims limif on compuia-
tional loopa, or magnitude limits on input @ata. Discrepancies of these
types may indicate computer or other subsystem falilures, PRGY sets up

a test request and an error flag for use by RFMG. PRGY then goes to any
of the test routines requested, determines if an onboard fix is possible

and sets the appropriate flags for RFMG.
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Reconfiguration Management (RFMG) procedures are used to supervise the

computer subsystem configuration. Figure 5-131 is a flow ch;rt of RFMG.
RFMG recelves information on the status of central processors, memories,
I0 controilers, interface units, and data trasnsmission systems from other
IMCX routines. Using this informstion, RFMG updates a tgble.which main—
tains a status record and history of abnormal conditions or fowar failure

for each unit.

If & pover failure occurred, PRGY was entered where =& {lag was set and
dats ﬁqs saved. RFMG checks this flag and, if set, the input power

status to the-specified unit is moni%ored. If power returns to normal,
tha uni? involved is put back into the sydtem unless RFMG's éable shows
that the power faiiure has been a recurring one, If tb? unié 1s acceptable
after a power failure, & request for retesting of the unit-ig formed, the
power failure flag is cleared, RFMG table is-updated, and the data saved
by PRGY is restoreé. On the next Eycle through DMCX, the unit is retested
and if the test is .pessed the output of the wnit is consideréd valid, If
the power fallure is a recurrent one, or if the ﬁdwer dOBS‘n;t return ﬁo
normal within a preseribed time interval, the unit is taken éut of the
system. The shutdown flag for the unit involved is set and its power

failure flag is clesred.

RFMG monitors attempts to repair computer units for which onboard card
replacements are provided, Other IMCX routines have determined that an-
onboard fix is possible, have set the unit'd fix flag and informed the

erew Dy way of a CRT of the steps necessary to repsir tﬁg unit. When the
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card is replaceé, the crew informs the system by means of the alphanumeric
koyboard. RFMG recognizes this action by updating ites table, clearing
various flags, and requesting a retest of the unit which has been pui

back into the system. If, due to time or other constraints, a fix of a
particular unit is not desired, the crew activates the appropriate
alphanumeric key. RFMG will then remove the unit from the system by
setting the shutdowm flag and clearing the fix flag. The RFMG table will
maintein information of the repairable unit for status reporting or

future emergency uss.

RFMG performs shutdown operations for a unit if its mssociated shutdown
flag is set, Reconfiguration consists either of adding units to, or
removing units from the computer subsystem. Units which have rscovered
from a power failure, or have had a successful card replacement made are
added to the system. Units which have been shutdown, have had a power
failure, or are in th? process of being repaired are removed from the
system. RFMG monitors status to ensure that only umits providing valid

dats are included in the current reconfigured system.
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5.7.2  Displays and Controls

Displays and Controlsg Executive (DCEX). The displays and controls

exacuiive program uses the information on data content, display formats,.
displ?y contfol, spec;al procegsing functions, interface data formsts, and
manua} methods and procedures presented in section 4:7 to supervise
the djsplays and combrols subsystem tasks. The functions of DCEX

are tp:

‘g. Process re!quea‘ts for display functions and information

o Process DMS input data

. Provide data storage and retrieval capsbilities.

Provide means for controlling the distribution, upda%ing, testing
and scheduling of displays

. Provide display formats to meet display requirements

o Pregent the display output in a complete, acecurate and easily

Interpreted form

Figuré 5-132 rélates these genersl requirements to the specific tasks
antic*pated for the booster, and Figure 5-133 presents a flow diagram of the

Dispa?ys and Controls Subsystems Executive program.

DCEX is entered every 31.25 milliseconds (at refresh rate), When the
displgys and controls subsystem is first powered up, the Display Control
(DTRL) routine initializes the dimplays %o ensure their readiness for service
4 flag is set when the equipment is ready for use, so that subsequent progrem
flow yill be thriugh the Iaput Processing (IPRC) routine. IPRC examines the
matrix of current display requirements, obtains the. desired information

from ﬁpe IMS, verifies its reasonableness, and then converts the datas to

4,52



Exscutive

o~

" the data from the compact form

in which they were stored and

- processed to the level of detail

necessary to complete the display
Initlates and controls-the trans—
mission of displsy to the display
equipment.

'} Routines Program Purpose Subroutines, -
-Requeat This funetion responds to . Emsrgency end Abort Procedures
Procaasing stendard or spacisl display . Phase Change Diaplay

requests., A standerd displsy Initialization

ie requested by s simpls push « Uplink Date Display

button, Special display requests ., Alphanumaric Keyhoard

provida grsater flexibility Code Procesaor -

in selecting display content, » Duta Entry Keyboard Codes

formats and contrels. With .

preprocessing and automatic

mode, displays are routinsly *

generated and updated.
Dats Storage This function provides means for » DBmergency Procedures Call Up
and locating end retrieving vardous + Check List Call Up .
Retrieval types of information from diverse , Parameter Table Loock up

Jocations in.the dats base. When . ‘Filmslide Manager +

any program or diaplay request .

raequires certaln typas of dats, .

the eriteria defining the data '

' desired is provided. The data

ratrieval processes will then

provide dete by mesns of indexing, R

linking, end searching. .
Inpat This function performs the tasks « Input Data Management
Processing necessery to ensure that the IMS . Display Data Preprocesgor

Information is compatible with « Data Unpack and Verify, '

display system requirements. These . Dlaplay Pata Code Conversion

taeks include verification, unpecking Input Buffer.Storage

and reformatting. ! : -

- | Dlapiay This function deala mainly with . Timeline Manegement

Control the distribution, updating and . Display Initializor
priorities of display data. Test— . Display Applicftion Scheduler
. ing and rescheduling, if required, . Time Display Update
are additional requirements, HRs- . Display Tester -
govoration of displays is initisted . Display Activate end Position
at the specified rsfresh rate. Display
racords are sat up and meintained in
the display file while it is in view, | -
bisplay Thias function determines the « Vector Generatdr
Formatting position, form and coding of » OConie Gensrator
information in a display. . Owrsor Retrieval
Conbinationa'of aymbolie, . Bar.Chart Cenatructien
graphicsl and alphanuperic + Trend Analysis.Chart
forms provids displey formats . Display Scaling_
in various predetermined . Display Translation and Rotation
position. When updating in- . Display Perapective
formatien is received the form « Symbol -Positioning- - .
and location of the data is
determined and the record in
the diaplay file is modified
Display This furction performs the . Scan-Converier Manngoment
Cutput detalled steps which expands . Vertical Tape Controller

Electronic-Moving Bargraph
. Application

Flight Controller Management

Reprogrammable Switch Application

Circult Breskor Monitor Applica~
B tion

Havigation Map Orientstion

Refresh Hemery Area Designator

453~

Figure 3—-132 Displeys and Controls Functiona, and Subroutinss
-1



i Dueus Ceocessmgr IF
I'n?u"F date fer
current elrsflmis

Doy Coureots BYRL

Dustrnbobe deta
o pret Schedule

Dareat Tomantive s DEMG)

Posibisn and 1m¢m‘:
FSeatures

ADstuny Oupor s Dooy

Manage and deantd,
dedo. 4o displays |

®

Request TPrecessmg: Roed

Respend o

display requests

Oarn STIRAGE

ano Reraevar :DSAR |

obtain, Fhrecdsite .

Flgure 5.133, Displays and Controls Subsystem Executive

=454~



the format required for the current display file. DIRL theﬁ
distributes this Information in accordance with the timeline

(Figure 5~13¥J and the current diepley usage schedule, Display
commends, consisting of bit fields, are formulated into optimum word
structures, and are used to inltiate and control the vario&a-oPerationa
shown in Figure 5-135 Tﬁese words are then formed into messages and
tranemissione° _ Dlsplay commands . R

for functions, such as time displays, which do not require additionel
procesging are completed by DTRL, The Display Formatting (DFMG) routine
performs the major tasks in positioning the alphanumeric, graphic and
symbolic features of the displays., -The Display Output (DOUT) routine then
performs any additional details required to ensure the generation of the

complete and accuraste display.

Flighf'crew operations at the alphanumeric or data entry keyboards result
in interrupts which are recognizeﬁ by the Request Processing (RPRC) routine.
RERS performs softwere tasks as necessary to satisfy these requests. In
addition, the system Executlve pfogram inforﬁs DCEX -when phase changes

or abnormal conditions, requiring display usags revisions, occur. RPRC
initiates the action necessary to answer these alerts.‘ The Data Storage
and Retrieval (DSAR) routine assists by obtaining data eonte;ned in mass
storage units; filmslides, or memory tables, DSAR also sets ﬁp the frame

work for display usage schedule plans and data parameter matrices.

Display Control (DTRL) The display control (DTRL) routine is concerned
i
with the dispribution, updating, testing and scheduling of the displays,

The functions. of DIRL are:
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FUNCTION OPTIONS BITS
Beam Control Ol /OFF 1
"Moda Graphic/Alphanumeric 1
Blink Start/Stop 1
Charecter Size Basic/large k]
Character Orientation Nornal/90° Lett 1
Character Spacing Nornal/farge 1
Character Brightress 4 Levels 2
Character Color White Med/Tallow 2
Beam Position I - Coordinate 10
Beam Position Y - Coordinate 10
Line Widths Normal/Erphasize 1
Vector Brightness 4 levels -2
Vector Color White/Red/Tallow 2
Pagss In Checklist Marimm 8 Pagos 3
Start Of Message Digital Gode 4
End Of Masszage Digital Code 4
End of Transmission Pigital Code -4
Frame: Syne ) plgitel Code v
Displey Identification Number 7 CRT, 8 V¥3I, 8 Ded. 5
FADI Mode- ' 8 Options/Phase 3
HUB Mode 8 Options/Phasa 3
Vartical Tape Control Direction and Dist. - 5,
Scan Converter Control ON/OFF/Select 2
HUD "Alrspoed Refersnoce Sat HUD refersnce -, 4
IS Path Select Shallow/Normal/Stesp 2
Film Trenaport Control ON/OFF fPorward/Raverae 2
Map Orient Horth/Course 2
Filmslide Number 100 Marximm T
Filmslide Course Control 360° Max to 1° 10
Dadicdeted Instrumeht Value Varisble 7
VSI Parameter Value Variable plus Control 11
Controlier Positions Variable q
A/ Keyboard Filmslide Group 2/Phase i
A/M Keyboard Control Lock/Unlock -
A/N Line Number 1 to 52 7
AN Columa Numbor: 1 to 4 8
A/N Charadter 43 ASCII Codes 7
AN Funciions 32 ASCII/Phase 7
A/N Control and Editing 12 ASCIT Codes 7
Pata Entry Keyboard Controls 5 DMecrotes 5.
Data Fetry Functlons 1 to 15 4

Pigore 5-135Display Commands
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. Porform display warm up and initial activation

. Provide tests to ensure display readiness and accuracy-

. Maintain, revise and manage the display usage plan

. Update the current display file as required by the timeline
schedule

. GControl, activate or position dieplay devices'

. Maintain the GMT and mission time displays

The flow chalit fnr DTRYL, is shown in Fig. 5-136 DIRL :l.s‘ initially entered
early in the preflight check sequence. As the displays ;ré & primary tool
for the booster checnout, the displays themselves are first initialized-

and tested: 'The bisplay Initislizor (DINR) protects the CRT -circuitry

during its initial activation, and them presents = tesf pattern on each

CRT display. The test pattern cen be mamuslly adjusted and focused by

the flight crew as desired. The other display and control equipmgnt éra,set ‘
. to their prefiight settingsy  The Display Tester’(DIER)is then entered

" and each displays operational capabllity is verified. Spécial neét patierns
verify'the persistence, capacity and accuracy of each CRT. Other tests

check the électronic~moving bargraphs, the dedicated instruments, key-

boards and film transport units. DITR may also be entered during the
0parational mission if degraded display performance is detected or if a
request fof display testing is made by manusl.operation’ of~a keyboard function
key., I DITﬁ determines that a displny is not operating prnperly, the
Display Application Scheduler (DASC)routine is entered and ‘the master
display usédge plan is revised, DASC informs the flight crew of, revisions

in display usage, records the discrepancy for post—flight maintenances analysis,
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and perforis shut down or degraded mode procedures on the effeéted

gsquipment.

T@e timeline management (TMGR) routine is responsible for the timing
requiremsnts éﬁown in Figuré 5-134, If reprogramming,of the diéplays

is required because of a phase chapge or equipment malfunction,stﬁe
change in éach display task is accomplished in the allocated 1%5
millisecond time slot for each reprogramming group of dilsplays., The
displays atre also dlvided into update groups so that the_prograﬁming
tasks are ﬁofé evenly divided across the timeline. TMGR then t%kes the
data“from he iﬁpu£ buffer memory area (date preprocesééd by the Input
Processing routine) and moves it into the display'fiie ares reser}ed_for
each displéy. More detalled processing and combination of data is then

performed ﬁy the Disﬁlay.Formatting and the Display Output routines.

If reprogramming calls for the activation or the assignment of new tasks

%o & pa?tiéular display, the Display Activate and Position {DACP) routind
performs the necessary taéks. These include functions-suchfas-cen£e;ing
of CRT beahs, and initial positioning of vértical tapes and map course
settings. DACP séts, clears, and maintainsia record of discrqﬁ%s pertaiﬁiﬁg
to the disﬁlgys and controls subsystems. The time disélay is a?fﬁﬁction
vhich does not require additional processing prior to‘display géneratiog.

If tﬁe GMT or mission time displayshave been requested?'the'Tiéé Display
Update (TDOP) routine uses the time count data maintained by TM&R to revise
the messagés to generate new time display output. If a reviséd'time
signal is received from & ground-based station, this informatio£ is received

by TDUP and used to reset the appropriate display.
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Request Processing (RPRG) routines respond to manual interrupts generated

by the flight crew at the alphanumeric or data entry kéybéar?s, and to
flage or signals which indicate a change or special application for the

displays. The functions of RPRC lnclude:

. ‘Processing alphanumeric(A/N)keﬁboard function code,
interrupts ‘

. Processing A/N keyboard alphabetical and'numaricalzinputs

. Procdessing A/N keyboard editing and cursor cdﬁtrol‘reques£s

; Processing data entry keyboard function code inter%upts

. Initializing display rescheduling in response to change
of phase ’

. Establishing priority and performing initislizing in response
to an emergency or abort procedures alarg

. Perform interpretation and initialization fo;.accepting and

presenting uplink command and informative data

Figure 5-137 is a géneral flow diagram of RPRC, - If a dangerous or potentially
dangerous situation is encountered, thrbugh BITE or sysiem diagnostic routines,
an alarm flag is set by the system Executive and the Emsrgen&y and Abort
Procadures (EAAP) routine is entered. EAAP first provides an sural alert
slgnal and thén displays a short notice which indicgtes the éeneral nature

of the emergency. The appropriate check llsts are then 'obtgined, aﬁd
emergency procedufes are initiiated. The exa;utinn of thesg procedures

mey require crew/keyboard interface. In this case, R?Rc‘coniinues with

the processing of requests. If the emergency is of aucﬂ -} n;ture that

time requires automstion of racovery procedures, or abort pr?cedures are

required, then other display requests are ignored until the émsrgency has

passed,
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The system Executlve program meintains a record of events aé& when =a
new mission phase begins a varlable 1s =set, The,Phase‘Ghaﬁge Display
Initialization (PCDI) routine recognizes the change in phase and sets
appropriate flags and indices so that the Dieplay Control routine can
perform the required reprogramming. PGDI 1s aware of any e%ergency
underEuuﬁ"s suﬁervision so that initislization proecedures m;y be

revised as required.

6ommends and information sent by ground stations are processed by uplink
routines. The Uplink Data Display {UPDD) routine iz informed when messages
are received., UPDD matches e Iist of anticipated messegea eith its
associated alphanumerics and displays the<information.. Normally, these
msssegee are ﬁ:eeented on a reserved portion of a pa?tieﬁlar display.

For example, if the booster has been ordered to hold prior to a landing
approach, the position of the booster in the ‘holding pattern is shown on
the'Hofizontal Situation Display (HSD). When the ground station pattern
éeparture meéeage‘is received, UPDD will perform ﬁhe-eet up steps required
to display the alphanumeries "LEAVE HOLDING PATTERN AT b72618 QME“'adjeceet
to the holding pattern outline., Similar procedures are iniéieted blePDD‘

for other messags types.

A display‘ke&board is provided as the primary means for flight crew:
communication with the displays and controls subsystem. The Aiphenumeric
Keyboard Gode Processor (AKCP) routine answers the reqneet generated by
manual operation of -the keys.,. AKCP has three subroutines which handle

the fﬁnction) alphanumeric, or control and editing keys res;ectively. The
primary group for operational use are the functlon keys which initiate

a particular program.applicable to the displays when & key is depressed

~463-



AKCP recognizes
the code aséocated with the button, provides a brief message to indicate
which function 18 to be activated,and, when this message 1s veriéied and
acceﬁted by the crew, activates the designated program. 'The alpganumeric
editing and cursor control keys are used, primarily, by*programming and
maintenance persomnel for on-line debugging and diagnostié purposes,
Soms limited use of these keys is anticipated for the operatlonsl booster.
For example, the cursor control can be used to point @o one of mﬁltiple
cholce options presented by a checﬁ 1list, and query or function key

completion routines will require the use of alphanumeric characters.

The data ea%ry keyboerd is used to enter data into, obtain.data from,
and request tests of the IMS computers. The Data Entry Keyboara,'

Codes (DEKC§ routine asscclates the function key'operated by the pilot
or copilot Wwith a particular program, If the program requires ménﬁal
entry of pafémeter values, DEKC will initlate the display of cues,

accept the fumerical data and convert 1t to the fornmt‘reqﬁifeé for
éﬁorage in computer memory. For all programs Iinitlated by keybéar&.'
réquest; DEkC providés any necessary display cues and provides a-éummary-

of program results.
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Input _Processing {IPRC) routines interface with the dats bus and
computer subsysteme to provide display data as required f{o generate

current updated displays., The fumctions of IPRC are to:

. Input data from the data bus or computer at thg
specified update rates
. Perform initial preprocessing of the input data
o Verify the reasonsbleness of data and perform unpacking tasks
. Complete conversion to display codes and provide information
for dlsplay commend structures
. Move the converted data to an input buffer storage arsa

for use by other DCEX routines

— t

FigﬁraS—?BSis a general flow diagram of IPRC routines. The Input Dats
Management (IDMI) performs the input control tasks required in interfacing
with the data bus and computer subsystem. IPRC outputs requests for data,
and verifies address, parity and synchronization bits prior to accepting
input information. IPRC uses the informstion contained in the current
display usasge plan to maintain a matrix containing source of input data
and update rates..Input timing is controlled through counters and indices
which match the specified update rates and groups as shown in the Display

Control Timeline.

The input data then goes through various steps to prepare it for display
generation. In the first step, the address, parity and sync bits are
masked out of the data word. If the data word contains more bits than
required for display resclution, the appropriate numbsr of least significant
bits are also removed. Some data to be displayed mey be transmitied on the

65—



TP T URTA
AGuRGEMEYT = IOHT
Erpvt & st Fear
lod s oS 4
(.nn—yu‘l"i’ L
Jlsptatg vrh}lt cated

BISPCAT OFRTA
EFRecEsSans POPR

Magk ovt address,
rity and o=
iqm-fi:md' ks

CATA UNfAcK AUD
YERLIEY ¢ DUVY

Restore Coutxﬁ!ecf
bioto, . Perform
,gngin..bl ness 4‘5"5

FOISPLAY DATA CopE
o RSl 1 DD
Converd q-T) ASCII,
Initial digptesy

covimand Shrireture

TrevT BOFRFER
Storabe: I0S5T
Hove Lurrewnt

dute. 4o sherage ;

‘ Retuew )

FiguwPe 5138
Tnput Processihg

Emeqmc 5
FProcedvre
Request

Nes
EMEAGENCY VRotEbAL)
et v 1 EPcu
Meve theck Jist
4o disgtay File.
Tmtiste check

Eiandard
Cheerelist
Re1u¢l+

No

Nes

CHECK LIST
cHLl urP: cloy

abiain check st
Qﬂd ™ pve 'h

display £ile

O

PARAMETEL TABLG
Loax v?@ + PTLL

Firnd locoation of
requerted parameln]

Frorsupt Mavaces:

Sbdain resysgfed
mag sr 0

RETURL

-~

Figure 5-139pata Storage end .Retrieval

-}




data bus or be available in computer memory in a packed or ddta compressed
format. The Data Unpack and Verify (DUVY) routine maintains’a list of
these data types with an ‘asmociated switch table to the appropriate un-
packing procedure. These procedures ars normally the.reverse of the
operations described for the data compression routines of section

5.1.6.3. For example, if the transmitted value of the sample is

where

Yh is tya actual value of the n-th sample and, Ky is the bias

constant for the signal Y then, the data word for display purposes is

1= Tn + Ky

The value of the bilas constant can be obtained from the tables maintained
by the déta compression routines. DUVY also conducts reasonableness tests
as an aid in reducing the possibility of displaying erronecus informaticn.
. Code conversion is performed by the Display Data Code Conversion (DDCG)
routine. DDCC converts, for example, octal data or 2-out-of-5 frequency
codes to the ASCII code used for display generation. bDCG will also add
various Iinformation bits which can be used by other DCEX routines to construct
the display command frameswork., For example, if the reasonableness tests
of DUVY show that a parameter to be displayed is in & caution area, bits
indicating blink yellow can be included in tﬁe data woé&. The final step
is to store the data word in its assigned memory location. This function
is performed by the Input Buffer Storage (IBST) routine which maintains

a current table for display data storsge. '
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Data Storage and Retrieval (DSAR) routines are used to obtain information

contained in the data base, computer memory, and special peripheral

equipment. The functions of DSAR are to:

. Provide emergency check lists and initiate the check

procedures

Provide standard check lists and initiste the check procedures
L
. Maintain tables .of parameter locations and provide directory
service

. Provide map, procedural, and chart filmslides on reques:t

Fig 5-139 is g_generél flow chart of the Data Storage and Retrieval
(pSAR) routiﬁes. Priorlty is given to requests for ;ms:gancy p%oceaure
lists, The Emsrgency Procedures Call Up -(EPCU) routine is requested

by EAAP to provide a specific list ﬁo be used in resolving the emergenéy.
The emsrgehcy-prééeduré mass storage file is gearched for the requested
‘1ist. Wheh it is obtained it is moved into the diaplay:file_fof the CRT
hassigned tg present the procedures. Verification tea@g'a;e uéed.to ensure
that no efrors_occur in the movement of the list, If e;rors océur? a8 copy
of the list is obtained from the mass storage area. Tﬁs title ané first
‘step of the procedures are then moved to the display.refresh mé@ory

unit of fhé ;ssigned'GRT. Table length counters and inéices-arg get for

the use of EAAP in continuing emergency check procedﬁres.

Standard checklists qre‘hofmally required at. the &tart of each new mission

phase to initialize a new booster configuration and to prepesre for operational
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modes. The Check List Call Up (CLCU) routine is flagged by PCDI

to obtain a specific 1list, Checklists may algo be required;following
keyboard function key operation, CLCU uses the information’ contained
in ealling routine information words to search for the:required 1list
on the magnetic tape sﬁorage units. The check lists normally contain
ﬁore words then a CRT display refresh memory can hold. CLCﬁ;uill move
the first page of the checklist into the display file of the CRT assigned
to present the checklist and will also move the title and first step
of the check procedures to the appropriaste display refresh memory unit.
* CLOU maintains a record of the page numbers in each checklist, CLCU
is informed as each page is éxecuted and, 1f additional pages exist,

the next page is loaded Into the displsy file.

Some data entry keyboard functions result in the loading of computer
_memory locations with numerical data entered by the fliggt crew., The
?araqet;r Table Lookup (PTLU) routine assists in the execu£ion of these
functioné by'providing memory address and other information;required:

fﬁ complete the data entry functions,

Filmslides are used to provide the basic framswork for navigatioﬁ maps;
departure and approach procedures, charts and graphs. Addifionai“alpha—
numerics and:graphics are added by other DUEX routinés to complete the
diéplay. As in the case of prestorsd checklists, the gsé of ;iimslides
ﬁiil reduce the réquiremsnt for bulky maps, handﬁooks, and’operatzongl
manuels aboard the booster. The Filmslide Manager (FSMR) routine meintains
a list of filmslide numbers end contents. When a request for a filmslide
is recsived this list is searched and the appropriate film transport

unit is operated to show the requested slide.
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Display Formatting (DFMG) routines are used to construct and po%ition

CRT displa§ features prior to display generation. The functions of

DFMG are:

éenerate coordinetes for vector and lines

. Generate parameters for specifying arcs , circles or ellipses

, Obtain cursor position information and perfofm functions
dsing this data

. Gonstruet and-maintain bar charts displayed on CRT's

. Gonstruct and maintain trend analysis diagréms

. frovidp scaling to gptimize presentation of display features

. ?rpvide two dimensional perspective to maintain pictprial
realism -

. Position alphanumsric, warning or other special symbols as

}equired‘to complete the display

IFMG routines are concerned with the tasks required £o maintain‘tﬁe 03T
applicatioﬁ ;rograms assoclated with tﬁe display usage plan, and to meintain
any speciai éymbology required as & result of manuasl input raquésté-or
-alert condition requirements.  The Display Output (DOUT) routines..then
complete tha—GRT'display; if required, in additlon ‘o completing the

displays using the dedicated instruments.

Fig 5-140 1is & general flow chart of the Display Formabtting (DFMG)
routines. The Vector Generator (VGTR) routine provides the starting ﬁoiht
(X1, Y1) agd the stopping point (Xz,'Yz) for linéé and vectors. Vectors _
are used for horizon lines, runway centerlines, heading and velpcitf

véctors, and other applications specified for the CRT application programs.

-470- .



{ DE ML ’

vECLTOR eeum‘m_gfl-

Petermine line
and veetor ead

PISPLAY TRANSLATION
ND ReThH o 2TRA

Adjust Seatures

e Franslstin~
rl-!lﬁ’lﬂhq md‘

e ints

DISeLAY VERSPELTIVE|
REsE

codit GEVEAATeR:
N d

Dedernana se nends frevide LD

for arcs , circles pees pective as

and eflipses regquire

SYritoy Pos;{m;g»ﬁ

SEL OMYERTY
PARAGEMERT {SeT)

Loptral vadar
Swirching and
Scom Convester
spcratiom

GRARMA DL
ot RE

Hetde
B L1ATL

rhansgy agiiinmrl\"' |

of Sundches

CIRLAUIT BEGALER
prioiteny _caMg |
Displan Circet

breoker sixtus

eugson RETRIEXAL
28Vl

Conplete Funciims Pogitina alphanumeniy

vsIng Curser wq(n;no'! yother,

fssrqr.. data. 5.,”‘-”“ as m;y'(fé

BAL CHART
censTaucTIoN 3 BCCN

Positisn bar chyrd
l'n-fn’pvu\:‘ e

HEL AMELYSI S
T”E D—r? TACH
Consdruct frend
A:m.fl‘!rls cfisfmm

DISPLAY SCALING *
PILG

Byt features

i p‘1+;mvm xa-lms

Figura 5-140Dlaplay Formatting

-
-t

MNAVEGATION MHAP
{f Tront i NHED -

FLIGHT ZonTRalLEN

HARAG EHERT S LM
Displas rovements
pf Contml devres

®

Figura 5-141 Maplay Output

=471~

NEATIEAL TRYE

. 3 ER: b

Cantral rmaverneat Maindein paa

of Fape indieators orieadchio~
fELEaTRamL s Mavin & | FaE,
BARGAAFH : ENMBH Dgsﬁxsnﬂn':'a;‘:”ﬁ?f‘;q;
Pﬂ-gi.!g valve , Candrel Beam ow/off]
seating and e desijnated :h'srfu

rgmete do refresh Jocatiens

neTvila

141



Algorithmﬁ using system.inputs ars required to generats each v%ctor.

For exsmple, a runway centerline is computed from distance to tﬂe field,
sircraft heading, map scaling, and runway length information. The

Conlc Gemerator (CGTR) provides arcs, circles and ellipses for CRT
application programs, For a circle, CGIR obtains the center point

and radius infqrmation from prespecified application prégram reﬁuiremants.
For example,-tha flight director circle for approach to a landing may

be spscified to have a radius 4 the runway width, and 8 center ;t the
point where the commended ﬁeéding intersects the ground, CGTR ;hen
constructs a .cirele from line segments using an iterative-tachéigue

;to advance: starting and stopping points, The number of 1ine éégments '
per octent is & function of the radius of the circle and iz designed to
give a gmooth curve appearance on the CRT. Ellipses are similarly
constructed from informat;on abtained on the lengths of the major and
minor:axis and the positioning requirements for the conic. A;cs may
be specifibd‘for some appllication programs, For exsmple, half cirqles
are drawn for hoiéing‘pattern magnification. For this task the'cénter"
point, radius, start and stop point. informetion can be ‘deriveé from
prestored information on the holding pgttern characteristics, VGTR

can be used to complete the pattern by constructing the par&ilei lines

4
H

of the pattern. o i

The cursor of the display keyboard can be used to su@ﬁly réstef_points
1
to the congole memory. Using this capability the flight crew can request

various information from the gystem, The Cursor Retrieval (GRVL) routing
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maintains the dlaplay of the requested information. For example,

the crew may position the cursor at & point on the HSD map‘aﬁd -
request estimated time of arrival., CRVL willl compute fhe'reqpasted
information from current data on ground speed, poéition and ieading,

and then position the data at the optimum piace on the assgigned display.

CRVL then updates the dlsplay until the request is terminated.

In addition to the slectronmic moving bargraphs which are dedicated to
various parameters, the CRT's .can be used to generate ber charts from
the parameter values available to, the displays and controls subsystem.
The Bar Chart Cons?ruction (BCCN) routine determines fhe position of $he
end pointa of the bars. Bar charts are used in: conjunction wi@h filmelides
7which éontain legend, abseissa, ordinates and other fixsé_information.
BCCN maintains a record of paremeders required for each chart albng.gith
a 1listing of initial points for each bar. The CRT h§3_1024 raster pointe
in the vertical (Y) and horizontal (X) directions. If the largest
parapeter valge exceeds 1024, then the Display Scaling (DSLG} is called ‘
upon to rescale the bar chart. When the four cpordinateé aré found for

sach parameter, BCON sets up the display command word for lihg generation.

Tfénd anaiyaié charte provide predication and extrapola%ion information

to £ﬁe f£light crew. For example,‘the Trend Analyeis Chért‘(?ACH) routine’
uses fuel consumption data to predict times at which fuél reserves

are sufficient to reach an alternate. TACH updates the end ;oint on the
charts curve as the current sample i3 received, refreshss-th; past his tory,

and predicts future values using dashed vectors. As in BCCN, fixed legends

are shown using filmslides,
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The Display Scaling (DSLG) provides assistance to BCCN for bar chart
scaling, qdjﬁsts features on navigation maps as reqniréd by nep: scaling,
and performs magnification of pattarnshand features when requested.

The bar chart scaling ensures that parameter values do nqt oxceed the
available 1024 raster po;nts. Rescaling is performed by assigning the
largest parameter a value near the maximum of 1024 and then provides

a propoftionalsvalue for the other paramsters being displayed. For

mep scaling, DSLG maintains a 1list of scalings used fo? each map in

the filmsl;dé library. Each adjustable paramster to be displayed on

- the associated CRT is checked sgainst th;a list and .its relative value .
maintained by DSLG. Magnification of any feature on a display may be
requested by the crew throygh the use of the cursor to ﬁoint to the area

to be magnified following activation of the appropriaté function key

- on the éisplay keyboard, DSLG reads the cursor points using the GRﬁL '
routine, tests whether the requested magnification (by optional powers

of 2) will overflow the display, and repositions the displsy if reqnired
The Display Translation and Rotation (DTAR) routine is used to asaist DSLG ]
’ in.diaplay repositioning. For example, if the crew 18 ordered into a hold—
ing patiern, a reéusgt for magnification of the pattern nmay be inputted.
Thé pattern is‘then translated so that the center of_the patterﬁ is at the
display center. Rotation is accomplished so that magnetic north or head%ng
of the inbound ieg (at the crew's option) is at the téb of the display. DPAR

is also used to maintain the attitude displays.

Some special displays, such as runway outlines, use two dimensional perspective

to enhance the realism of the display. The Display Perapective (DPSP) routine
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uges information on runway lengths and widths, altitude and dlstance
to the field in order to adjust the coordinates of the end points

of the runway edges.

As a final step in completing the display commands for CRT generationsy
special alphanumerics or graphlics are added by the Symbol Positioning
(SYPG) routine. Display commsnds for gemerating some special symbols
are prestored. OSYPG generates the position commends fof these display'
features (in general, these are unusual shapes which would required

. excessive software to generate). SYPG maintains & record of the relative
pogitions of slphanumeric data and grapﬁical information and generates

the appropriate position commands.
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Display Output (DOUT) routines are used to complete CRT displays prior

to regeneration at each refresh period, to perform special functions,

and to complete dedicatéd instruments prior to each updating period.

The functions of DOUT are to:

+ Provide control of the radar switching and scan converter units
when radar displays are reguested

« Gontrol and maintain the operation of vertical tape indicators
used with CRT displays

. Update electronic-moving bargraphs and other-dedicated instruments

. Display movements of control devices

+ Manage the assignments of raprbgrammabie switches’

o ‘Monitor the circuiit breaker status program and provide.
racovery information -

. 'Mhintain-the orientation of navigation map filmsiides

» Designate the areas of the CRT dieplay ;efresh.meﬁoxies.toAbe

regenerated and.provide beam control commands

Fig 5~141 is a genmeral floéw diagram of DOUT. The scan converter management
(SCMT) routine is entered if a doppler or weather radar display is desired.
SCMT manages thg superimposition of the designated radar pictur; on the
sﬁgcifiad CRT By performing switching, and monitoring tasks. Vertical tape
indicators are associated with the CRT's in ths display'of paraﬁaters such
as altitude and airspeed. The Vertical Tape Controller (fTGR) routine
obtains the current paramet;r value, and compares 1t to the cur;ent taps
setting., If the change in the parameter is graeater than the resolution of
the tape, then VICR activates thé tape in the appropriate dirsetion to put

the néw tape value next to the fixed pointer. VTCR then clears the taﬁe
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INCREASE, or DECREASE discretes until the next update peried. The
copputer driven eiectroluminascent vertical scals indicatpr‘(VSI)

'iashn bquraph whose indicators are controlled and updated by tﬁe Elect-
ro?iﬁ—moving Bargraph (EMBH) routine; EMBH maintains a record of tﬁe
current assignments of the VSI'a, obtains the parqmaterlﬁalues from the
dirplay file memory, and formats this data to meet the VSI- requirements.
EMFH also performs similar functions for instruments which are dedicated
tq}individual parameters throughout the mlssion. The display of flight
coFtrol devices mequire special indicators. Control of these indicafors
is’ the function of the Flight Controller Management (FCMT). routine.

FGFT also initiates any aural or visual warning signal required.

TqF Reprogrammable Switch Application (rPSA) routine correlates the
ogerations of the alphanumeric (a/%) keyboard and the CRI's involved in
reprogrammable switch functioning. RPSA controls filmslide usage on

the function keys of. the A/N keyboard, verifies the seqpence of operationa

oﬂtpush button switches and provides display information to the crew for '
g

&

normal and recovery functions. The Circult Bresker Mbnitér (GBﬁR)

rqutine provides the flight crew with status information. 6nbo§rd checkout
T utinés will notify 6BMR'when & circuit bresker is tripped. GBMR-then
aqtivates 55 aural alert signal, preparses the alphanumerid message associated
wﬁth the. particular eirecuit breaker that has opened and moves the message -
into the display file and display refresh memory arsa reserved for caution
mjssagea. When the eircuit breaker is pushed, CBMR clears tha message.

CEMR also provides status messages of all system cireuit breskers upon -

L7



flight crew request. Navigatlon meps may be oriented with magnetic
north or booster magnetic ﬁeading &t the top o; the filmslide. The
Navigation Map Orientation (NMPO) routine tests the option selected
by the crew, and uses the magnetic heading information in the‘dieplay

file to control the film transport's rotation mechanism,-

To save time involved in the refresh memory opsration only those portions
of memory which are to be disp;ayed are refreshed. Thé Refresh Memory
Area besigqator (RMAD) routine maintains a record of the areas of each
CRT which gre to be regenerated at each refresh period. RMAD sets up
Jump instryctions and controls CRT bean oPeration'so tha% only th;
required areas are refreshed. For example, in & checklist oper;tion

only the title line and the current check line are reqnifed to be displayed.
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Check Iist Call Up (CLOU) procedurss are used to obtain the normal -

procedurs check 1lists on request of RPRC. Where a new checklist is
‘required, RPRC initiates the request to CLCU by ﬁroviding a checklist
number, CLCU sets table lookuﬁ indices and obtains search code, page
and line information from a prestorad table. . TTFY is entered with the
search code request and the first page of the checklist is regd into the

‘magnetic tape buffer storage area.

The checklist page is then moved intoc the deslignated display file ares
where RPRC will supervise the presentation and execution of the checklist
gsteps. When a page is completed a return is made to CLCU to provide the
next page, On this entrance, CLCU restores link ftable indices and repeats
the oPefations with ITEX and the display file area, A test is made to

' determine if the last page of the checklist has been processed. If more
'paées ;re required,.CﬁGU gaves necessary data and'exits-xfor‘RPRG action.
When the last page has baén obtained, CLCU providas RPRG'with line count
: information and completes its functions unti} the next raguést.. Figure
5142 is & flowchart of CLCU, and also provides infdrmation-on normal

procedure checklist requirements and link table format.

Emergency Procedures Call Up (EPCU) routine is used to :
» Find a requested emergency checklist
» Verify and move the checklist to the designated display-files and CRT's
+ Provide informatiﬁn to EAAP for use’in the supervision of checklist

execubtion.
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EPCU 1s entered initially when a need for an emergency checklist is
determined by the system's executive program, To provide redundancy

and confidence in the checklist accuracy two coples of each 1list are
stored in memory end an additional copy is available ;n magnetic tape

if required to resolve conflicts betwesn the copies in memorx. When

EPCU is first entersd the emergency number is provided and ERGU conducts
its initielization procedures. The table lookup index is seé and check-
list word and line item counters are initialized. Entering the table,

the checklist starting addresses are obtained. The tape search code is
also obtalned for later search procedurss if required. Figure 5 143
illustrates these initialization procedures, Using the address in-
formation obtained from the link table, the first word, 01, is obtained
from its prestored memory area, and the copy of this word, G1, ig obtained
from its storage area (which is a kn;wn increment from the storage are=s

of the original chacklist)., These two words (the first four characters

of the chscklist title line) are compared and, if they are the ssme; O1
is used in assembling the title line., If they do not compare, a third
copy of the checklist is obtained from the mass storage on magnetic tape
by caelling on TTEX using the search code found in the link table. This
copy is then used as a majority voter in resolving conflicts between the

checklists stored in memory,

After each word is read, comparsd and assembled as part of the current

checklist line item, a test is made to determine if the word being processed
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1s an end of line code (the 7777 of Figure 5.14, ). If it is not the
end of a line, the word counter is incremsnted; the next word in the.
checklist is obteined and the process is repesited., When the end of line
code is encountered, thesiine item is moved so that it can bé displayed
under EAAP control. If the item is the emergency‘checklist title line,
it is moved to the designated CRT. EAAP clears the remainder of the
display and weits for the checklist lines form EPCT. As-each.checklist
item is completed, EPdU'aends it to the designated displsy file. When
‘tha required action has been completed by the flight crqﬁ, EAAP reenters
EFCU with a request for the next item in the checklist.. EPCU restores
its word end line indices and assembles the next line. 4 test is madse
to determine if the current line beipg procesged is in the last ong-in-
the checklist., If it is, an'end'of checklist flag is seﬁ for EAAP's i;-

formation and EPCU has completed its functions for the current request.
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5.7.3 Executive Program

Each computer contalns an executive program which controls the ssquencs
and timing of the executlion of all other programs in the computer exceph
interrupt routines. Executive programs, in general, reduce computer
efficiency since they require the execution ;f instructions which are
non-productive to the primary computer tasks. In an avionics application
the computational requirements upon the computer are well specified which
allows a minimal exscutive program to be used. Each program required

by the avionics sys%em is executed at its specified rate:which is elther
T, 2, 4y 8, 16, 32, or 6/ times per second. Thus each program cén be

classified into one of 7 groups assoclated with its exacution iteration rats.

The assumed executive program contains several tables used in the control
of the program execution flow. These tables are:
é@ﬁ;y Address Tables There is an entry address table for each rate
group. Each table contains the entry addresses of all of the programs
in the computer to be exscuted at'the asgoclated exsecution rate., The

first location in each entry‘éddress fable 1s designated EATO1, EATOZ,

EATO4, ete., for the rate groups 1, 2, 4, ete., respectively.

Address zép;g Pointer Table This is a table with 7 entries, one

for each rate group. Each eniry is a single word containing the add-
ress of the word in its associate entry address teble which contains
the entry address of the program presently being exscuted in that rate
group. Hach entry in the address Table Pointer Teble is given its

own designator, ATPO1, ATPO2, ATPO,, ete. Figure 5-145 shows the
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Figure 5-145 Main Exscutive Tables
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relationship between the Address Table Pointer Table and the Entry

Address Tables.

Schedule Table The schedule table has seven entries, one for esch
rate group. Kach entry consists of two words. There is one for

one correspondence between the words in the Entry Address Table, and
the ‘bits in the first word of the schedule table for each rate group.
The most significant bit in the firat word in the schedule table is
assoclated with the last entry in the entry address table for the
corresponding rate group. If the bit is a ™" the program wlth the
corresponding entry address is scheduled, and if "O" not scheduled.
The second word in each Schedule Table entry is the value that

thé first word had on the previous iteration through the same rate

group program.

' Temporary Stofage Schedule Table During execution of the programs

in & rate group the data within the schedule table is shifted., The

Temporary Storage Schedule Teble is used to store the shifted resulis,

Rate Group Status Table The rate group status table contains one word
for each rate group. FHach word contains the execution status of its

rate group in the following manner:

Status Word Negative - rate group has not yet been run
Status Word Zero - rate group has been completed
Status Word + 1 - rate group 1s being run and is uninterrupted

i

Status Word + 2 rate group is being run and is interrupted
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Register Storage Tables The Executive progrem has an associate

Exgcutive -interrupt routine which establishes the timing of all
programs based upon interrupts derivgd from a clock signal. The
interrupt routine must have available a storage area for each rate
group in which to store all computer registers when an interrupt occurs.
The status wérd for each rate group will be stored in the Register
Storage Table for that rate group, thersfore the Rate Group Status

Table is a part of the Reglster Storage Table. .

Thége are two programs used to perform the executive funé%ion, éf inte?rupt
routine whiéh_is executed every time a clock interrupt occurs,and the main
executive program. 4 transfer to the main executive. program occurs at

the completion of éach-scheduled computer program and from the intgrrupt
routine, The interrupt routine is shown in detail in Figure Sn{ié. Uppn
entering-the interrupt program the interrupt system is tamporafilj disable&.
The point at yhich the interrupt system is reénabled'is-dependent upon the
relationship batweén this aqd other computer interrupts., All of tﬁe conpite
registers afe.then"stored in main memory. The area in main memory useé to
étore the computer registers is dependent upon the rate group that was
being executed when the interrupt occurred. The main executive routine
-stores the Beginning address of the memory area to be used in a location
avallsble t§ the interrupt routine (this location is given the designation
IRRGA-in the example). In the example shown in Figure 5—{;6, the registers
are gtored By first temporarily storing the contents of index.regiater 1.
Index register 1 1is tﬁen loaded with the main memory storage area location.

The accumilator (A) and lower accumulastor (B) is then stﬁred into the first
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two locations of the main memory areas by a double length store command,
The temporarily storgd contents of index regieter 1 are then loaded
into the accumulator and stored into the main memory areé. Each add-.
itional index register im then transferred to the accumulator end .from
‘the accumulator to ‘the main memory storage area. JSeven index registers
are assumed in the sxemple. fhe status word for the interrupted rate
group is then set to a value of plus two. In the example the main memory
storage ares for each rate group is ten words and confains the following
‘stored data.
1. &accumilator
2. lower accumulator
3. index regisfer 1
4e Index registér 2
- 5. index reglster 3
6. index register 4
1. index register 5
8, index register 6
9. index reglster 7

10. status word

The fastest rate group is 64/sec and the interrupt occurs at 64 times
per second, Thus all of the 64/sec programs that are scheduled must be
executed each time the interrupt occcurs. The main executive program causes

all the programs in & rate group to be exsucted once if the status word



is negative, Upon completing the execution of all the programs in a
rate group the main executivalprOgram gtores a zero in the status word
for that rate group. The 64/sec rate group status word is first tested
for zero. If the status word is not zero, a computer timing overload
has occurred and appropriate action such as issuing error messages,
descheduling now critical tasks, etc., must be taken. If the status word
_ 18 zero, indicating normal program operation, it is losded with a minus
value causing the 64/sec rate group to be rerun. The main program timer
is then incnpmented by 1. A typical binary counter incremented fy 1
every 64th of a second and the rate groups that should be scheduled are

00000b1 64,

0000010 - 64,32

0000011 64

0000100 64,32,16

0000101 64

ete

From this exgmple'it can be seen that the 64 /sec rate group is scheduled
every time, the 32/sec rate group is scheduled whenever the least signif-
icant bit is zero, the 16/sec rate group'ﬁhenever the lsst two least
significant bits are zeroc, etc. The example also shows that whenever a
rate group is scheduled all other faster iteration rate groﬁps are also
scheduled, The timer is used to determine which rate groups are scheduled
by exescuting & ser;es of short right eycle shifts and testing thf accumy.

lator sign biit after each shift. Each rate group is rescheduled: by testing
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itﬂ status word to determine if a computer timing overload has occurred

anﬁ then loading the status word with a negative number.

Thé time and storage recuirsd by the executive lnterrupt roufine Is
deﬁendsnt upon the number of resgisters to be stored, the number of rate
gr?Pps to be run, and computer instruction repertoire. The example
prqgram requires the execution of 2201 instructions sach second and
58 memory locatlons for instruction storage not including the srror
ro%tines which are executed in the event of a computer timing overload.

: ‘ ;
The main executive program determines the order in which alll scheduled
prolgrams‘ are run. The fastest rate group programs are alway; first., Each
schfduled program returns to the executive upon completioh of its tasks,
Figuré 5-f¢7’shows example coding of a main executive program. Upon
enﬁ%ring the program, the interrupt system is disabled. The 64/sec rate
grépp status word (SW64) 1s then tested with one of four possible branches
taﬁ%n dependent upon the value of SW6/ beilng negative, zero, plus one, or
plﬁF two, If the value is zero the 32/sec rate group status word (SW32)
is .ested in the sams manner. This process of feéting gtatus words con-
tinFes until a non-zero status word is encountered. The status words are
tes%ed in the order of fastest to slowest rate group. ~ If all status

WOTFS are zerc the example program contains programming'ﬁo place the com-

puiFr in a wait mode, This programming, shown with an entry address of
t
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EXEC

TS’ T3Z

rsros

T3roo

H‘fES?_

pE32
!;P32
l‘_E32,

END3S2

nIs
LA
TRI
THN
suB

TRZ
TRA

LDA

L%
LAB
DEC
LLS
TRP
ST*
SAB
LA
STA
LOA
ols
ENT
TRA%

LDA
ST
TRA

7532  LDA. MA SET REGISTER
7 STA ng%éA STORAGE AREA
LDA  ONE. SET STATUS WORD
TEST C#/SEC 8TA 5W32 ;
STATUS LAB M532
LDX MS53242%1
LDX MS22 13,2 LOAD REGISTERS

3wWel
TST32
NEG
ONE
036¥
TBGY

SW32
757G
HB32
oNE
08352
7832

LPX HM53% fS, 7
ENT
TEST 3=/5eC TRA © 3 !
STATUS

Swol
TETOD
HEO! TEST HseC
ONE STATUS
oBol ]

TEof

} WAIT
FsToors

ST 32,

8Sr3z+1 THITIALIZE
AFAT3Z2,2 RATE GROUP
LE3Z2

N W \_.~,__J‘l

ATP322 PICKUP SCHEDULE wWORD AND

STP32 MADDRESS TABLE FOINTER
X2 resr rofR NOAT

) SCHEDULED FROGRAM
LP32

ATP32,2 STORE SCHEDULE WoPfD AND
Ly gici ADDEESS TAELE FOINTIR,
MACE ~AT REGISTER STORAGE APFA
TRAGA

ONE ST STATUS 1WOFD

[ e .

0,2

ZERO } FINAL RATE GROUP

SWEZ PROGFEAIM

EXEC

Flgure 5-147 Main Executive Program
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TSTO0, firet enables the interrupt system .and then executes, a transfer
instrgption;;transferring to 1tself,which placed the computer .in a
one word loop waiting for the next timing.interrupt. In the actual
flight program an additional rate group will probably be definad.. This
is a background rate group which is executed whenever all othér rate
group programs have been completed, If a background raté group exists

the computer is never placed in a walt mods.

The example program of Figure 5-147 shows only that programming required
by thé 32/sec rate group when the status word is non;zero. The program-
ming for the other rate groups is identical except for tﬁe data addresses.
If the status word is negetive then none of the programs in the rate group
have ‘yet been run. Thé new and old schedule téble eﬁtries ar; loaded in-
to the accumnlator and lower accumulator with a double 1engfh-load"in—
struction. The new schedule value in the accumulator is then stored into
the old vﬁlﬁe position in the schedule table %o update the old value for
tﬂe ﬁext time the rate group 'ias to be run, Index register 2 1s then loaded
with the address of the last word in the entry address table for the raﬁe
groﬁp being processed. A transfer to the loop test for deterﬁining which

program is to be run next is then executed.

If the status word is plus one, the rate group is in the process of being
scheduied and has not been interrupted in the middle of exeéuting“a program,
The -address table pointer is loaded into index register 2. Note that the

negative status word branch loaded the initial address table ﬁointer value

H
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jnto index register 2., The partially processed schedule word and it

0ld value is loaded into the accumulator and lower accumulétor from the
temporary storage schedule table by & double Jength 1sad ingtruetion,
Index register 2 1s thsn decremented by one and the eombined aceumaiator/
lower accumulator shifted left one bit position. The most sl gnificant bit
of the acdcummlstor is then teated, If the bit is‘a one, the asfociated
program is scheduled and if zero, the assoclated prograﬁ is not - scheduled,
Tf the bit 1s zero, a transfer back to the decrement index instruction

is éxmcuﬁed. A th?ea instruction loop of decrement index,shifttand test
is thus periormed mtil a one bit is encountered in the most significant
bit of the hceumilator, The program branch taken with a negati%e status
word enters ‘this loop at the test instruction after initiaiiziﬁé the -
aeaumulatorflgwsr accumilator and index register. TUpon encountering ;
one in the accumulator most signmificant blt position, ths index register
is stored back inta the addrass table pointer table end the accumula%or
and lower accumulatgr into the temporary storage table. The address of the
arsa in which the interrupt routine stores the computer reglsters for this
rate group is stored into the proper interrupi routina word. The status
word for this rate group ig then set to plus one, the interruptisystem .
enebled , and a transfer to the beginning location of the. scheduled p?cgram
is executed. .In.the exsmple this transfer-is an indirect transfer om

index rerisfer 2. ’ ' “
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Each rate group has a special program which is always scheduled as the
last program to be executed in the rate group. This program when executed
stores a zero into the status word for that rate group signaling the
executlive program that the rate group is completed until it is recalled

by the interrupt routine.

If the status word is plus two, the rate group was interrupted during its
last execution. If this is the case, the ‘computer reglster storage

area is set for the proper rate group. The status word is set to plus
one, the computer registers loaded from the register storage area, the
interrupt system enabled, and a transfer to ths interrupt‘return address
executed. In the example it is assumed that the return address is left

in index register number 1 when en interrupt occurs.

The loeding and storage required by the executive program ia dependent
upon the total number of programs in the computer and the Pumber of
programs scheduled at any one time. The example program described above
mede no provision for the number of programs in any rate group being
greater thaﬁ the number of_bits in a word, To provids fér more programs
per rate gréup than bits per word requires that the programs in each rate
group be divided into subgroups with each subgroup containing the number
of programs equal to the number of bits in a word. The last program
executed in each subgroup reinitializes the address table pointer and
temporary storage schedule table for the next subgroup. Defining the

parametsrs T64’ T32 ***** and T1 to be the total number of programs in
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each ratg group 'and N64’ sz ¢+« and N1 the number of,prograqs scheduled
at & particular time in each rate group excluding the special end pro-
granms, t%en the mmber of short instructions executed per second by the
'GXBcutivg is approximately

4385 + 024Ny, + 576Ny, + 320N, + 176N, 196N, 520, + 29N

+ 1927, " +96T32 + 48T, 24T4 + 12T 4 +61, + 31, ‘
Combining the overall requirements of both the main executive.program
an& the egecutive interrupt program yields.

b4

Exscution Cycles per second
6586+40?4N64+576N32+320N16+476Né+96N4+52N2+29N1

‘4492T64j96T32+48T+24T8+42T4+6T2+3T1
Instruetlion Storage Aresa

341 + Oyerload error routines == 550.1bcations

Congtant §torage Area
25+ T
Variable.Storage Area

108
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5.7.4 Subroutines

The mathematical subroutines of gine, cosine, tangent, arcsine, ar-
cosine, arctangent, exponential, logarithm and matrix multiply ars
required by the IMS programs. These functions are generated by poly-
nominal approximation to least slgnificant bit accuracy. For all pro-
grems except navigation and guidance the required accuracy is 16 binary
digits; for navigation and guidance 32 binary digits are required. The

computational -requirements for each function are given below.

Sine and Cosine

The sine and cosine are generated by a double entry subroutine by
applying the formula

COS(X)= SIN(%-X) (1)

The input argument to the subroutine will be scaled in semicircles gt
binary zero which autonatically reétricts the range of the input ar-
gument in radien measure to be betwsen -~ ard +IT . {pon entry to
the cosine subroutine the argument is subtracted from % (i.e.,%&adians
scaled in semicircles at binary zero) reducing the cosine generation
to that of generating the sine funetion. In generating the sine functio

the input argﬁment range is first restricted to positive arguments by

use of the identity

SIN (XY= - SIN(X) (2)
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The output argument is then generated by

{ a3 Xb+ ayxtrq, x*+a, : if osx <&
T o lx-BVeb (- T, i6Z<xém (3)

for 16 binary bit accuracy.” For 32 bit accuracy an additional 2
torms muqt be added to each polynominal of equation 3. The average
gine and cosine subroutine characteristics are

Single Precision Double Precision

Total Instructions 28 ' 32
Short Constants 11 2
Long cdns,ta;ats . 0 13
Short Vgriable 3 0
Long.VEriable : 0 3
Fast Normal Path Instructions 26 28
Slow Normel Path Imstructions . 4 6

Tangsnt

Input arguments to the tengent subroutine will be' restricted to lie
between 7T and +/T radlans, Within the subroutine an argument ;aﬁge

reduction will be made by employing the identities

TAN(=XY = = TAN(X) - (4)

|
TANX)

1T -
TAN(Z+%) = - (5)
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2 TAN(X)
| - TAN*(X) . (6)

TAN(2X) =

Equation 4 1s used to restrict the argument to between 0 and T Tradians,
equation 5 to between O and ‘%% radians, and equation 6 to between O and

T radians. The tangent is then developed from the formula
g

TAN(X)=X(Q.;X3+a3X°+Q2x4+q,xz,aqo) -
7

for16 bit accuracy.For 32 bit adccuracy four more terms must be added to

equation 7. The computer requirements for tangent become

Single Precision Double Precision
Total Instructions 51 59
Short Constants 8 ‘ 0
Long Constants 0 12
Short Variable 3 0
Long Variabls 0 3
Fast Normal Path Instructions 37 A1

Slow Normsl Path Instructions 8 12

Arctangent

The arctangent subroutine has two input arguments, X and Y, The sub-

routine generates TAN™ | (Y/X). Within the subroutine an argument Z
is constructed from
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. X/ if IxKiyi
Za{ Y/x  if \KKI (&)

This limits the value of % to the range-! £ Z%1 .  The subroutine
output is determined from

+TAN"!Z i IR 1Y)

W) =
AN (7] {z(-;f-rm-'z) TR RAN (9)

with the appropriate sign chosen dependent upon the signs of X and Y.

The value of TAN"'Z is evaluated from

TAN-'Z___ 7z a, Z4+a.22+do

be Z%+ b, ZE+ bo (10)
for 16 biit accuracy and
ANz = 7 a,2%+ d,25+0,2"% a,2%+ o ,

- by 2o+ b, 2% +b,Z%+ b, (41)
for 32 bit accuracy.
The compqter requirements for the arctangent subroutins are !

Single Precision Double Precision

Total Ins?ructions 46 52
Short Constants 7 0
Long Constants 0 10
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Single Precision =  Double Precision

Short Variable 6 1
Long Variable 0 - 5
Fast Normal Path Instructions 3 34
Long Normsl Path Instructions 8 11
Square Root

The square root subroutine consists of three parts, range reduction,
Initial estimate, and an accurate convergence. Upon entry to the
subroutine the input argument, X, is tested for zero and if zero an
immediate zero square root value is returned. If X is not zero its
range is reduced by a ndrmalizing process. A blnary number scaled at

binary zero having ‘2 n + K leading binary zeros can be represented by
X=X, 2730 +K) (12)

where % <£X.<! and X is either 0 or 1.

The X is then given by
ﬁ(- = VXOZ_K + 2"” (13)

The normalization process determines the value of n and

-K
X o= X2 :
(14)
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An initial estimate of the value of VX, is obtained from

Ya= Az X+ @, %, +4, (15)

This initial estimate is improved to 16 bit accuracy by performing

a single Newton - Raphson iteration of the form
LA
= = [LL
Yas1 = 7 (Yn-f.\/n)

By applying a second Newton - Rophson iteration, 32 bit accuracy is

(16)

obtained: The final resulé is obtained by shiftiﬁg ¥ right niplaces.

The compitar requirements for the square root are:

Single Precilsion Double Praeision
Total Indtructions : 29 "33
Short Cohstants 4 4
Long Constants _" 0 0
Short’Vaiiablas . 3 1
Long Variables . : 0 2
Fast Normal Path Instructions 22 - 25
Slow Normal Path Instructions. 4 (5

Arcsine

The arcsine subroutine applies the formuls

SINT!(xY = TAN"(‘;{TT—’;(") (17)
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which 18 solved by using both the square root and arctangent sub-
routines. The total requirements of the arcsine subroutine are then

Single Precision Double Precision

Total Instructions 11 ' 11
Short Constants 1 0
Long Constants 0 1
Short Variables 1 0
Long Variables 0 1
Fast Normal Path Instructions 63 69
Slow Normal Path Instructions 13 17

The instructions required in executing the arctangent and square root

subroutinea have been added to +the Normal Path Instructions,

Exponential

The exponential subroutine first restricts the input argument to the

rangs 0 to 1 by use of the formula

ToX
€ ¢ (18)
The exponentisl function to 16 bit accuracy is determined from
e = quxtrazxPra x*rax +a, C T (19)
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For 32 bit accuracy threa more terms must be added. The computer

requirements for ths exponential function are

Single Precision Double Precision
Total Instructions 18 24
- Short Constants ) 5 0
Long Constaents 0 . 8
Short Variables 2 1.
Long Variables 0 1
Fast Norgal Path Instructions- 14 17

Slow Normal Path Instructions A 7

Logarithm

r

The loga:gi'!:lim subroutine generates an output y for the input argument

X where

Y= Iogex ) (20)

For an ogtpu'@ té) exist X must be greater than 0. For a 16 bj:t'ﬁo?;i

the smallest possible value of X which is greater_tha,n 0 is I;_15

and for g 32 bit word it is 2701, Taus if 27 °SX <1 ‘then ~10.40.
<Y< Oandif 2721 < X < 1 then -21.49 < 240'.‘ The 16 bit

aceuracy output will be scaled at binary 4 and the 32 bit ouiput at

binary 5,
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Representing X as

x= X0 2" here %sxoﬂ

allows y to be written as

Y= Ioge()() = |ose (x;z"") = 'oge (Ko)"n109e (2)

The range of Xo is further resitricted by defining

{xofé‘ WF
X, =
Xo ;{'

_{IogeX,- loge¥2Z if S <X, <_Y%z“,
!

loge X, IF vz $Xo < |

an intermediate value is formed from

X, =1

Z = X, +1

For 1 6.bit accuracy
loge X, = @, 2%+ a,

and for 32 blt accuracy

é
loge X122 Q3 Z + Ay 2%+ a,z*+a,
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The computer requirements of the logarithm subroutine 1les then

Single Precision Double Precision

Total Instructions 37 41
Short Constants 7 1
Long Congtants 0 8
Short Variables 3 1
Long Variables 6 2
. 'Fast Normal Path Instructions 28 30
Slow Normal Path Instructions 6 8

Y

MBtrii Multiply

The matrix mu;tiplf gubroutine is used only by the 32 bi% accuracy
progréms. The subroutine can be written elther for rapld execution-
or ‘for minimum storage requiremenis. Because théiroutihe is used
-by a 64 per second rate group program, the sizing esiimates ars based
upon & miﬁimum execution time program. These estimates are:

Double Precision

Total Instructions 102

- Short Constants 0 -
Long Constants 0
Short Variables 0
Long Variasbles 0
Fagst Normal Path Instructions 75
Slow Normal Path Instructions 27
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Sunmary |

i summary of‘the memory gtorage requirements of each:subrbutiné

i}écka‘age is: .
) Single Precision Double Precision
Total Instructions 220 54 :
Short Constants 43 7
Loﬁg Constants 0 52 ¢
. Short Varisbles 21 4

Long Variables 0 17

A summary of the required execution times is given in Fig;ure 5-148

SINGLE PRECISION- DOUBLE FRECISION

FAST SLOW FAST Y | SLOW

SIN & Cos 2 6 yﬂ 2 8, " A
TAN 37 3 4/ /2
SIN 'tcos™ 63 /'3 67 | 17
TAN™! 3 8 34 //
CEXP. : ’F 4+ 7 7
LOG 28 A 30 8

B e 22 i 25 5
MATRIX MULTIPLY 75 27

Figure 5-148 Subroutine Execution Times
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6.0 DATA MANAGEMENT SYSTEM EVALUATION TOOLS

This section presents details of two techniques used to evaluate the dats
menagement system. The first tool is the Evaluation of Shuttle Computational
and Processihg Bvents (ESCAPE) program. The significant results of this
program wers presents& in Volume I. This section gives:information of

value t0 a user of the program, Included are program variasble ﬁéscriptions,
card deck characteristics and instructions for initializing and running

the program, Program flow charts, listing, and printouts of sample

runs are pro%ided.

The second evaluation tool uses standard reliability techniques to comparse

the three IMS computer configurations basic to this study.
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6.1 EVALUATTON OF SHUTTLE COMPUTATIONAL AND PROCESSING EVENTS L{ESCAPE) PROGRAM

t
6.1 .1 Program Objectives

The aime of the simulation program deacrifed below may be summarized as

follous: ‘ ‘

- To generate processor and data network loadiﬁg time l1ines

- To simplify the task of estimating the effects on processor and I/0 loading
of changes in program.modules and 1/0 characteristics - .

- To allow an sasy comparison of configuratlons of the IMS with different
nurbers of processors -

" - To permit easy collection of’data‘on processor and I/bjloaging with
various program module arrangements within each processor configuration

- To determine the processor capabilities necagsary to handle the loads
for various configurations _

- .To determine the T/0 network capacity‘to handle the loads required f«
each- configuration

- To détermine the DMS system required to handle different program

implementations.,

These objectives will be- discussed below:

As the system evolves, new program modules and data points will appear

and others will disappear. To keep up to date on the perfo?mance required

~ to mest these needs, tﬁe changes are inserted into tﬁe program initislization
degk and a re-estimation of processor capaﬁilities and networg laadings is

made, There mey also be some further system experimentation.
i

Fach of the configurations can be tested to determine how ruch processor

and how capable a data transfer scheme are required fo handle the tasks
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imposed upon them by the mission, This will be done for a given program

and sensor implementation.

Within a given configuration there is another degree of freedom -~ the
arrangement of programs. Program modules may be moved around in &
attempt to achieve wminimal CPFU and network loadings. The current im-
plementation of the program requires that the analyst change a_few

processor asslignment data cards to effect thls change.

Each of these steps assumed & fixed processor capability, which is
specified in the program as the number of processor cycles reguired for
the fast and slow instructions, program parameters which have besn devel-
oped elsewhere in this document, and which include instructions exscuted
in math routines. These processor characteristics may also be changed

to reflect advances in technology or to permit the svaluation of different

processors.

The utilization of the tool may follow some such scheme, A program and
data description are placed on date cards., For this realization & pro-
caegsor configuration is chosen and the simulations of several program
arrangements are made. This step mey be done in one computer run by
sﬁacking varous arrangement decks, A new processor configﬁration may be
chosen and the iteration repeated. The object is to give the analyst
enougﬁ data to look at to make a good decision concerning the numbér of
processors and the type of data transfer schems < data bus, hardwire etc -
most appropriate. The total process or some part of it msy be repsated
for various ﬁrogram and deta point changes and for various processor

instruction éharacteristics,
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The intention is that the program remasin a tool throughout the period
of development of the computational algorithms -and the vehic19 con-

figuration.

It should be mention;d that the program may be described as a static
simplation of_fhe gystem. The term static implies that the dynamic
aspects of system.operation such as memory access conflicts and-date
flow have been replaced by constant descriptors which may represent
.average, worst-case, etc estimates. The dynamic aspects of system
performence only become visible after further decisions have been
made in the‘system realization, such as processor instructions and

channel characteristics, date transfer network and so on.

In the listing included here a worst-csse assumption has been made
concerning memory conflicts - each I/b'transfer represents a cycle steal

from the processor.

The program has _been written in Fortran VY, an enhancement of Fortran

IV availeble on_the Univac 1108,
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6.1.2 Program Description

1

The structure of the ESCAFE program has been designed to. achieve
the objectivés stated above. The program has been desigﬂed,as a serles
of concentri¢ loops. The outer loop is the configuration-loop. The
user specifiés a program arrangement withina set of processors (from

two to eix pﬁocessors are currently available) and a simulation is run.

. The user may then:re-arrange the program modules via input cards in the
original run 'deck and re-execute the simulation. We saé-that the outer
loop consists of the configuration changes (changes in the number of
proéessors) and fhe inner loop consists of the n program rearrangéments
(m & 99) within s given processor configuration. All of thesa rhanses

are effected rhrough the run deck,

The innermost loop contains the simulation portion of the program. This-
secpion 1s event oriented, with thelprogram.module start and stop times
forming the event list items, At each time. on the event list the processors!
loadings are calculated by summing the fast and slow instructions éxecuted
by each asctive program module and the I/0 transfer rates of these programs.
The processors! loadings are expressged in number of processor busy ‘eyecles,

including memory conflicts, and the inter—processor I/b ratea.

The- outputs include the processor and program summaries at each event time
and the processor summary table and maxima, which are printed after all
events have occurred. The latter two summaries are printed once_for each

program arranéament.
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6.1.? Initialization Section

The finitialization section is used for three purposes: 1. First pass
through the program. 2. For each program re-arrangement. 3, For sach

new processor configuration.

1. gizgt_pggg ,
- The first card read specifies the number of configurations which are

to be simulated in the run, the number of program arrangements for gach

of these processor configurati ons and the number of processor cycles

for %he fast and slow instructions. The data on this card determines

the punber of passes through the initialization section since a new
initialization is necessary for each configuration and each re-srrangement.
The Jast two fields on the card indicate the processor characteristics to
be simuisted throughout the run. This card is unique to each run and

ia read on first pass only.

- The REPORT card(s) indicate whether or not the program report is to be
printed and, if so, which programs are to be reported on, This card(s)
appegrs for each new configuration, allowing the user to vary his selection
duripg the run.

- The processor assignment cards appear next. First there is a processor

1T .
number card with the format given in section 6.1.5 This card is followed
by ope or more arrangement cards listing the program modules assigned to

processor 1. Then comes the processor 2 card and its arrangement cards,

ete.
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- The program module data cards come next., These cards a?e-read,once

per simulé£ign run and contain date which generally does not change

very frequently - is.invariaﬁt for & number of runs. The fields contain

the four-letter program mpemonic (listed elsewhere), the ﬁumber of slow
instructions executed perlbrogram cycle, the number of fast instructions
pér piogram cycle, the program frequency in cps, the start and stop times

of the module and the number of data cells - number of cells not accounted
for by fields two and three. Note that the numbers in fields %wo and three
‘may be the average number of instructions executed per .pass, worst-case
.estimates, e@c.‘ The data cell number should b? adjusted to account for
program sizi@g. ’

- The I/0 daﬁa cards afe read last. These cards are like the program data
cards ;n thai ﬁhey are .read just once per simulstion and shouid ba
~relatively siowly)varying for a veh;cle configuration; ‘fhe fields inclu&e

a six letter mnemonic for the data polnt, the data frequency in éps,‘the‘
data word ledgth in bits, the data source module and the destination moduie(é).

The latter mnemonics are the four-letter prograﬁ.modﬁie mnemonics.’

The progran ﬁédule and I/0 data cards will form a rather sizablezdeckl— a
thousand cards or éé.’ At & later date, when the system-is more ébcurately
kﬁown, this data may be put in the progrém in DATA statemhnts‘té obviate the
éxecuiion of Fortran READ statements. Thistchsme will be paréicularky

useful when executing the program using an object deck.
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2. Program rearrangement

For each configuration there may be one or more program arrangements
used. To simulate this situation cards simllar to the processor
arrangement cards are read. The difference is that only those programs
beiné moved nead be lisied after their.new processor, If“the rearrangs—
ment onl& involves transfers to one processor then only that processor!s
cards need be included. In any case these cards are read at the time of
& new simulation i.e. the input deck 1is not read together but rather in
batches, after the events list is exhausted and as directed by the

configuration card.

3. Configuration Change

For each configuration specified by field one of the configuration card
there is & report card(s) and a complete set of processor arrangement
cards. A complete set means that each program module in the program data

deck should be listed under one. (and only one) processor card,

Another function of the initislization is the establishment of the events
list TEVENT(I). The program module switch-on and switch-off times are
placed, non-redundantly, on the events list in increasing time order.
This task must be performed for sach program arrangement simulated since
the same set of events occur for each arrangement and in the execution of

the program the events list gets wiped out.
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There are at present several limitations on system initialization which
should be mentioned. These limitations wers made to conserve space in

the program and can be changed without major programming effort.

One limitation is on the number of destination modules of a pilecs: of
data. At present the maximum number of destination modules is nine,
which represents the number of available fields on the I/0'data cards.

A= the system determination evolves this limitation will be tested.

Another limitation on the system is the number of processors which are
permitted. The arrays PROCS and PROCSM have been set up to éllom gpace
for sixz procegssors, This constraint can be changed if there is a‘ naed

to do 36.

Those'arrays whose dimensions have been set using PARAME?EB statements -
should be noted. The use of parameters was to minimize re-pﬁnchipg which -
will be necessitated when the mumber of programs, number of data points,
number of eventé etc., are better known, As the system evolves thesé -
parameters will probably change. The description of‘thevarrays in Figure

61 indicates the interpretation of these perameters.

Another importént point is the treéatment of the exterﬁal data souices. .
- . ]
To take advantage of the symmetry between the transfer of data between

{
program modulfs and between program modules and external devices the following
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convention has been sstablished - one (or more) program modules re—
presenting the external dats sources are-assigned to an additional
processor, These modules do not execute instructions, all they do

is transfer data. In the examples in the output section‘it is seen
that all I/0 data from external devices comes from {or goes to) a
single modulse palleé BXTF, This module has been assigned to ?he laat
(pseudo) processor and is scheduled at time zero and runs to the end

of the simulation since data from the e#ternal devices 1s generally
present when a program module switches on. This convention means that
& one central érocassor gystem will be simuleted using two processors

etcf

It is wérth noting that this .convention concerﬁing external devices
:allows the geﬁefation of deta concerning specific data types by gssigning.
$o them their own module names and switching tlmes, ﬁormélly, however,
the external date socurces are treated as being lumped.in a siﬁgle module

‘which operates during the whole mlssion,
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Arriya .
T0DATA(T) = A Unear array holding I/0 data

¢ell 1 - Pointer to next data set
Cell 2 - Six letter data point mmemonlc e.g. ABCDEF
- 6all 3 - Frequency of date - transfers/ssc.
Coll 4 - Data length por transfer, in bits
' Cell 5 - Four latter origin program rodule mmemonic e.g. ABCD

Cell 6 - Four letter destination program module premonic e.g. EFGH
« K destinaticn modules
. - .

Cell 64K - Polnter to next data point

ete.

ITEM(I) — Linear erray used for temporary storage

ITEME(I) ~ Iinear erray used for temporary storage
Fquivalonced to TEMP(I).

NOPROG({Y) - contains a alphabstic form of processor numbers i.e
NOPROG{1)= ONE, homc(z)— W0, etc.

®e(IY - Linear array used to contain status indicator for programs
invelved in I/0 data transfers.

NRRNG(T) - Number of arrangements for each configuration. NRRNG'U)'

) containe number of program arrangements for processor -

configuration 1, ete.

OPTF(Z,Jd) - A tvo dimensional array. HEach row corresponds to a

processor. The colwms ere as follows:
Coluzn 1 - Processor mmbar
Colmmn 2 - Maximum input rate for that processor
Column 3 - Time of oceurrence of waximum
Golumn 4 - Maximum output rste for that pr'cvcessér
Colwm 5 - Tiwe of occurrence .
Column 6 — Maximum mmber of busy cycles
Column 7 -~ - Tize of accurrence_
TEM(I) "z Array used for temporary storage
Equivalenced to PROGCSH,

8
TEMP(I) ~ Array used for temporary storage. Equivalenced to ITEMP(I)

14 .
TEVENI({I) - Arrey used for ovent times.
TEVENT{1) « TEVENT(2) <€ w——

Figure 6-1 ESCAPE Prozram Varisbles
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PROCS{I,S) - Two dimensionel array containing processor informatien.
Each row corrsaponds to a different processor, The
colums are as follows:

Golumn 1 — Processor number

Column 2 - Totsl mumbsr of slow instructions executed

Column 3 - Total mumber of fast instruction execubed

Column 4 — Number of bits par second input from processor i

Colum 5 - Number of bits por second output to processor 1

Column & ~15 = Similar to 4 and 5 for processors 2 through &

Column 16 - Number of I/0 memory cycle steals

Column 17 - Total number of procsssor busy cyclss

Column 18 - Number of cells occcupled

PROCSM{T,J,X) ~ Thres dimensione) arrey. Firat index corresponds to
processor. Second index corresponds to the event
times. The colwms are:

Coluwm 1 — Timo .
Column 2 — Number of busy cycles for proceasor I
Column 3-14 — Correspond to colwms 415 of PROCS(Y,J)

PRODAT(I,J) — Two dimensional axray contalning progran module informetion.
Fach row corresponds to & progran medule. Bach column
is &8 foliows:

Colutn 4 — Four letter progran module mnemonic e.g., ABGD, left justified

Column 2 — Activity flag, 1.= ON, O,= OFF

Colum 3 - Processor numbor that program is assigned to.

Columm 4 = Humber of alow Instruciions cxscuted

Columm 5 — Number of fast jnstructions executsd

Golumn 6 — Frequency of Exocutlon

Golumn 7 — Program start time

Column 8 ~ Program stop time

Column 9 - Kumber of dats cells of program

PROGS(I,J) - Two dimensionel array containing information for
the optional progrsm reports,

Column 1 ~ Four letter program modunle mnemonie, lsft justified
Column 2 - Processor numbor program is assigned to

Golumn 3 - Number of proceaser cycles used for instructions
Colutn 4 - Numbox of processor cycles used for I/0 transfers
Column 5 — Sun of 3 and 4

Colum 6 - Output bitrate

Columr 7 - Input bitrate

Figure 6-1 {Continued’
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ARRAKG
CONFIG
FASTCY

NARRNG
RCONFG

NDATAP
" NLIST
NOPT
NFROG
HPROG

SLOWCY

EOFT

KPRQC_

HDATA
NEVENT

NFCCOL

NSMCOL
CPIC

Inportant Program Scalar Variables

Current arrangsment number

Current confipuration number

Number of procesasor cycles for a fast instruction.

If this field is blank on configuration card the
hardwired value 1s used.

Number of program arrangements for current configuration

Number of processor conflgurations to be simdated -
an ilnput parameter. L

Number of data points in inpub card deck.
Mumber of event times currently in TEVENT(I)
Number of programs to be reported on.

Humber of processors in current configuration.
Number of programs in input deck.

Current Index selting for sscond dimenslon of
PROGSM (I,7T,K).

Number of processor ¢yclea for & slow imstruction
{see FASTCY),

Current simulntion time. This is successively set
to each item in TEVENT(I).

Frogram Parsmeters
JHumbor of rows in PROGS ~ maxdmum-pumber of
program options.
Number of rows in PROCS,

Kumber of r'owa.in PRODAT - maxirum number of
prograns allowed in inpit deck.

Length of array I0DATA. This constrains mumber of
data points aliowed'In input deck.

length of array TEVENT(I) - maicdimum mmber af
events allowed.

Number of eolumns in FROCS,

Number of columns in PRODAT

Size of the second dimension.of PROGSM.
This should be. equal to NEVENT, since
for each event & row of PROCSM is writien
Siza of third dimension of PROCSM.

Number of columns in PROGS.

, Figure 6-1 {Continued}
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6.1.4 Exacution Section

The first task performed by the progrem is calculating snd printing
the number of cells oceupied for each processor and the listing of
the program modules stored in each processor memory, This summary

is illustrated in the section on oulput formsts.

The flight-time is set to the top time on the events list and the list

is pushed—up'one storage location.

The program list is scanned to determine the number of fast and slow
instructions executed per processor at the flight time being simulated,
This requires including only those programs which are currently active.

The array NP(I) is used for temporary storage of the program statuses.

Next the I/0 data points are scenned. The object is to determine the
I/0 transfers between each peir of processors. To achieve this deterw-
mination, it must be checked that the origin program module is currently
sctive and that the destination module(s) are also active. Also, redﬁn—
dancies must be filtered out. These redundancies include the case in
which origin and destination modules are iﬁ the same processor or two

or more destination modules are in the same processor. These dats
transfers are not included in the processor summaries since they do not

add to the I/0 network loading and the processor channel leading.

Next the processor busy cyclaes are calculsted, assuming that each 1/0

transfer involves a cycle steal by the I/0 unit, This_assumption is a
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worst case one and could easily be modified using a (constant) conflict
ratio as a miltiplier. A more adequate simulatlon requires the Inclusion
of more detailed program descriptions and the use of dynemic simulation

models,

a

The arrays PROCS and FROCSM are used for storing the processor information.
PROCS is written over at each time on the events list TEVENT, but PROCSM
is used to store data throughout the time-of-flight of a spscific program

" arrangement.

The next phase of the program is collecting data for the- optional report.
Eé;h program module to be reported on uses a rov in the arrﬁy‘PRdGS‘for
storing its current operational data. The calculation of a program's
-data rates dqﬁends on whether or not the programs with which 1t gommuni—_
cates are operational at each specific time point, The coding in ﬁhié

gection is p%i@arily'concerned with this factor.

The. 1lagt .operational section of the program wﬁich lies within the time-
step loop is determining wh§£her new processor msxima have been achieved
and, if so, updating the array OPTP(I,J) which stores this data.‘ This -
infornmjion'%s used for a summsry at the end of the siﬁu}ation bf an

arrangement.

At this poin? the processor and program data is,printgé out. Examples of
these formats are given in the output section of this description. In

the processor summary are included the input and output bitrates, inm bits
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per second, for each processor and the total numbsr of processor cycles
used. The program summery includes input and output bitrateé, and number
of processor cycles used and the percentage of the processor'load which

this program accounts for,

Currently, these reports are generated at sach event time. However, a
minor change in coding would allow each of them to be printed on a

switched or time basis.

When the events 1list is exhausted i.e. the largest time on the program
data cards has been reached, seversl more reports are printed out. One
report is a timg—tabular summary of the processor loading and the other
repdft‘ind;cate the maximum bitrates and busy cycles duringlthe run and

the times at which these maxims occurred.

~ The program branches back to the initialization section at this point if
either another program arrangement has been scheduled or another processor
configuration has been schedvled. Various arrays are initialized to zero
before branching back to initialization., For a new program arrangement
only the program assignment change cards need be read. For a new con-
figuration, the report card{s) and a totally new set.of program aggign-
ment cards are read. There is currently no provision for changing program
or I/0 data characterigtics after the original initialization, since the
object of the program is to evaluate processor and I/0 loads for a specific
set of program modules and data points.

It should be noted that the éﬁecuti%e loaé will depend on the:number of
processors, 8o this data should be added into the numbers generated by

the simulation program.
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6.1.5  Input Deck Deseription

The types of cards used by the program are: (1) Configuration Card
(2) Report Selection Cards (3) Processor Number Cards (4) Program
Arrangement Cards (5) Program Module Date Cards (6) Tnput /Output

Data Cards.

of theée cards, the latter two categories comstitute a description
of the system which will be changing relatively slowly ~ the programs
used and the data pointe - so that only the first four categories

will be of ‘primary concern in generating a run deck.

Tt should be noted that in changing the number of carde in (5) or
(6) a check should be made on the dimensions of various arrays in
the prograim, in particular the asrrays TIODATA(I) and PRODAT(I,J ),, to

make sure thet the limite of these arrays heve not beenoverrun.
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Gonfiguration Card

This card contains the number of configurations to be simulated

(up to a maximum of ten), the number of program arrangements for
each of these configurations, the number of proceasor cycles used
bﬁ a fast instruction and the number of proéessor cyeles used by

g slow instruction.

The format is:

Column Format Contents
1-2 X Number of configurations

(right-justified)

b5 XX Number of arrangements
for configuration 1

7-8 XX Sams, for configurgtion'zj
31-32 .04 Ssme, for configuration- 10
35-40 XX XX Number of processor cyélps

for a fast iﬁstruction

. £ ..
4348 XXX Number of processor cycles
) for a slow instruction
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Report Cards

Tge firat fleld of the first card indicates whether or not the

optional program report is desired and, if it is desired, the names

of the program modules to be reported on.

The format is:

Column Format
1wl YES or KO

(starting in column 1)
If £1é1d one is YES

6-9 : ABCD

11-14 ) EFGH

Contents

Whether report is
desired or not -

Program module

mnemonic

Same

If more than 15 pfograms are to be reported on card two and others

have the same format, with the first mnemonic starting in column 1.

The second and following cards have 16 program fields rather than 15.

The first pair of blank columns terminates processing of a card.
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Procesgor Number Carde

This card contains the mnemonic PROC and the processor number
field. These cards should be in serial order and each card must

be followed by the program arrangement cards for that processor,

Column Format Contents

1=k ’ PROC Designates a processor
card

7-10 XXX. Processor number,

Use floating point
integer e.g. 1., 2., 3. etec,

Program Arrangement Cards

Contain the mnemoniecs for the program modules assigned to the last-
enéﬁuntered processor card. The fields are four letter program
mnemonics followed by & comms if there are more module names. When
a blank is encountered after a comma the processing of that card
termiﬁﬁtes éﬁd the next card is read. A blank after & module name
terminates reading of these cards. The following card must either

be another PROC card or an END card (starting in column 1), désignat—

ing the end of the p;ocessor'arrangement cards.

Column Format Contents
1-5 _ ABCD(,) Four letter program
(comma indicates more module mnemonic

programs to come)

6-10 EFGH(,) Same

* L] L
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Program Module Cards

These cards contain the program module mnemonic, the;nu@ber of slow.
instructions executed by the program, the number of fast instructions
executed by éha program,-the frequency of execution in ecps, the program
module start-up time, the program module stop time and the numbér

of data celis occupied. The last card in tﬁe set is an END caré. END

3
beging in eclumn 1,

Column Formet Contents
1-4 ‘ ABGCD Program'module
oft justified) mnemonic

6-16 XXXXX XXX Number of slow instructions
executéd per cycie

18-28 Same Numberof fast indtructions
per cycle

30-40 Sams Number of program executions
per second '

42-52 Same Start time of program
module

54~64, Sdme Stop time of. program
nodule ’

6676 Same Number .of data cells

occupled. by program
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I/0 Date Cards

These cards contain the alx lettsr dats point mnemonic, the data
frequency in transfers per second, the number of bits per transfer,
the source program mnemonic and the destination program mnemonies.
The program labels are all four letters, as seen elsewhers. The

last card in the set is an END card. END begins in column 1.

Golumn Formst Contents

1-6 ABCDEF 8ix letter data point
mnemonic

9-19 XX XXXLXXXX Frequency of data
transfer

22-27 XXX, Number ‘of bits per -
transfer

30-33 ABCD Four letter origin program

modnle mnemonic

3639 EFGH Four letter destination

modules mnemonic

ALY TJEL Same

The first blank field of four characters terminates the card, TFislds

gseparated by a single space.
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.c

INTEGER hePulT sLLANKENDPYES

LisTEobd  CniFlur ARRANG

He Al 1ODLTArWuPRROC NP

PARAMETER CARD=5 ¢ PRINT =6

PARAMLTER KpPkUG = 20 9 NPCUL = 9 + KOATA = 100 KPROC =10+
* wPCLOL =16y KOPT = 10 ¢ OLVELT =20 v ORPTC = 7
+ LPRUG = aPdoBbt niPCOL » LPROC = KPROC# NPCCUL » LOPYT = KOPT*OPTC
PARACETER WSUn=30r NSMCOLZiY .

DlviEnsIthe  ITeeitli)

UlnEnSIOn  PROCSM o NSUMeNSHLOL )

UlniEhS IO Temt2)

EWUIVALESILE  (TEmW(L1) e PROCSH[1s191%)

OIMENSION  [EMP(40) e ITEAP{4U)

EwUIvaLELCE (TESPILYy ITewP (13}

DIMENSION PrODAT (KPROGr WPCUL) s IODATA(NDATA) o
* PRUCS IRPRUC» (PCCOL Y 1 PROGS (RORT 1 OPTC) » TEVLNT ( "REVENT?
vinEnslug  OPTP{KPROC: 7) » NP(10) pNOPROC(LU)

DIMENSLIOn  RRKIG (L) : s
UAlA  CUuariG /0/+ AHKMNG/U/ ¢ YES/SHTES/ $NO/ZHNO/ <
UATA COMMAZLrly /s BLARK/BH / +PROC/UHPROC/ » END/ SHENDS

,DATA  (HOPROC(I}+1=1¢10)/3HGNE ¢ SHTWO » SHTHREE » #HEOUR »
¥ 4FIVE ¢ 3HSIX ¢ SHSEVER v SHEIGHT ¢ &HNTIE »  3HTEN /
DATA KPROG/0/r PROCAU/ ¢ NOPT/0/ . .
DATA FASTCY/2./+5104CY/120.7

UATA HLIST/L/7 ¢ NOATEP/UG/

InETIALIZE THESE ARRAYS TO ZERO

DATA ({PRUUAT (Lebd +LE17KPROG) +14=1 ¢+ NPCOL ) /LPRUGXD ./
* ((PROCS(LrM) PL=1 rKPROC) s M1 o yPCCOL }/LPROC#0 4 /i1
* ((PkOGS(Lrﬂ)nL—l-KOPT)rM-erPTCl/LGPT*O o
¥ CIODATALL) +L=1eNDATA) /NDATARUL/ .

TEVENT{1) = 99999,

NTIME =0 -

WiSER OF  COMPUTER  CONFIGURATIONS  SIMULATFD
WUMGER  OF  PROGRAM AKRALGEMENTS FOR  THIS CORNFIGURATION
READ (CARUe 9000) NCONFGe {NKRIvG (K} ¢K=1+10) » TEMP (1} ¢ TEMP (2)
wiRITE (PRINT »QU02) . .

whITE(PRINT, Y001} HCONFGr (NKRNG (K} sK=1,18)+ TEMF (L1} s TEMP{2)
IFLICHPLL) ) 303

FASTLY = [EMPLL)

IF{TEMP(2)) 505

SLOACY = TJEMPLZ)

5 CONTINUE

au
4y

C 1

COnFIL 2 CONFLG + 1

HARRIG = JIRRNG{CONFIG]

REAULCARL 120} ncPORTy (ITEMP(R) 2 K=1915)
WRITE (PR 9U2LE)  KePORD, (LITELPIN) PKEL1015)
IFARLPORT sbEue WO} S0 TO 76

WHOPT =0

DU S0 I=1l.1%

IFN{ITemP {1 ) JEGBLAMK) 60 TO 55

NUPT = norT 41,

PROLSGIOPY 1) = TEwP{I)

CONTIIWE

CONT LML

RLabD(CaRL) ©020) (LlEmP(K)rK—lrlﬁ)

v BIE(PRLNT »9021) (ITLeP(K) rA=1r1lp)

LU 3LIS)lslo

I (LTeri ey see L ANIK) 6O TO 55 .
BOPT mudT o LESS ThAN O EGUAL TO  KOMT.
. Dhwenbidd U TROULS

HOPT = HUPT +1

PROGS (WOPTe1) = TEMP(D)

= . e L

Figure 6—3 Iisting of Program ESCAFE
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http:YES/3I-YS/.NO

C

o
o
70

bl

20

w0

110
115
120

£

COMNTINJE

GG Tu 40

CUOMTINUE

ARRANG = AHRANG + 1

IF CARKANG .kue 1) o0 TO LbG i
CHANGE Ul PROGRAM AlRANGEMENT
ReEAQ{CARL » wudU ) TemP (1) PROCND
GRITE(PRINT »u041} TEMP{1) sPRGLNG
LF{LITEMP (L) JEW. Sl } G0 T 307
REAG (CARL e 2D30) (TLMP () rii=1032)
WhLTE{PRINT ra031) {TEMP(R)} 0i=1132)

DO 120 I=1riu : )
IF(ITEMP (241-1) +nE. BLANK) GO TO 100
IF(ITeriP(241=2) +EUs blAnWk) GG TO B0
G0 TO Y0

00 110 K=1risPRUOG

IF{TEMP(2#]~1} —PRODATI(KrL1l)) 110+:110
PROOAT (K +3) = PGCHY .

o TO 115

CONTINUE

IFUETEMP(Z2+1) +EQ. BLANK) GO TO &0
CONTILUE

KD OF REARRAWNGEMENT CA#DS - 60 TO START OF

Tob. RUISY = )

131

132

136
137

i4¢
145

150

ibd

1oy

208

DO 145 I=1sNPkOG

DO 140 J=7:8

IF(NLIST .6T.1) GO TO 131
TEVENT (L) =PROUAT (I #J}

%0 TO 157

CONTINVE

DO 135 K=1rnNLIST

HO REQURDANT ITEMS ON LIST

I APROJATA I s Y -TEVENTIKY) 2140135
DO 132 L=k IsT
M=L=K - .

TEVENT (NLEST+1-MI= TEVENTINLIST-M]
TEVERT(K). = PRUDAT (I3}

GO TO 137

CiTikUE -

TEVENT(IIL1ST+1) = PROCAT LErdJ)
CONTINUE

NLEIST = WLIST + L

CUNTINUE

CONTINVE

LU Tu 3bd

CCNTIhwL

K=u

READ(CARD s 9040} TRMP (1) PROCNO
aLTE(PRENT » QU41)  TEEP{L) fPROCIO
IF(ITEAPLL) oEvl.Bhu ) GO TO 230
LL=PAOCL

PRICS(LLer) = PHOCHIO

HPAOC = 1+47PROC .
REAJCCARD» SU30) (TERP () rliz) s 22)
AREITE(PRIND rgud1) {TemMP I} =i rd2)
PO 22 1=1s+10

IFCETEMP (eaI=1) o/l BLARK) GO TG 200
Lr CETEMP et [~2) obde BLAUKY GO TO 155
L0 TO Lo

Rkl .

IF(CunFIy LE. 1) 69 TO 210

Figure 6-3_ (Continued)
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DU 205 JJUS=1rKeROG
IF(TEMP 24 E~-1) - PROVAT(JJr 1)) .ans.-aos
PhudiaT (Jur SHEPRUCHD
Ll 1w 21u
20% CunTInUE
2lu Cuil INUE
PruoAl(Krs) = [E-P(241=1)
PrUUAT{k+3) = PROCIHO
219 Cunlinug
IF(ETEMP (kL) «EQ. BLANK) GO TO 155
220 CUNTIKJE
250 COITINJE
240 DO 245 I[Z1/KPRJO
IE(PRUDAT (I¢1)) 2451245
HIFROG = Il
GL Tu 250
245 COITINUE
HPROG = nPRUS
250 CUsTINVE
1FCUNFIG « GP. 1) 60 TO 130
255 COnTLNUe
READCCARL »905D)  {TEMP(I) e XI=27)
WRITE(PRLuTe 9051) (TEMP{IV+I=1,7)
IF(ITEMP{L) .Ev. END) 60 TO 295
Do 275, k=50
IF(NLIST .6T. 1 ) 60 TO 257
TEVEWT (1 }=TEMP(R)
L T0 272
257 COnTINE .
DL 270 I=1enl IST
HO REDURLANT. _ITEMS . _ON LIST

IFLTEMP{n)~TEVERT (L)) +275:270
vy Zol L=feWLIST
J=L -1

260 TEVENTI(MLIST+1=d) = TEVENT(NLIST =J)
TEVERT (1) = FEMPIK)
6o TO 272

270 CONTINVE
TEVELT(HLLIST+1) = TEMPLK)

272 CONTINUE
HLIST = WLIST %+ 1

275 CONTINUE
00 290 I=1l+«MHPROG
IFLTEMP (L) =PRUDAT(L¢1)) 290:r290
20 260 Jzee7 .

280 PROUAT(Lr0+2) = TEMP{JI,

290 CunTINJE

i G0 T¢ 235

ean COnTINUE
L=1

300 HEaolLARD»90B0) (TEMPIL)»I=ie13)
wRITEAPRINT e 9ubl) (TEMPLI) P IZLs13)

s IRALTEWP{L) E0. END ) GO TO 350

LU 3206 I=Hrld
If CITESP{L) ohule DLANKY 60 TC 320
K=1
G0 Tu 330

320 COUTLHUE

330 CLodTINUE
dlaTaP = WUDATAP + 1
IOOATACL)=K+]

Figure 6-3 (Continued)
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(el o

I40

400

3o5
570
Jau

Gyo

410

420

500

520

LD
oyy

UL 340 131K
10UATA(L+1) = TLEP(I)
COnTINUE
LoL+K+1
GO TO 300
L {REFPONRT +Bus HO) GO TO 386
DU 370 I=1swuPT
DY 3pS KTl epiPHGS N
IF (PRODAT IR r L} =PrOeSLErl}) Sudsriod
STusE  PrUCESSUR  MUMBER  IN PROGS COLUMKN 2
PRUGS(1,2) = PROJUAT (K, 3)
G0 TO 37y
CONTINVE
CUATINUE
UG %00 I=irlPROG
K = PROLAT(I»S) .
IABULATE HUMuER OF CELLS OCCUPIED FOR THIS PROGRAM
AHEANOEMERT
Phucsth-10)=Pnu£5ln:l&)+Pﬁ0ua1(Iru)+PR09AT(I:5)+PHODAT(I-9]
CUONT ILVE
whITE(PRINT»9065)
Ul 320 I=1+NPROC .
ARITEAPRIHIy 9070 ) WOPKOC(I) r PROCS(Ie 16) rNOPRUCICONFIG) »
*  NOPROC LARRANG)
KK=0
L0 410 J=1+NPROG
L =PRODAT(J: 3)

IF(L.hE. I} GO TU 410

KK = KK +-1

TEMIKR) = PRODAT(Jrl)

CONTINUE

wRITE(PRInT 9080} HOPROC(I} |

WRITE (PR1nT29090) (TEM{R) 1k=1 KK}

CUNTINJUE :

WRITE(PRINTr 9110) NOPROC(CORFIG)r NOPROC(ARHANG)
HEGIN . EVENT CALCULATIONS

CUlITINUE .

T = TEVENTLL1}

NLISTY = WLIST -1

pU 520 I=isNLESTL

TEVENT{I) = TEVENT{I+1}

CONTINUE

NTAME = NTIME +1

CECREMENT  Trle EVENTS LIST

tikial = nnisI=1

vU wUL 1=l elePituG

AF(TeLioPruunl (1e 7)) 60 (v HULL

IF{T Gl mOuAT(Lre)) GO 10 SwD

SET ACTEVITY Fhag

PRODATLI2) = L,

CNTATINS PROCESSUN HUMBER

K = PROUATI:S)

PRUCS{Re2)} = PROCSIK 2} +  PROUAT(1+%)*PRUDAT (I 1o}
CALCULATE  olUMsER OF  INSTRULLTIuAS PER  SECOND BEING
EARCUTED Y EHRC1 PRULLSSUR )
PHWLSIK 3 = PROCS(Kra)l + PROGUAT (I S)4PROJAT(Lio)
HLHET ACTIVIIY FLAG .
ol v wub

FrOOAT (L2} = 0.

CORTINUE -

LG - DATA TRANSFER CALCULATIUWE FOR EACH DATA  POLIRT

Figure 5-3 (Continwed)
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620
il

640

bol
1Y)
700

710

72y
LY

[=1i11]

bl
wdi)

K=l
Ul 880 1 S1eRUATAP
AR=Y -
J S JUDATALK)
BITRAT = LWOATAL{K+2)* I0DATA{R+3)
J4 = J =4
Lo 700 Lzi.J4
VL 6206 Lur=1+wPROG
IF L IUGATALA+L+3) ~PRUOAT L 1)) 82071 7020

‘CHECK  eOsule LIST

CHECK  MUJULE ACTIVITY .

IF (PKODAT(LL,s2) =14} B302¢030

LLL = L&

GO TO oyu

CONTINVE

WRLLY = 9.

IFIL.EG. 1) GO TO 740

wu Tu 70U .

ENSURE  Trai PHROCESSOR (BITRATES ARE COUNTED Oht.f  ORCE
LFAL scue 1) 6O TO GoB ) .
Li = L=t

w0 650 M=leLd

IF(NP{M)‘PKUUAT(LLL!3)} 650 ¢ 650

WP {L} = C.

GO TG 70U

CONTIRNUE

NP (L)} = PKODATI(LLL3}

CUNTIlNJE

IFINPIL))Y (800

J4b = J=4 :

DO 720 L=2rJu

IF{NPILY )Y 720

1F (WP (L) -lP L)) 1720

hh=KETL

InP = NPL1)

INPP = 24hP(LI+3

PROCS(INP INPP) = PROCS{INP+INPP) + BITRAT
IF (KK, 6T.1) GO TO 71U
PROCSTINPY17)SPROCSIINPe1T) + IO0GATALKH2)
COMTINUE B
INP=NP (L)Y -

INPE = 2%nP(L1) + 2

ADD  BITRAT TO THE OUTPUT AND INPUT PROCESSCR  SUMS
PROCS(INP IHPP) = PROCSUINP,I{PP) + BITRAT
PROCS (1M L7ISPROCS(INP P 17) + IODATA(K+2)
COrTINvE

CUNTENVE

K = k+d

CULTINVE

Lo B30 1=1eri0OC

,PRUCS{1,17) = PROCS (I »2)35LUWCY + PROCS(1+3)%FASTCY
* + PROCS(IrLlY)

n = PROCL(IrL)
PRUCSIIK el Lo e 1} =T
FRUCSMIK s TIME e 2} SPROCS(Lr17)
wh H20 J=srhigmol
PeGCoOh (Ket 1 lind e J)} = PRUCS (T2 Jd8 1)
CuNT e’

COuT alWJE

IF (REPPORG L9 10) GO TO 100D
U0 97U I=leLOKT

. Y B
Figure 6-3 (Continued)
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O BYOM=1 rHPRUG
IF(PRUGS (L L) ~PRODAT (M 1)) 840r e840
IF{PKODAY (wir2l=1e} 9QT7Lr 970
GO TO 3ub

Bud CUNTINUE

b45 CONTINUE
K=1
PO 950 J=1eNUATAP
IE{PROGS(Lr1) = IOUATALK4)) 590
Krn = IQuATALK)

Kid = KK-5
00 B50 L=Ll+anS
< DOUES Tis RKOPRESENT A TRANSFER OF DATA?

IF(PROGS(Ir1) ~ IOPATAL(KIL+R) ) rba0
850 CONTINUE
GO0 TO 950
60 DV B85 M=1.nNPROG
IF (PRGUAT (e L) =IODATALRHY)Y) 065921065
IF(PRUVAL (e 2)=14) 950, 1900
IF(PRUDAT (112 5)=PROGS (I, 21}  &70+9870
865 CONTINUE
G0 TO 950
37y PROGSE(I0) = [ODATA(K+2)*10DATAIK+S) + PROGS(1r6)
PRIWSLI»4)=PRUGS LT 4 +I0DATA(KR)
PROGS(1:5) = 1UDATALK+2) + PROGS{I¢5)
CALCULATE DATA INPUT RATE 1IN bBPS
CALCULATE WHMBER OF CYCLE STEALS FOR InPUT DATA  TRANSFER
60 TU 950 . '
890 CONTINUE
KKSIODATALKY
KKS=HA—~5
60 "210 L=21rKpnb
DU 900 M=l vPHOG A
IF {PHODAT (M4 ) ) ~IODATA(K+LAG)) 900,900
IFLPRODATLi4r2) 1) 210-¢910
Ml = M
GO TO 205
00 CONTINUL
90 CONTINUE
IF (PHODAT (MM ¢ 5} =PROGS(I#2)) 920+,920
919 CONTINUE )
. 60 TO 950 .
920 PHOGS{I+7) = PROGS(I:7) + IODATA(K+2)4IODATALK+3)
PROGS{I+ 4L ) =PRUCS L+ B ) +IODATAIK+E)
PROGS{1:n) = PROGS{I«S) + IOGATA(XK+2)
950 K = K + ki
00 9cb 1=l LPRUG
IF{PROJAT (e L}=PROGS L+ 1)) So0r 900
PROGS{ L ra)=1UJAT Lid et ) tPRODAT (e ) *SLOGCY
* +PROUAT (e 5) #PROUAT (N 6 ) A FASTCY
PROGSL Ly 9)=PRUGS {1+ 3} FPRUGS {1+ 5)
et FO @7y
* Yoy CUnTIhJe
970 CONTILUE
L0TY COnLTINue
CALCULATLLa OF MAXIMUM 170 BITRATES AND 1sUSY CYCLLS TOR  EACH
PrOfebhsux . --
U0 1udb IZLenHROC
Tead (L) = PRUCLTIFGIHHROCS(Tre) + PROCO(TrE) 4 ProC5{1e10}
* +PROCLIT 121+ PROCS(Ir1Y)
IFL{TLRP{L) Lo. OPTP(I+&)}) GU TQ 1010
VRIRILe2) = TriiP(1)
OFTP{1¢3) = 7
Ar0 CUNTINUE

o

oo

Figure 6-3 (Continued)
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1CHP(L) = PROCSTI«L) 4+ PRUCSIIAT) + PROCS{I+9), + PRrROCS(I01LD
* + PHOLS(Ir13) + PROCS {115}
LECOPTP{Ir4) +GETEMPLLY) GO 10 LO20
ubkTP(lrg) = TeapP(ld
ORTPLLeS) = T .
iugu 1F(uP1H(;-u).uL.PROCb(lrLT)1 0. 12 105{
UPTP(lro) = PrlCSU1+17) )
OPTR({1:7) T
lu3y CubiTihvE
PROUCESSO0r HUMAKY
wR1TE(PRLL T, 92001} 7 . X
SKIP THe PHRUCESSUR HUMUER FOlt  ®HICH . SUMMARY IS5 WhITTEN

00 L1ud  1=lenPROC .
MOPROC  CuliTALUS FIELUATA OF EACH PROCESSUR  RUMBER |
ARITEAPK LT ¢ 9220) NUPROC(1)
LU 1080 W=lree
HPROCL = ProC -1
DU 1000 J=LlePROCL
K=d
IFL K «GL., 1 ) K = K+l
TEAP (24J=~1) = HOPROCLK)
TEHPL24J) = PROCS(I r2%K+H+1}
1000 CONTIMUE
WPROCL 2k tdPROC-1]
IF{ M «L&. 2) GO 7O 1070
WRITE(PRINT r9240) (TEMP (L) +L=1/NPROC1}
HU TO 10s0 . .
1u70 ﬂRlTE(PRlnT: 92601 (TEMPLL) riL=1+MPROCL)
1030 CONTINUE )
WRITELPRLIT ¢ 9280 ) PROCS{Ir 17}
1100 CONTINUE . .
IF(HEPORT .EG. NO) 60 TO 1250
GPTIOKAL REPORTIS) GENERATED HERE
WHITE (FR1fTe 9300 )
DO 1200 1z1+0W0PT
K = PROGS UL 2)
CALCULATE PERCLATAGE OF PROCESSOR CYCLES USED &Y THIS PROGRAM
TEEPC(1) = 10U.* PROGS(I+S)/ PROCS{K»17)
WRITE(Hﬂ1h1t93ZU} PRUGS({E+1) e PROGS({Le 7]
ARITEPR LT v 9330) PRUGS(Lr )y PRUGS(140)
SRITE (Pl [r 9340 ) PROGS{IeL) PROGS(I15)
SHITE (PRI 9550 ) PROGS{I«1) ¢ TEMP{L)
1200 CONTINUE
. u0 122U 1=51J0PT
VU el wSdeuPIC
PRSI ra)=0.
1210 COMTINVE
1220 CONTINUE
leny CunellLJE .
L=nPCCOL-1
Wy 1270 1z1s0PROUC
p0 Lzl J=ZrL
PROCS(IrJ1=0.
1eol CunTiiab
127V COITLNUE "
1600 -aF (T oLfe TevenT(2) ) &0 10 00
CoaRITE(PK LT 94000
U lonl L=l dtitow
wTPROLS L))
HIPHOL Y S8 'm0
LTEMPAL) Sutd T LME
ITEMPL2) =0uLPS

mnt

Figure 6-3 {Continuad)
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U tpl2 nedsnRuCl
HHKIK

IFEKK«GL o) BESR+L
nosari=d
LILMP IR Sul il FRU
e {dotl IS on
LTEMP (Kbdred Sha

ITesP d6esImanouT 707
Llcitr ihota)2on
ITEMP IKEa4+h I SAR
HeMin) = KK
Iulz Cu TIWJE
wHITE{PRINT, QB18) HOPROC(S)
NPRGL LIS oxNPROC L+2
whITE(PRINT«9u20) {ITENP{K}vhzlghPRQCLJ
00 1616 k=lewi sk
TEMPLL)SPRUCSM{Je 12 L)
TEAPL2ITPhOCom s 20 2)
NPROC LSNFROC=-1
w0 lnlld wWZisHPRO0L
KK = ETEMIK)
TP (ZeK 4 L) SPROCS T 1 e KK+ 1)
TonP LR+ 2 ) =POCEM (Ve D1 2%KR42)
16148 CONT IMUE
WPRUC L= 24 5PR00
wRITEAPRANT +9930) (TENMP(K) rKL o NPROCLY
ford CONT IR
flo2u COnT hiuE
NElsiE =0
wHITL ISR INTy 91003
00 1610  1=1ynPROC
dRITEAPRINT £ 93207 wGPROC{IIy {(QOPTP{I#NHIANE2» 712
150 COWTINJIG :

- I TR IPRINT 999y}
C Fur A A PHOGRAM  ARRANSEMENT ZERD QUY  THE ARRAYS TEVENT.
< AD  PROCS. i *

U 1eu0 =2l EGT
TEVENTLY) = D
Ioud (ONTINGE -
NLIST =)
OO lobl  I=Z).yPROC
Ul 1658 J22#0PCCOL
PRUCS{Led) = O
1ol COnTInUE
T lée0 CONTIIUE
TEvERT{I) = Yu999.
WU lebs% IZ)re’iul
B0 lowd Js27
UPIP(IrJITg.
luce Cunilnut
Jowd Cuntindt
JF CAltAIG  oinTo MARKRNG 1 GO TO 70
ABRANG 2D
VU lofl IZLynlnil -
PHOCLIE L) 20
307U CumT I{UL
PN =0
DU 16U JzlgPlC
UV lobd LZlrRoT .
whbH OUT  MiiuBss T PRAPAML Fouil Hew  RLPORYIS, K HLGUESTED.
Fusd bR LBy LOAPUTLR CLoR IGURATION
PRuS(Lrd) 2y
lobl LON I
logl CunT iR

Figure 63 {Continued)
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JFLCUNFIo LT NCOWFS 1 U0 7O 5
Go00 FUnMATILZ2220(EX, 12 }r2 (2R eFBa2))
9ol FORMATL LuXe L2 pL00IX2I2Y e (22X Fpa2) )}
U2 FUMATIShAr 20H#xx IPUT  CAbws #2s /7))
Gu2y FordATIlo (Al 1A))
Quzl FURSATELUAY JotAdelX) }
QUL FOugtAT{lotAd ALY}
ai3l FORﬂhT(lﬂxnlo(AQrﬂlll
gu4ld FORMAT LAGI12Rr Figa.0)
ol FORMAT(10Ar Alr 2Xs F4D D
aubhy FURHAT(A%-l&:utFll.E:lX))
guhl FORMAAT(LOXs Ade 1X» GIF1le321X)) .
Supl FONHAT(AD!EXrFll-HrBXrFB-Bl2krAﬂ;2Xl9(A4r1X)l
Subl FURMAT(3GXsRor PXrF1Lets2XeF0.0r 20 Al 2K STA4PIX))
9Po5 FURAAT(LHLrb&dA 2 33H+e* [RITIALIZATION SUMMARY #7# ral
Q070 FOKHAT (LGr 15Ks 1H9HPROCLSSOM MUSSER y ASr TH HAS tFL0.0¢
* 39 CELLS uCCUPItD FOK CONFIGURATION A5 »15H APRANGERMENT
x= o AS//}
gusd FOJhAi(1Hu.43x:19nPROCESSOR NUMLER tAG,211F  CONTAINS PROGRAMS
* /) .
99090 FUHHﬁTﬁlUArZU(AH-dx)) .
Glul FUAAT (IHi»// BRX e Ahriy kK EFE PROCESSOR  MAXImA  r¥kxxx C A7)
G110 FORAAT(IHUe2T7X ¢ HOHA SUMMAKRY FOit  COMFIGURATION NUMBHER ¢ ADs
* 29H A0  PRUGRAM ARRANGEMENT AS ) .
9120 FDRMAT(1H0¢55kr17HPROCESSOR LUNMLER r2XeAe /S N
#3258 2BHMAR LN TWPUT BITRATE OF 1F9.0021H  QCCURRED AT. TIME
*  F9.0 /732X 29HmAXIRUM OUTPUT BITRATE OF PFS.0021H  OCCURRE
) AT TILME tF9.0 //32% .
#3SHMAXIMUM  NUMBER OF BUSY CYCLESe “,Fl0.us26H CPSr OCCURRLID

* AT TIME 1F9.0)
0200 FURMATIHG. 40X 42HPROCESSOR  SUNMnARY AT TIME-QF=FLIGHAT = r -~
* FElCG.0 )»

.9220 FCAMAT{1nG rS0Xe 11HPRUCESSOR v A6 )
Tgonl FurMAT(iH  #15%y 15HINPUT FROK(BPS) 1S5KeS{ABI 1Y FD.0,2X) 7
* 35%r S{laoriXr F2.0:2X)}
9260 FORAATLIH 15X 15HOWTPUT TO(BPS) PSXPS (ARG LXeFG.022XY  /
* 35%r S(Apellr FO.0r24)) -
g280 FGBHAT(IH t15%s 36HTOTAL NUFEER OF BUSY CYCLES = : F10.0 )
9ou0 EORWGART (Ll 144X 0 Hurirks+# OPTIGHAL PROGRAM DATA  SUMMARY *xix%)
9324 FUrAT(Indr 40X, 9HPROGRAM  r Aw +22r0UTPUT  8ITRATE{GPS) =,F1C.0)
9530 FGﬁﬁAT(lh r GUX) YHPROGRAM ¢ AD P B2HLUIPLT BITHRATE(LPS) =¢F10,0)
9340 FORCGATILIN ¢+ UGOX OdPRUGRAM ¢ Ad ¢ SBHNUMBER OF PROCESSOR  CYCLES
% USED = 7 F10.0 ) - N
Cabi FGIMATILN  e4UA riPhoGRAN 0 AD J4BHPERLENTHGE UF  PROCESSOR  BU
#5507 CICLesS USEn = ¢ FLULY ) . '
G400 FUisianT (1HL e 88Ks Str k3 PROLESSUN FLIbdT SUMMSARY #+# A
Guig FURAAT (buae 190PROCESSUR  NUWUER  rAS /) :
Guiy Flimal (BaraliruXendelixr LOTAG NG T101XY)
G430 FOR ihTiBar e (Fa.U224))
G999 Fudithl (ihl)
- Elu

COnPLLATIONG WG  GIAGHOSTICS.

Figure 6-3 {Continued)
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& INPUT CARDS ##

2 2 1 0 U 0O v ou 0 © U v «00 ConETELRATTON  CARD

TES  AAAA AAAB AAAH REfORT CALD

PruC 1.

RRARA 2 Apab s ARAC » BRAAD 1 AAAE ¢ AAAF

PHOC Ze

ARAGrAAAH+BAALr AAAY PROGRAI) HREANEEMENT LARDS

PRUC S EXTERNAL. RoGeAn
EXTF DATA SoVRCE - MoDuLl
LD . CARDS
AAAA T 1U.000 10.000 2.00U0 i) 20.000 10.000
AAAB 10,000 10.000 2.000 000 20000 20,080
ARAC 10.009 10.000 2.000 . 008 20.000 3u.000
ARAU 1u.000 lu.000 . 2.000 3.000 15,000 .. 43,000
AAAL 10,600 13.000 2.000 3.000 17.000 50,000 {y
ARBF 10.000 . 10.000 3,000 3.006 19.000 60,000
AARG 14.000 10004 3.000 5,000 22.000 - Tu.000
AARH 10.000 10.060 3.000 5,000 24,400 80,000
- hnhl LU.U00 10.080 3.00U 5,000 26,000 90.000
PRI 10,000 10.000 3,606 5.000 23.000  100.000
E&1F- V00" L0030 ] 000 28.000 + 000
Enp . T )
ARAARA 10,0000 5. EXTF  AAAC AAAG-

ARAAAR 20,0000 (1. EXTF ARAA AAAB

CRAARAL 30,0000 15, EXTFE AAAC AAAG i ”

ARAARD 40,0060 20+ rEXTF  AAAD J/0 DATA CARDS
AAARAE SU.00uQ els  ARAA  AARAD AAAD MAAF

ARARKEF &0.0000 204+ RAAL  AAN AAAE

Enb

Figuré 6-4 Primtout of Sample First Pass Cards
“ . .

[ 1s . YES  AAAC AAAD
ARRATARAL T ARRC r ARAD r MARE P AR ProC Lo .
FruC 24" ARAArAAAC+WAAL
AARF rAANG e ARAH ARAJ PROC 2
prRuC de AAAH s AAAD
EATF FROC S
AN [F] WAKF ApASrAARH e NARL: naNd
* Prul Qe
LATF
B
Figure 6-5

rrintout of Sample Rearrangement Deck

Figure 66 Printout of Sample Configuraiion Deck
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PROCESSUR  SUMMARY AT TIME-OQF=-FLIGHT = 5.

PROCESSOR  ONE

LapJT FROMIDPS} Tav 1209« THREE 1500,
QUTPUT T0iuPs) Tav 0. THREE 0.
TuUTAL  WUMBER  OF BusY CYCLES = 1723,

PROCESSOR  Tw0
Inrdl FROM(UPS) [+13]08 e THREE 500.
YUTPUT To(uPS) Ol 12¢0. THREE 0.
TuTAL  HUMbER OF  DUSY CYCLES = 1549.

PROCESSOR  THREE
LapruT FromMiuPs) ONE 0. THWO 0.
QUTPUT To(Ps) ONE 1500. TWO 500,
TuTAr  NudbER OF BULRY CYCLES = 1to.

dekkt OPTIONAL PROGRAM DATA  SUMMARY *dowrdok

PROGRAN  AARAA QUTIPUT BLTRATEIBPS) = 0

PROGRAM  AAAA  IWPUT BITRATELBPS) = 200«

PROGRAI  AAAA NUMUER OF PROCESSOR CYCLES USED = 260,

PROGHRAN AAAA PERCENTAGE OF PROCESS0R BUSY CYCLES USED = 15.1
PROGRAM AAAY  OUTPUT BITRATE(BPS) = G.

PROGRAM  AAAE  INPUT BITRATE (BPS) = 200,

PROGRAM  AAAE  HUMICR  OF PHROCESSOR CYCLES USED = 260.

PHOGRAM AAAS PERIZENTAGE OF PHUCESSOR BUSY CYCLES USED = 15.1
PRUGKAM  AAAM  QUTPUT  BITRATEL(HPS) = Q.

PROGRAM  AAARM  INPUT BITHATE(UPS) = O

PROWRAM  AAAR  HUMJCR  OF  PROCESSORR CYCLES USED = 36t.

PROGRAM AAAH PERCENTAGE OF PRUCESSOR BUSY CYCLES USED = 23.4

.

Figure 6-'?" Event Sempls Printout



Figura &2 Inltialization Frimtost

‘as INIT]-‘-LH:&HDH SddahY sex

EROCEDIu  [wFoTn Ol iRE 33, CELLS  OUCUIMISw  Fe CONFIGURAATIONE 0¥ SERAGGELENY  QRE
PROCESSOR GUMGER 08 COTAING  PHCoRan$
ARAY  Asf AAAL AARY  AMAE  AsAP +

PRINLSSEN  nUkSLh  Tad HAL L2%. -CELLS ACLUPILD  FéH  CONFIGURATION QLE ABRINGEYERT 42

PIHOCERSOR  MURGER  Ta0 L0nTAILS PROGRAYS
AbRs  KA3H AAAL  AsAJS Bl
PRUCESSUR  Nwdert  TeudoE  HAS 0, CLLLS CocuPftu FOR COLFIGURAYAION DNE ARRAZIGESENT  ONE

’

PROCESSOR  NUFDER  TrinEt  (OnTaliS  PHROGRAYS

LT
. At 4ex PROCEFSSOR  MAXIMA  kkesexs
‘ PROCESSOR  NUMBER  ONE
mAXIMUH INPUT BITRATE OF - 2700, OCCURRED AT TivE 5,
MAXIMUR OUTPT bLITRATE OF 0., UCCURKEU AT TiHE ‘o,
MAXIMUM WUMBLX OF BUSY CYCLESs - 1720. CPS, OCCURRED AT TIME
PROCESSOR WUMBER Two
‘MAXINUM INPUT BITRATE OF | 500, OCCLRRED AT TINE 5.
MAXIMUM OUTPUT  BITRTE OF 1200, OCCURKLD AT TIAE 5
MAAIMUM NUMBER OF  BUSY CYCLES: 1540, CPS, "OCCURRED AT TIlMk
PAOCESSOR  hUmBER  THREE
MAXIMUM 10PUT  GITRATE OF 0, OCCUKRED AT TImg o,
TMAMEUR  QUTPYT  BITRATE  OF 2000, GCCURKEG AT TEME . Se
MAALELN  NUMBER  UF  BUSY CYCLESe 100, CFS: OCCURRED AT TINE

Figurs 6~ Sample Processor Maxzime Printout


http:NuguI.5n
http:OYEts-l.ES

#¥& PHOCESSOR  FLIGHT  SUMMARY ki

PROCESSOH  HUMBER ONE

TIdg CPs IN FRUA 2 OLT TO 2 Id FROM 3 QUT 7O 3
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6.2 CONFIGURATION RELIABILITY EVATUATION

In this section the probability of failura, the reliability and the mesn time to fallure
(MTTF) of the three configurations doseribed in Volure I are examined. The reliability of
the data transfer network is not considered. The discusaton will be Himited to the majfor
processors. Ths rellabllity of a component, will be assumed to follaw a negative exponential
distribution, which iz generally regarded as a worst case situstion after burn-in of the

componenta. This dletribution is

-k
R(+&) = &

The probebility of fallure is given by

QY '-‘-_l-mﬂ al-€

The nagative exponentisl distribution describes equipment with constant failure rate, which
umally applies to electronie components after burn-in.

For m series connection of n pleces of eguipment we have the product rule for reliability
n

o g heE
Rix) =0T Rila) =€ (1
and for probability of failures we have
o .
Q) = 1= R t) =1- TT R = 4=T0 - a0 (2)

Ae poro alements ara added in series the reliability decreases,

For a parallel connection of & elsments we have the following expressions:

L) %
Qlk) = :Ys\" Q.L4) :]‘::l'l (=R '--fL {1 —-e":— ) (3)
and “ : :
" ~Ni %k
Ro (&) = V= QAR = VT (-e7) (4)

In this case, ss mora olements are added in parallel the probability of failure decreases
and therefore the reliability increases.

The last quantity is the mean time to failure {(MTTF). " Thie ie given by the inmtegral of
the relisbility: ’

My = fa(x) &k

For negative oxponentisl we have
oo

° 2 3k . LS
. M-r""Se 4t ="‘i‘e =
)

o

wi-
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6.2.1 CENTRALIZED LINKED UNIT PROCESSORS
The cantral.{zad linked unit processor syatem shown in Figure 6-12 , bas four computers in
parallel. The reliability of the series connectien of & processor, momory and I/0 mit is
glven by:
pE A t s O+ At A E
Ri¥}=€ € = e (5)

Ysing the e:’:pression {4) for & parallel connection of these computers we get

0. =[1- au,,u,,n,w:]‘i- ©
NES

and therafog'a

..(_.\P-\—}-h-a-).;)k-lé—

Re (XY 2 1a QY =1 -[1-€ -

Write )\'-19-(- Anvhy . Then equation {7} may be expanded using the binomisl expansion

to give: rs X ohAk
4
Retd) =1~11-€ ] = x-kZ( )(")
% ket _hak
= Z (i)( ! < (8)
M=t
The KTTF caln be enlemlated quite readily from equation {8} to get:
My = j:z., (%) &k )

JEZ (u)("‘) e
_z ‘k) ha—t[f ..hkkou:]

A=
25 25
= Z (‘}:‘)( ‘) }_11‘ = 12 A N ’7-()?{')&“*’)-]:)

The four-fold redundancy has-enhanced the MITF by a factor of = 2, since for the single

processors
Ry = @ PePPeh)
?
- "(‘}‘P")‘n"')‘I) '
Ay 'JAe - ak = Fpt et hx
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6.2.2 CENTRALYZED MULTIPROCESSOR SYSTEM

In this system the processors are four-fold redundant and are comnected via switching unita
to the memories and I/0 units, sach of which ara also four-fold redundant. Thus tke redundan—

cy 18 at the module rather than the compuier level. The swltches are ignored in the

relisbility calculations., This assumption is probably less velid than in the preceding case

since there are ncw thres swiiching elemenmts in series. These elements will have to be
considered when 2 detailed itrade off is performed oan the competing systems.

The Teliability can ba written as a product of the reliabilities of the series comnsction of

four-fold redundant procdesora, mamories end I/0 units.

R={i-l- ¢ ]}L (=™ Jf{ fi-E* k}
(;J(")J t _J)k_pf.‘z,, kﬁ..ﬁl t Z(‘Zk L4 ..,g;_t

—

™

J=1 (10}
. Z}-i ( /2/4 V,‘L)(_ng-rkwﬂ . G+ k:).M-i-,ClL) t
J=t k=) £~ /
The MITF is given by m‘4
' / 3’* “ k)
| M—;/-:L‘FZI 2 ;(4)/4%4)( vl ARG ) e
) £ (11)

é \"L /2 Va Vg, Fkdel

w— Y Y, !
L L L Ay (~1) e

6.3.3 DECENTRALIZED LINKED UNITIPROCESSORS

This system resembles the centralized linked unit processors., The reliability of the
system will be calculated for n processors. All processors are assumed identiesl, with
each computer connected in four-fold redundancy. Setiingl=)ahhgives:

[

g: = [- (- ST

(£ )"*"“'*t)---(i (1)

3:”

(12}

ir

oA -

2l ()
- e

»
:
:
/"-'-u‘
ey
oy
2
T
.‘-h-—n’
H.-
i
—
1
-
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The MTTF is given by:

fo

4 ’ i )
_.) € dt 1
d);(!) () e o

[+

=’

i i J:) (“’f&“)[(s;:jj_)l J

ST A .
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6.2.4 COMPARISON OF THE RELIABILITIES

. {8) The configurations are first compsred for the spsclal cese in which the processor, mem-
ory and TI/0 units ell have the same MITF. For the centralized systems let A srpsX,a}y, end
for the dacentralized ecase let h*Ayako);. The centralized systems sre assumed to use
the same computers {approximately), .wharaas the decentralized system will probably use

/lesa complex equipment, Ths decentralized system will be assumed to consist ef thres
computers for this comparison.

For the centralized unit processor case:

43 - 25
M2 o3 Dhot bt MY 36 My {14)

For the centralized multiprucsssor system:

a X424y
Z 'Z__Z HEYE) (Y y (?—gi'm'; (15)

[ "9 § .
12
T A
For the decentralized cass- . }_' heelot ’
w2 L2, ( S ) Swereridy

(16)

& 12
3Aa
The ratic of the MITF's for the centralized systems is

! - .
Mr 22 /d 2 17 {7

My | zs/3C M

so the muttiprocessor configuration has an MITF ebout 1,7 times thai 'of the centralized
unit processor system. The ratic )

My L2 /3A X
H-: = [.1].\: = 3A; (18)

indicates that for 73Athe MITF of the decemtralized system ias longer than that of the
centralized mltiprocessor system.

(b) Another limiting case 1s that in which one component smongst processor, memoryland
1/0 unit is far less reliable than the other two. This is most easily achimved by going
back t.o the expressions for the total reliability for each configuration. For the
centralized sysiems let_ >~1 stand for the largest time constent and in the gecentralized
aystem donotathis by ‘\2. Equation (8) becomes

4 ke \ .
RT(;&) = Z (i)(-!) ‘e-h)’k (19)-
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and .

4 el
¥ = 25 .
M, "':Z- (")(—l) Ek. T RA (20)
.
Equetion (10) becomes
4 Al i A'*
Ry =_Z| (ﬂ(“)ﬂ( e ? (=1)
IS
Wiich leads to
as
Y (22)

Similazrly for the de_;centra]ized system, by equation (12) using a three processor syatem,

Ry =L~ 0~ e‘-}‘tk)th ' (23)
. 4 ka2 ) ’
i3 2 OO g # R @
3 Ry £e T .M o

fhe two centralized systems have approxinately the sams MITF, which cefrespunds to the MTTF
of the weakest limk, The four-fold redundancy has doubled the KTTF of thix element.,

For the decentralized system with three computers the MTTF of the system is only 1.2 times
that of itd weakest unit.
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6.3 CONFIGURATION MECHANIZATIONS AND REDUNDANCY CRITERTA

In generating a IMS conflguration for the spsce shultle booster two primary
eriteria must be met:
1. The configuration must be capable of performing the required
computational tasks.
2. Mission success must be capable of being achieved after 2 failures
and crew safety praserved after 3 failures, i;e., a Fail Operational
Fail Operational - Fail Safe (FOFOFS) redundancy criteria,
Required computational capability can be expressed in ferms of memory size,
memory speed, and processor spesd, The most difficult requirement to in-
corporate in the configuration is the redundancy requirement. For the
purpose of discussing some of the implications of the redundancy requirement
a configuration as shown in Figure 6-17 will be considerea and some of the
short—cominga of this configuration discussed. This example configuration
consists of four linked uwnit computers tied through switéhesito four data
buses with all compﬁtefs funetioning. All switches are open except those in-
dicated by an X, If there is a failure the failed computer will be switched
from ifs assoclated data bus and one of the cther operatiﬁg coﬁputers required

to supply the failed computers data bus in addition to its ownm.

To mechanize éuch a configuration a method of recognizing failures must be
incorporated. Methoda of failure detection can be catagorized as:
1. Each .computer is capable of determining if ﬁ failure has occurred
within 1tself and generating an output signal indiéating a failure,
2. The computers are capable of determining if any ofjthe other computers
have failed and generating a special output signsl indicating which

obther computer or computers has failed.
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3. Hardware external to the computers. monitor the computers operation
and determine if and which computers have falled.

4. A combination of the above methods.

Before the method of failure detection and method of implementation can
‘be determined the required response time to a failure must be known. Thers
are some fallures which must be recognized immedistely and other fallures
which ﬁould have minimal influence upon the mission operation if they

were not immediately recognized. A failure which c;uses premature issuance
of the booster/orbiter separation command is an example of a failure which

must be recognized and corrected immediately.

There are several methods available for mechanizing the first typgtof failure
detection mefhod where each computer is capable of recognizing a failure
within itself. The method whiéh is most straight forward and‘provides‘the
highssat confidence in the detection of all failures is a dual redundant
‘configuration-for each computer vhere a fallure is indicated whenever a
difference occurs in the outputs of the redundant computers. It is-possiblez
to réduce the amount of hardwa{e required of a dual redundant mechanization
by replacing some functions with simpler error detecting deviées. This woulé
include such items as the addition of parity to the memory system and the
mechenization of error detecting algorithms in the processor and 1/0 wits.
Another method commonly employed is to use software selftest routinés in
the computer. In software selftest all computer outputs are calculated and
the selftest ;s performed. Selftest involves executing a known program with
known input pﬁramsters where the program has been written so that a failure

in any computer device will generate a selftest error. Upon successfﬁl

completion of selftest the previously calculated computer outputs.are issued,
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Tn order to test the entire computer including the I/0 section and-

to guard the system against & runaway computer several safeguarés would
have 1o bg incorporated. During selftest the I/0 equipment wouid have to
be disconnected. from the data bus and connected to itself, i1.e.; the
computer ou%puﬁ connected to the computer input. Thls. would allow the
selftest prbgram to test the computer I/0 section. The computér would
slso be pro%ided with a special register for protection agsinst a run-
away computér. This register 1s loaded with 2 number at each successful
completion of the selftest program., In between loadings the reéister

is counted éown and a computer failed indleation given if the régister,ever
reaches zero., Thus if selftest is not completed at 1ts planned rats a
fallure indichtion is given. ZEach of the above propoéed schemes have _

certaln disédvantages which ars:

1. Duasl Redundsnt This method of mechanization is the mdost complex
" thus having the highest cost, lowest reliabiliﬁy, greétest.weight,‘

and grestest power consumption. ‘The‘océurrencé of 'a comparison
logic failure disabling the issuance of fault indications ?ollowed'
by a coﬁpnter failure could produce basd data on the data bus,

2., Built in Test Equipment In this method & failure in"the built in
tést equipment followed by a computer failure could produce bad
ddta on the data bus,

3. Softwars Seglf Test This method is incapablelof recognizing all

t§pes of fallures, An intermittent error océufingﬂdufiﬁg the out-
p&t.génération portion of the program would pogsibly ot be detected
wiph selftest, It is also generally imﬁossibie to design a.selftest
p;pgram.that is capable of detecting ali posqible computer feilures
aﬁd & program which would detect the majority of fallures would

réquire a congiderable portion of the total computer speed capacity.
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Emgloyment of the failure detection method where each compu?er is tested
by‘the other computers can be rejected rather rapidiy as a éandidata

fo? the space shuttle booster application., If a single computer is

giyen the capability of shutting down another ,then a fallure due to a bad
copputer. could possibly cause the shut down of a good computer. To guard
ag%inst this possibility more than one functioning computer would have to
vo?e against a failed computer before the failed computer could be disabled.’
To:achieve the voting with software in the computers would require excessive
qu%gtities of data transferred from one computer to snother and would generats
nu%erqus insolvable timing problems if failures must be detected rapidly.
Thé external iogic required to achieve voting between computers is simple and
ha% immsﬁiaté response, Systems employing such logic are classified under
th% third category desc?ibed below,

]

1
¥
¥

Ong_of the most common techniques considered for redundancy applications 1s
maporiéy voting., A majority voter is s device which receives inputs from
mn%ziple sources and generstes an output squal to the value found on the
ma?ority of the inputa, One of ithe requirements imposed by simple majority

) voFing is that éhe outputs of the computers voted upon must be identical‘which
ms?ns that the computers must be synchronized. TFor the space shuttle booster
application, computational capabilities, must be preserved after three fail—
urYs have occurred. In the most gtraight forward mechanization of majority .
voting for this application,seven computers would be required to guarantee

a ?ajority of correct computer outputs after three failures. If an assumption
is made concerning the way in which failures occur this number can be reduced
to five. The assumption made is that identiecal failures will not ocour

sigultaneously. If this essumption can be made then several mechanizations
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using five computers are available for achieving an operating system
after ﬁhree failures. The simplest mechanizatlon would have all five
computﬁrs operating but only three would have thelr outputs congectéd

to Jjority voter with the majority voter output routed to ali four

data bﬁa systems. If a fallure occurred in any one of the three computers
drivinﬁ the majority votery it would be removed from the majority voter
input &nd replaced by one of the computers whose output was not being used.
Failur% would be assumed with two computers voting against the third.
After The gecond failure of & computer into the majority voter system the
remaiq?ng unconnected computer would be substituted for the second failled
comput?r. After the third failure no further substitutlons are made..

The. mqéority voter would heve to be quadruply ' mechanized. This system
will qpt be acéceptable if a strict interpretation of the redundancy require—
ment iF used because it does not allow for the occurrance of identical
31mu1qﬁneous failures. From a reliability standpoint, the, probability ‘

of & taneous multiple failures will be much much less than the probabillty

of no simltantous multiple failures, Simultaneous is .defined to mean

]
P

during the same computer cycle tims.
The cﬁpdidqte—redundancy configurations are then defined as:

1 Dual redundant configuration - this is the system whers each compuer

indicates its own failure by having g dual redundant computer
mechanization,

2, Built in test equipment configuration -~ this is the same ‘'t ype of

system as the dual redundant configuration except the gecond cdmputer
is replaced by parity and built in test equipment wherever possible.
3. M%joritx voting system - this is the Ilast system desc?ibed whers

_majority voters are mechenized to distinguish a fallure,
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The equipment required to mechanize a system which will survive 3
failures is either 4 dual redundant systems, 4 built in test equip-
ment (BITE) systems, or a majority voting system with 5 computers.

To mechanize each system requires

Dual Redundapt 8 computers + fallurs switching
BITE 4 computers + 4 BITE units + failure switching
Voting 5 computers + voters 4 fallure switching

The amount of hardware required to mechanize failure switching and voters

is so very much smaller than a computer that it can be neglected in comparing
the gystems. Baszing the comparison on the amoumt of hardware required it is
obvious that the voting system ranks above the duasl redundant sysﬁém. The
tradeoff must then be made between the voting system and the BITE system.

The tradeoff point where the two systems are equivalent from the standpoint

of the amoun£ of hardware 1s where each BITE unit is eqpivaleﬁt to 4 of a-
compufer. ﬁsing LSI to mechanized the computer central processor units

(éPU) end I/0 sections, the memory wiil represent the major portion of the
cdmpufer. BITE for.memory failure detection consists of the addition of

parity generation andinterrogation logic and additional memory bits for egch
memory word to store the parity bits for that word. If 2 parity bits are

added to each memory word a total of 4 bits in the word must change state

befora an error will be undetected. 7If the computer word léngth ig 16 bits

(it is assumed that this is a minimum value to be considered for the space shuttle
booster),the addition of two parity bits increases the memory size bf 12.5%. -
This is half of the 25% increase which is the tradeoff point between the BITE

and voting mechanizations. Since the msjor portion of the computer is the
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memory, a detailed tradeoff analysis will probably indicate that the BITE
gystem requires the least amount of hardware., The tradeoff parémsters
considered when comparing the amount of hardware required to meéhanize

the DMS are weight, rellability, and cost. Making a simplifying assumption
that the type of hardware requirsd to mechanize the BITE is the same as

that used to mechanize the basiec computer then the tradeoff point of equal
cost and weight between the BITE and voting mechanizations is when the BITE
is equivalent to 4 of & computer. Because of the differences in mechanization

this is not the same tradeoff point for reliability. The relisbllity tradeoff

point is determined from the formula

K 4 4 5

E1+W)P;| =5Pf(1—Pf)+Pf
Where Pf is the probability of failure of a single computer and K the amount
of hardware required to mechanize the BITE measured as a percent of a full
computer. Solving the equation for K yields

K =100 [V5-ﬁf -1]
assuming Pf << 5/4 then K = 49.5%. Thus the reliability tradeoff point
;ccurs when the BITE approaches & of a compuber in sizs. " As & result of this -
simplified tradeoff the BITE mechanization is chosen for the comparstive

evalugtion study.

Using this method.of failure detection three configurations must be
mechanized. These are: (

' centralizéd 1inked unit system

« centralized multiprocessor system

« decentralized linked unit systems

In order to mechanize the two centralized configurations the number of computers
required to perform the DMS computational tasks excluding redundancy requirements

must be known. Computer capability is measured by three values : memory size,
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memory speed, and processor spesed, Technology constraints place an upper
bound on memory speed and processor speed. ﬂémory speed must be adequate
to.supply the demands of the I/0 equipment and processor. Processor speed
must be adequate to perform the requirsd computational tasks. Timits on
memory and processor speed for a particular computer are due to a com-
bination of hardware limitations and computer design. It is sssumed for
the space shuttle booster that hardware limitations can be overcome by
proper computer design so that a single computer will be capable of per-
forming the non redundant IMS requirements. Hardware limitations on memory
speed can be overcocme by designing memories to operate in a!modular fashion
80 thét geveral words can bs read and written simultaneously. Procsssor
speed is increassd by reducing instruction execution times_gﬁd mechaﬁizdhg.
special instructions which have multiple operation capabilitf. Figure 6-12
.y-is_a block diagram of the assumed Centralized linked unit system. It is
compoged of four identical computers eack monitored by its own BITE. The.
:output of each ;omputer is comnected to-.a switch with each switeh connected’
to & different data ﬁus. With all computers operatiné each data bus will
be supplied from & different computer. When a computer fails,its assoclated
data bus will be supplied from another computer which has not failed.. With
thrée computer failures all four data bus systems will be supplied from the
same computer. All four computers are operating in perfect synchronism with
parallel to serial conversion for data supplied to the data .bus system occuf—
ring in the computer 1/0 equipment, The logic equation fortmschaniiing each
switeh is

0O=4-F +BF.F +CF - F

+F +DF «F +F
a b c

a b c
where O is the switch output, 4,B,C, and D the four outputs of the four

computers,and Fa’ Fb"Fc’ and Fd the four BITE outputs of the four computers.
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Tn the actusl mechanization each data bus will consisi of two lines,

one carrying address, command and synchronization data and the other line
carrying the data transmitted between systems. If the DMS computers are
given the task of gane?ating the address line data, a second set of swltches
as shown in Figmma6-1éwill have to be included for the address line inter-
face. All four data bus systems interface as inputs to each computer. The
data and address information on sach data bus line will include parity bits.
Each computer I/0 section will serial to parallel convert all four data

bus inputs, reject those imputs having parity errors, and majority vote the
remaining inputs in obtaining the actual computer input. Data flow between
“the computer and data bus system will primarily enter and exit the DMS througt
_memory cycle steals initiated by the I/0 section. Special high pridrity data

will be transferred directly from the I/0 .section to the CPU as an interrupt.

Before a descriptlion of the psntralized miltiprocessor can be described

the elements of ‘a computer must be described in more detail. Figure 6-13

is a detailed block diagrem of a memory ;ystsnh It 1s assumgd that the
memory is & destructive readout (DBO) device. A clock controls the‘basic
mémory cycling of reading a word out of memory into aidat& register and thgn
writing the cbptents of the data reglster into memory in & cyclic fashion.
Ths contents of an address register determines which memory word is read
from and written into. To read data,the contents of the data régister is read
after the maﬁory read cyele. To write data into memory,the data reglster

is filled with the data to be written between the data reéd!cy;le and data
write cycle. Thememory system used in the space shutile booster must
commmnicate with both the processor and I/0 computer sectioﬁs. Each request
given to the memory must include the ad@ress of the desired memory word and
a read or write request._ Tn addition if a write ie requested input data to
the memory must alsc be provided. The memory contains logiec which looks

at the Tead and write request lines from both the processor and I/0 inputs.
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This logic resolves a conflict if two requests are received simultaneously

end sends out switching commands to route either the processor or I/0

data into the memory. Upon completing the requested operation the memory

issues a completion signal to the proper unlt.

Figureb-14 is a block diagram of a typical CPU. The CPU -

performs the process of reading an instruction and executing it. Starting

this process with an instruction in the instruction reglster the CFU

performs the followling sequence:

1.

The control logic interprets the instruction. Instructions can be
classified into one of three major groups: the instructlon requires
data from memory, the instruction requires data be sent to memory,

or the instruction requires no memory function. If data is reguired
from memory a command is sent from the control loglc to toggle the
gwitch on the memory date linee to the number register and an
addiess is generated within the control loglc which specifies the
membr&ﬂlocation to be read. A read request is then issued to the-
memory. For any instruction the control logic determines if an
arithmetic logic function is to be performed and transmits the
information to the arithmetic logic. If the instruetion requires
data to be written in memory, the address is formed from the instruct-
ion, index and/or base registers amd a write command issued to the
memory., A transfer instruction takes the address from the instruction
as modified by index and/or base regleters and coples it into the

instruction reglster.
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2., Withthe completion of the instruction execution the control logic
checka the interrupt lines. If the interrupts are snabled and an
interrupt exists the control logic stores the instruction counter in
a apeclal register or in some computer designs goes through a memory
store sequence storing the Instruction register into a speclal
memory location, The control logic then forces the instruction
register to a value dependent upon which interrupt has occurred.

The control logic alsc dlsables the interrupts either temporarily
or until an enable interrupt instructlon is executed dependent upon

the computer mechanization.

3. The control logic ceuses the output lines from the memory to
be switched to the instruction registers, causes the instruction !
counter to be fed to the memory address lines and lssues & read
request to the memory. Upon receiving a completion signal from
the memory the new instruction has been placed in the instruction

register and the process is repeated starting with step 1. .

Figure6-15 is a block dlagram of a typical Input/Output mechanization.

Data enters the T/0 section from four redundant data bus address lines

and four redundant data bus data lines., The ssquence.of an input or output
operation sterts with serial digital data appearing on the address lines,

This data is accumulated in four reglsters, one for each data bus addreas

Jine and the parity tested with those inpuls showing bad parity rejected.

The remaining inputs are majority voted and the wmajority results transferred

to a register from the parity verification and synchronization circuitry.
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A portion of the contents of this reglster 1s mede availsble to the

control logic and is interpreted as a command %y the control logic,

One of four possible interpretations 1s msde by the control logle:

1) the next data to be receilved over the data bus data lines is to be
stored in the computer memory, 2) data 1s to be read from memory and
transferred to the data bus dats lines, 3) the next data to be received
over the data bus data lines is to be transferred to the computer |
interrupt lines, 4) the next data on the data bus Iirnes requires no

action from the computer. If the néxt\data from the _dﬁha bus lines is to
be writien into memory-or interpreted as computer interrupts, the control
logic qaits until the parity verification and deta generation loglc signals
the completion of its reception of data, The parity verification énd

data generation logic receives its Inputs from four redundant data bus data
lines rejecting that data with bad parity and majority voting the rest
generating a parallel ocutput to a data register. Upon filling the dg%a
‘register it issues a completlon signal to the control logie. If this is
input data to the csmputer it will be either stored in memory or directed
to the processor as interrupts. To read the data into memory a portion of
the register recelving inputs from the data address lines is used as the
mémory address ard a write command lssusd to the memory. An interrogate
interrupt signal is lssued to the special code recognition logic if the data
are interrupts. Ths'data register wlll be written into memory., If the input
data are interrupts the special code recognition dogic will extract the
interrupt bits from the data register and trsnsmit them to the .CPU. If the
control logic determines that the computer is to supply data to the data bus
it releases the address from the parity verification and sync logic output -
register to the mémory address lines and issues a read commsnd to memory.

The output data from memory is read into a register.
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The control logic upon receiving a completion signal from the memory issues
s commend to the parlty generation logic which shifts the output register
a blt at & time into the parity gemeration circuitry causing parity to

be generated and a serial output directed to the data bus data lines.

Figurs 6-16is a block diagram of the centralized multiprocessor system.

In this system the I/0 units and central processor ﬁnits are capable of
operating into 'and out of &any memory. In normal operation with no failures
each memory will be comnected to a different CPU and a different I/0

section making the operation appear as four independent computers each
doing the same operation in synchronism, In the event of a fallure the
outpuls of & failed section will be removed from the syétem by the switching
networks shown and its outputs replaced by an identical operating section,
fér example if é CPU fails the memory normally fed by the failed CPU

will be fed by one of the other operating CPU's, This means that the other
selected CPU will feed twomemory's simmltanaeocusly. Since the computers are
synch}onizgé the memory will be fed the identical data that it would have
nﬁrmally received from its own CPU had it not failed, This keeps the

memory continously updated and available as a replacement i1f some other
memory fails. The swltches shown are the same used in the centrallzed
linked unit system, A switch must be mechanized on each line carrying

data from & computer section including each line of & parallel data transfer.
The advantgge of this mechanization 1s & possible large increase in reliability
over the c?ntralized linked unit system. I; P]? Om, and Pc are the failure
probabilities of the 1/0 gection, memory, and CPU respectively (and it is
aseumed that the switches have very low failure frobabiliities in comparison

to the computer section failure probabilities Yhen the probability of total
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system fallure for the centralized linked unit system to
i} 4 |
P, = (PI +P +Pc)
and for the centralized multiprocessor system

cph Lphyph
Pf PI -+ Pm + Pc .

If the failure probability for each section is the same, i.e., PI = Bm =

Pc = P then the centralized linked unit system failure probability is

= 4
Pf = 81P -
and the centralized multiprocessor aystem failure probability isa
—. aph '
Pf =3P
This shows. that under the condition of identical failure rates on the memory,
I/0 section and OFU, the centralized multiprocessor system will be 27 times
as reliable as the centralized linked unit system.. If -the failure pro-
bability for one of the sections (e.g., the memory) is much greater than
the other two- failure probabilities the reliasbility of the two systems will

"be nearly identical.

/

Figureé-17:is a block diagram of one section of a décentralized linked unit
processor. Each unit is similar to a centrdlized linked ualt systems, the
differencé being in the size of the computer, those used in the decentralized
linked unit system are‘much smaller, and in an addition a direct interface
between the computer and. subsystem equipment. These computer.units are
located in. the vicinity of subsystems equipments allowing direct elsctrical
connectlon with those subsystems. The number of unit? ig dependsnt upon

the size of the comppter sélected and total computatlional task, The vardons
units will communic#le with esdch other through the data bus system. One

of the results of this mechanization is an overall reduction in deta bus

data rate ‘requirements.
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