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PREFACE

This final Technical Report on Development of \Baseline Reliability
Preagiction Models study was prepared by the\Eglngj]ity ineering Group of
the Vouyght Corporation, Dallas, Texas under Contract No< NOOG19-79-C-0355 for

~[He Waval Air Systems Command, Washington; D. C. The objective of the study
was to develop mathematical models which would permit prediction/evaluation of
the reliability characteristics of notional Navy aircrart based only on the

aircraft design/performance parameters,

The contract was issued on 27 April 1979 by Naval Air Systems Command
(NAVAIR), Washington, D. C. Mr. Steve Meek (PMA 2694) was technical contract
monitor. The contract period from 27 April through 27 October 1979 covered
gevelopment of the Baseline Reliability Prediction Model for fixed wing
aircraft. An interim report covering this period was submitted to NAVAIR on
27 October 1979. The contract was modified as a result of NAVAIR's exercise
of a proposal option. The contract period was extended through 27 February
1980 to provide for development of the Baseline Reliability Prediction Model
for rotary wing aircraft. The final report covers the entire period of
contract performance from 27 April 1979 to 27 February 1980.

Messrs. Steve Meek (PMA 2694), John Zell (AIR 5185), Dave HMcGoy (AIR
»185), and Alek Gacic (AIR 5185) provided technical consultation and
assistance in acquisition of required data, which contributed significantly to
the successful completion of this study. Comments received from NAVAIR's
review of the interim report contributed to the final report. Mr. Mike Waltz
at  the Naval Aviation Logistics Center (NALC) provided valuable
suggestions/comments from his review of the irterim report and final report

draft.
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1. INTRODUCTION

Lt oo

d. This volume is the second of a two-volume report presenting the results of

a study to develop mathematical models for predicting baseline reliability
characteristics of notional (conceptual) Navy aircraft. The term "baseline"

YRAY L on

is defined as descriptive of reasonable expectations based on reported

operational trends unless significant design or procedural influences are
applied to effect improvements,

1.1 Objective. The objective of this study was to develop a model, i.e., 3
a set of mathematical equations, for predicting the baseline Mean Flighi Hours
Between Failures (MFHBF) of notional fixed wing aircraft, and a similar model

el

for predicting the baseline MFHBF of notional rotary wing aircraft.

R

To accomplish this objective, models were required which would accommodate '
notional aircraft design/performance parameters. In particular, the models
would be capable of predicting baseline HMFHBF of notional aircraft being ~3
considered by the Navy in the Sea Based Air Master Study effort. These 3

predictions would of necessity be based on aircraft design/performance
parameters progressively definitized as a part of notional aircraft evolution

and assessment,

1.2 Historical Background. The increased emphasis on reliability has

G

resulted in an increased need for a method of evaluating the reliability
“characteristics of notional Navy aircraft., Standard reliability prediction
-methods, e.g., MIL HBBK 217, cannot be used because the level of system detail

e e e
+

.is not available for a notional aircraft. However, the values of aircraft

ey A < o e | ey

Jdesign/performance parameters can generally Dbe obtained. Therefore,

orediction of notional aircraft reliability characteristics can be predicted
on the basis of aircraft design/performance parameters,

D i ool it

This approach has been taken 1in developing models for predicting
“aintainability and maintenance characteristics of notional aircraft ]
References 1 and 2). Predictions of notional aircraft maintainability and

zintenance characteristics wer2 made on the basis of equations which were
zveloped by statistically relating historical maintenance data, at the

1
1 .
— S
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two-digit Work Unit Code (WUC) subsystem level, to aircraft design

characteristics.

This approach was taken in developing the aircraft Baseline Reliability
Prediction Models. The reliability parameter used to describe the reliability
characteristics of notional aircraft was Mean Flight Hours Between Failures
(MFHBF).  Two-digit WUC subsystem MFHBF was related statistically to
historical Navy aircraft design/performance parameters.

1.3 Model Description and Application. The Baseline Reliability
Prediction Models for Navy notional aircraft provide the capability of

treating reliability as a conceptual aircraft trade-off parameter. The models
consist  of 75  statistically  derived  equations using  notional
design/performance parameters; 40 eguations for fixed wing aircraft and 35
equations for rotary wing aircraft. As soon as the design/performance
parameters -of a notional aircraft are definitized, the baseline MFHBF can be
predicted using the appropriate model., The baseline MFHBF is predicted at the
two-digit WUC subsystem Tevel of a notional aircraft. These predicted values
of the MFHBF are combined mathematically to obtain the baseline MFHBF
prediction of the overall notional aircraft. 1t should be noted that the
first equation in each model was developed to predict an overall weapon system
baseline MFHBF and should be used as a check or validation of the MFHBF
resulting from combining the individual two-digit WUC subsystem MFHBF values.

The Baseline Reliabiiity Prediction Models are applicable, with few
constraints, to assessment of baseline MFHBF of notional Navy aircraft due to
(1) the prediction equations being developed at the two-digit WUC subsystem
level and (2) the wide variety of aircraft types and mission variants used for
model development. 1In particular, these models are applicable to the notional
aircraft being evaluated by the Navy as a part of the Sea Based Air Master
Study (SBAMS) effort. More specifically, the fixed wing reliability
prediction model is applicable to V/STOL, STOL, CTOL, and STOVL notional
aircraft categories and fighter (F), attack (A), electronic warfare (EW),
reconnaissance (RECCE). antisubmarine/antisurface warfare (ASW/ASUW), airborne
early warning (AEW), carrier on board (0D}, vertical! on board (VOD), tanker
(TKR), and missileer (AAW) mission varisnts. The rotary wing reliability

-
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r B prediction model s applicsnle to V/STOL aircraft with vrotary wing
characteristics and HELQO notionasl aircraft, and ASW, marine assault (MA), VOD,
and search and rescue (SAR) mission variants.

1.4 Approach. The Baselin~ Reliability Prediction Models were developed
by application of statistical methods to derive mathematical relationships
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between MFHBF and selected historical aircraft design/performance parameters.

i

An equation which relates the MFHBF of the subsystem to the aircraft
design/performance parameters was developed for each two-digit WUC subsystem

[INE VTN

considered. One model, i.e., set of MFHBF prediction equations, was developed
for fixed wing aircraft and another model for rotary wing aircraft. Each i
model was developed so that it would be applicable to different mission )
variants.

Three major tasks were required to develop the Navy aircraft baseline

reliability prediction equations: (1) selection, extraction, and compilation %
of historical Navy aircraft design/performance parameters, (2) development of t%
a reliability data base consisting of MFHBF values for each selected E
historical Navy aircraft at the two-digit Work Unit Code (WUC) level, and (3) %
model development and validation by application of statistical methods to the j
data bases. - f%

1.5 Organization of Report. The remainder of this volume is divided into
two major parts -- the User's Guide consisting of Sections 2 and 3, and the
Model Dpevelopment consisting of Sections 4 through 7. Section 2 presents tweo
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models, i.e., sets of mathematical equations, one for fixed wing and another
for rotary wing aircraft application. A summary of the design/performance

parameters and the historical aircraft used to derive each equation are given ;
in Section 2. The procedures for proper application of the prediction :

-4
equations are described in Section 3. Section 4 describes the selection, &
compilation, and screening of dala for both the MFHBF Data Bases and the %

Nesign/Performance Data Bases, from which the prediction equations were 1%
derived. Section 5 presents the statistical techniques employed in the
analysis of the data. Section 6 discusses in detail the procedures followed
to derive the prediction models. Section 7 describes the methodology used and
results of model validation efforts.
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o 2. BASELINE RELIABILITY PREDICTION MODEL F
: ' Seventy-five MFHBF prediction equations were developed as elements of the ;
: !
two Baseline Reliability Prediction Models. Forty of the equations comprise § ;

the Fixed Wing Aircraft Prediction Model, and are presented in Section 2.2,
while the remaining 35 equations were developed for the Rotary Wing Aircraft
E, Prediction Model, and are described in Section 2.3. Prior to examination and : Q
use of the models some background as to their development will be helpful. ! i :

v v o
~

2.1 Equation Development. Two equation forms were considered in
describing the relationships between the two-digit WUC subsystem MFHBF and the boE %

i design/performance parameters of Navy aircraft. Each prediction equation has é
*~ one of the following forins, depending on which form of equation provided the E T
4+ Dbest fit to the data: .
i B
i a. Linear - The two-digit WUC subsystem MFHBF is expressed as a linear '
combination of various design/performance parameters of 3 historical b
{ Navy aircraft, i.e., the equation is written as: )
3
) MFHBF = b0 + b]X1 + b2X2 + oo, bpxp, ng])

where )
MFHBF is mean flight hours between failures for a two-digit ;o
WUC subsystem,

X], X2, ceees Xp are aircraft characteristics, i.e., predictor
P variables and
bo, b], ceees bp are constants, estimated from the data.
b. Natural Log - The natural log of the MFHBF, In(MFHBF), is expressed
as a linear combination of various aircraft characteristics, i.e.,

the equat.on is writien as;

"
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b, + b.X; + b,X, + .... +b X

IN(HFHEF) = by + biX, + byX, %
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The MFHBF is then predicted by exponentiating the equation, i.e.,

b,tb,X

MEHBF = ¢ (DgtDyXy " DoKXy + eeen B K)o T (2.3)

While Equation (2.3) is the expression used to predict the baseline MFHBF
in most of the prediction equations, Equation (2.2) is the form used to
perform the analysis associated with the model development.

The design/performance parameters of the prediction equations, i.e., the
predictor variables, were derived through the use of a variety of selection
and statistical refinement procedures (see Sections 6.1 and 6.3). While
variables with intuitive appeal, from an engineering standpoint, were favored
other variables, having strong statistical value, have also been included as
predictor variables. Some of the seemingly unrelated variables may be acting
as a proxy for more intuitive characteristics which were not included in the

Design/Performance Data Base.

2.2. Fixed Wing Aircraft MFHBF Prediction Model. The Baseline Reliability
Prediction Model for the fixed wing aircraft is comprised of 40 baseline
MFHBF prediction equations. These equations, shown in Table 2-1, include
prediction equations for each of the 38 two-digit WUC subsystems, considered
basic for the fixed wing aircraft, plus two additional equations. One
equation has been created to permit prediction of the overall baseline MFHBF
of fixed wing aircraft and 1is denoted by WUC 00000. This equation was
developed for use in model validation. The other equation is for predicting
baseline MFHBF of either turbojet or turbofan engines, and is denoted by WUC
20000, This -equation was develeped to supplement the individual WUC
prediction equations for WUC 23000 and WUC 27000 (see Section 6.1.2 for
details).

Fixed wing aircraft design/performance parameters appearing in the
prediction equations requiring a definition or explanation include:
0 Type A or B:
a binary indicator parameter wused to permit categorical
ditferences between aircraft to be accounted for. For a Type A
aircraft, this parameter is set equal to "0" (zero), and for a
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Type B aircraft is set equal to "1" (one) Type B aircraft

e e T B Hin 2B W o Tan

i include fighter, attack, reconnaissance (derivatives  of
)

fighter/attack), and electronic warfare: Type A is all other
aircraft. The variable is occasionally used in a product. 1

e
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0 Min. Combat Mission Time: ;
the minimum duration of all design combat missions, excluding - g
the ferry mission, ;,.

;O Max. Ldg. Wt. -- Arrested or Design: ? %
' the maximum arrested landing weight if the aircraft is = ,
carrier-based: the maximum design landing weight if the aircraft

.. is land-based.
o0 Crew Size -- Cockpit or Total: Py g
cockpit crew size if the aircraft is Type B; total crew size if

the aircraft is Type A. N

) Kinetic Energy (multi. of 100,000): f ;?
the (Maximum Landing Weight in Lbs) times the (Landing Sink i
Speed -- Limit in ft/sec)z, i.e., KE = (Wt in Lbs.) times
‘ (Speed in Ft./Sec.)Z. Then KE is divided by 100,000 prior to

:
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use in a prediction equation. This is a modified definition and f
should not be confused with the standard definition in a physics \ 3
4

'

text.

i o Afterburner Indicator: -
a binary indicator parameter used to permit differences between

aircraft, with or without an afterburner, to be accounted for. ;?
The parameter has a value of "1" when the aircraft has an |
afterburner, otherwise it has a value of "Q".

0 EW Indicator:
a binary indicator parameter used Lo account for differences

*r:fr{vn-x»-
L
[t

between electronic warfare aircraft and non-electronic warfare LF
‘ aircraft. The parameter has a value of "1" whern the aircraft is o
i . . : . “
! an electronic warfare aircraft, otherwise it has a value of "0".

% Additional definitions and explanations for specific fixed wing aircraft \ﬁ }
sesign/performance parameters are provided in Table A-6 of Appendix A and all ;é
fE

:} ign/performance parameters with their units are given in Table A-8.

? Tne predicted values for WUC 20000 (Turbojet/Turbofan Enginesj, WUC 22000
rooshaft  gngines), WUC 23000 (Turbojet Engines), WUC 27000 (Turbofan
“hgines), and WUC 29000 (Power Plant Installation), apply to a single engine A
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TABLE 2-1

OVERALL FIXED WING AIRCRAFT 4
BASELINE MFHBF PREDICTION EQUATION E

(WUC 00000)

7
MFHBF = 1.53255 + )  b.X. 3
Lo Pt
i=1
Variable Aircraft Characteristic Coefficient R
i Xi bi
] Maximum Aircraft Height .30591 x 107" ;
2 Fuselage Wetted Area 79922 x 1073
3 Wing Area -.18001 x 1072
4 Number of External Store Stations .48897 «x 10']
5 Number of Internal Tanks -.70972 x 10']
6 Flight Design Weight -.19398 x 107
7 Type A or B -.12830
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE AIRFRAME
(WUC 11000)
9
7 = In(MFHBF) = 3.90037 + ] by,
i=]
MFHBF = e’
Variable Aircraft Characteristics Coefficient

i X b

! Wing Span -- Folded (¥e) o 45925 x 107
2 Max. Aircraft Length (£.,) ?o -.47705 x 107!
3 Fuselage Volume {Aw) X%-, -.21737 x 103
4 Flight Control Surface Area (Xig) -.28539 x 107
5 Kinetic Energy (Yi2) -.44285 X 10'3
6 Total Fuel Capacity (¥z¢) 22795 x 107
] Max. Wing Loading (¥3s) _.80609 x 107
8 vax. Threst to Max Take-OFf Weight (Xe)  1.00835

9 Flight Design Wt. to Max. T.0. Weight (k) 42445 X 107!
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE FUSELAGE COMPARTMENTS

(WUC 12000) . !

9
Z = In(MFHBF) = 6.26009 +  J  b.X,
i=1
MFHEF = ef
- I;;
Variable Aircraft Characteristic Coefficient
i X, b
] Fuselage Volume (¥uw) " 31073 x 1073
2 Pressurized Fuselage Volume (¥.) _.39154 x 1073
3 Total ECS Weight (o) 42298 x 107
4 Kinetic Energy (X2) -.30346 x 107
5 No. of Internal Tanks (Xzs) -.11206
6 Max. Thrust to Max. Take-Off Weight () -.27330
| 7 Min. Combat Mission Time (¥3s) _.15924 x 107"
.‘ 8 Max. Speed -- Mach No. () -.16122
g Flight Design WE. to Max. T.0. Weight f{s¢)-1.98593




TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE LANDING GEAR

(WUC 13000)

9
i=1

MFHBF = eZ

Variable Aircraft Characteristic

i Xi

Max. Aircraft Length (X,,)

Max. Aircraft Height 'X,,)

Wheelbase (f.z)

Fuselage Volume (%)

Kinetir Energy (Yev)

Max. Ldg. Wt. -- Arrested or Design(¥33)
Min. Combat Mission Time (%39)

Type A or B (¥Xs3)

(Min, Combat Mission Time) x

(Type A or B) ( Xss)

W 0 ~N OO O D W N e

t 2= In(NFHBF) = 3.74917 +  J  b.X.

Coefficient

-.34022
57675
-.22754
-.24390
-.18810
.36539
-.12237
-.34138
. 10543

X

X X X X X

b{“
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TABLE 2-1 (Cont.) k
~ 4
FIXED WING AIRCRAFT 1
BASELINE MFHBF PREDICTION EQUATION :
FOR THE FLIGHT CONTROLS
(WUC 14000) j
4
3
10
Z = In(MFHBF) = 3.00745 + } bX,
i=1
MFHBF = el
Variable Aircraft Characteristic Coefficient
i X; b
1 No. of Moveable F1t. Control Surfaces .26782 x 10']
2 No. of Variable Inlets -.15937
3 Wing Sweep at 1/4 Chord -.70022 x 1072
4 No. of Wing Plus Tail Folds 72991 x 107"
5 Aspect Ratio .34615 x 107
6 Flight Control Surface Area -.68313 x 1073
7 Total ECS Weight -.32656 x 1073
8 No. of Engines -.83656 x 107
9 Max. Wing Loading .30344 x 1073
10 Mil. Thrust to Design Weight -.34316 x 107
11
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TABLE 2-1 (Cent.)

FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE TURBOJET/TURBOFAN ENGINES

e e v o s s
N .

(WUC 20000)

S s . \ 1hse ,
o il R it Dk ia b ,...,aiuwm.,ﬁMMMM\

MFHBF (per engine) = 41.29953 + ] b X,
i

n,_.,.»..__‘ﬁ._,A»_-..«p
*
i
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e v
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: .
h Variable Aircraft Characteristic Coefficient 2
i Xi bi i 2
1 Wing Area ~.39357 x 107 §
: 2 Engine Weight Installed Per Engine -.92293 x 10'2
f 3 Max. Compression Ratio .97483 I
. 4 Spec. Fuel Consumption -10.80333
: 5 Turbine Inlet Temperature .32736 x 1072 :
6 Empty Weight 29245 x 1073 g
! 7 Max. Thrust to Inst. Eng. Weight -3.36498 §
‘ 8 Min. Combat Mission Time 7.47626 o
) 9 Max. Speed -- Mach No. 17.75216




TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE TURBOSHAFT ENGINES

(WUC 22000) ;

4 4

MFHBF (per engine) = -43.59505 + } b.X; 3

i=1 ;

I3

- ]

3

Variable Aircraft Characteristic Coefficient ;
|
] Wing Area 26287 x 107 t
2 Specific Fuel Consumption -47.41315 ‘
3 Max. Thrust to Installed Engine Wt. 21.03649 ..‘i
4 Max. Speed -- Mach No. 101.37260 .
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT

BASELINE MFHBF PREDICTION EQUATION

FOR THE TURBOJET ERGINES

(HUC 23000)

7

MFHBF (per engine) = 4.16807 + Z]
1:

Variable Aircraft Characteristic

i . Xi

Wing Area

Total Aircraft Thrust -- Military
Max. Engine Diameter

Specific Fuel Consumption

MMax. Rate of Climb at Sea Level
Max. Thrust to Installed Engine Wt.
Min. Combat Mission Time

N Y B WwW N —

bixi

Coefficient

by .

1
2

-.58333 x 10”
.10953 x 107
69506 x 107

-11.54031

-.62785 x 107

8.02291

7.64590
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE AUXILIARY POWER PLANT AIRBORNE ;

(WUC 24000)

4 3

Z = In(MFHBF) = 3.92959 + J  b.X. z
.i=] ;

MFHBF = ef 7

Variable Aircraft Characteristic Coefficient

i Xi b1

& Al L ..h"("t’:‘ e e Y

Crew Size -- Cockpit or Total -.73491 x 107!

Kinetic Energy 31667 x 107°
Max. Payload .90390 x 107°
Max. Combat Mission Time .62697 x 10']
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TABLE 2-1 (Cont.) 1

FIXED WING AIRCRAFT i
BASELINE MFHEBF PREDICTION EQUATION 4
FOR THE TURBOFAN ENGINES :

4

(WUC 27000) ;

#

4

MFHBF (per engine) = -27.07110 + '21 b X;
1=

PP P S L TE 7.7 N

o3

%

[

H

]

Variable Aircraft Characteristic Coefficient b3
i Xi bi

Wing Area .74634 x 1071
Specific Fuel Consumption 29.39066 i |
Max. Thrust to Installed Engine Wt. .20384

Min. Combat Mission Time 8.29340 k ,
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TABLE 2-1 (Cont.) ‘ -{
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION )
FOR THE POWER PLANT INSTALLATION a
(WUC 29000) %
Z = In(MFHBF) (per engine) = 4.29183 + 1§1 b X, 3
MFHBF (per engine) = eZ 5
' M
- g
: Variable Aircraft Characteristic Coefficient x
s i X, b, ’
| o
1 Kinetic Energy 78162 x 1073 |
2 No. of Engines -.47342 x 107!
3 Max. Thrust per Engine -.11188 x 1072 1
4 Max. Engine Diameter -.43156 x 10”7 ‘_j
5 Max. Engine Length -.66780 x 1072 =
: 6 Eng. Wt. Installed Per Engice 44121 x 1073
4 7 Max. Thrust to Installed Eng. Weight .24905 ?
j ) 8 Min. Combat Missjon Time .15982 '
’ 9 Max. Speed -- Mach No. .87790 ;
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION

FOR THE AIR CONDITIONING/PRESSURIZATION/ICE CONTROL

(Wwuc 41000)

9
In{MFHBF) = 4.27794 + §

i=]

b:X

L= j

MFHBF = e

Aircraft Characteristic

X

Crew Size -- Cockpit or Total
Pressurized Fuselage Volume
Avionics Weight Installed

Total Generator Electrical Power
Total ECS Height

No. of Engines

Empty Weight

Max. Rate of Climb at Sea Level
Max. Speed -- Mach No.

18

- i - o ——

i

Coefficient
b’i
.20048
-.23720 x 1073
-.69055 x 107%
14571 x 1072
-.46927 x 1073
-.54877
.73377 x 1078
71702 x 107
-.37055
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TABLE 2-1 (Cont.) :
FIXED WING AIRCRAFT s
BASEL INE MFHBF PREDICTION EQUATION !
FOR THE ELECTRICAL POWER SYSTEM :
(WUC 42000) .
Z = In(MFHBF) = 2.94917 + 121 b X, §
) 3
MFHEF = e §
1
1
5
Aircraft Characteristic Coefficient é
X b, é
Crew Size -- Cockpit or Total .59141 x 107 !
No. of Moveable F1t. Control Surfaces -.31479 x 107° |

Flight Control Surface Area -.19133 x 1073 ;
No. of Guns . 16676 ]
Avionics Weight Installed -.16890 x 107> 4
Total Generator Electrical Pover .62610 x 107 .j
Total Fuel Capacity -.18466 x 1072 ?
No. of Engines -.54102 3
Min. Combat Mission Time 70435 x 107" ¢
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TABLE 2-1 (Cont.) :

FIXED WING AIRCRAFT i

BASEL INE MFHBF PREDICTION EQUATION
FOR THE LIGHTING SYSTEM

(WUC 44000)
9
Z = In(MFHBF) = 3.69595 + | b.X,
i=] 11
MFHBF = e {
I
Variable Aircraft Characteristic Coefficient
1 Crew Size -- Cockpit or Total -.17937 x 107! ;
2 Wing Span -- Folded -.14467 x 107"
3 Max. Aircraft Length _.22274 x 107 ]
4 Max. Aircraft Height 58484 x 107 j
5 Pressurized Fuselage Volume .15541 x 10'4
6 Avionics Weight Installed -.21382 x 107
7 Total ECS Weight 25966 x 1075
8 Kiretic Energy -.16067 x 1072
9 No. of Engines -.97012 x 1072
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TABLE 2-1 (Cont.) :
FIXED WING AIRCRAFT ?
BASEL INE MFHBF PREDICTION EQUATION \
FOR THE HYDRAULIC AND PNEUMATIC POWER
(WUC 45000) i
10 :
Z = In(MFHBF) = 4,89547 + .§1 b X, ;
i= :
MFHBF = ol §
L
Ajrcraft Characteristic Coefficient
Xi b_i
-1 !
No. of Moveable F1t. Control Surfaces .38953 x 10 )
No. of Variable Inlets -.85082 x 107 L
No. of Wing Plus Tail Folds -.19419 J ;
Wing Area -.168%6 x 1072 :
F1t. Control Surface Area .18224 x 10_2 i
Total Aircraft Thrust -- Military -.86032 x 107>
Engine Wt. Installed Per Engine ~.24596 x 1075
Max. Wing Loading -.15769 x 107
Max. Rate of Climb at Sea Level .10115 x 1073
Min. Combat Mission Time 26280 x 107"
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TABLE 2-1 (Cont.) :
FIXED WING AIRCRAFT | !
BASELINE HFHBF PREDICTION EQUATION j y
FOR THE FUEL SYSTEM 5 ]
;
? 3
(WUC 46000) \ g
1] )
i
! !
o
10 ‘ ;
Z = In(MFHBF) = 4.47070 + ] b.X. i
'i=] E
: {
MFHBF = e’ | *
L
! ' %‘
Variable Aircraft Characteristic Coefficient ‘ !
‘. i X]. b... k
i ] Max. Aircraft Length -.10740 x 107!
.. 2 No. of External Store Stations 69307 x 107! B
| 3 Fuel Capacity Max. Internal -.76420 x 107°
§) ‘ 4 Total Fuel Capacity -.35719 x 1072 T
‘ 5 No. of External Tanks -.22514 ‘
) 6 No. of Internal Tanks -.26701 x 107! ,;3
1 7 No. of Engines 20195 'éa
] 8 Total Aircraft Thrust -- Military -.76385 x 1072 3
] 9 Engine Wt. Installed Per Engine -.1253. x 1073 k|
b 10 Max. Combat Radius 41790 x 1073 -
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TABLE 2-1 (Cont.) §
FIXED WING AIRCRAFT :
BASEL.INE MFHBF PREDICTION EQUATION .
FOR THE OXYGEN SYSTEMS K
(WUC 47000) i
7
Z = In(MFHBF) = 6.39195 + [ b.X,
i=1 .
MFHBF = e’ ) o
Variable Aircraft Characteristic Coefficient . L
1 X b -
|
1 Crew Size -- Cockpit or Total -.82837 x 107! . ;
2 Pressurized Fuselage Volume -.75657 x 1073 ' I
3 Total Generator Electrical Power .83093 .. 1_0'2 ¢ :
4 Empty Weight -.42179 x 1074 t :
5 Min. Combat Mission Time ~.85764 x 107 .
6 Type A or B -1.45235 x
7 (Min. Combat Mission Time) x 17160 N
(Type A or B) L

23
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FIXED WING AIRCRAFT
§ BASELINE MFHBF PREDICTION EQUATION
: FOR THE MISCELLANEQUS UTILITIES
(WUC 49000)
) 10
5 Z = In(MFHBF) = 6.25902 + §
' i=1
} MFHBF = e’
s -
. Variable Aircraft Characteristic
. i X
st -
1 Crew Size -- Cockpit or Total

. 2 Max. No. of External Armament Stores
* 3 Max. Aircraft Height
3 4 Fuselage Wetted Area
> 5 Wing Wetted Area
. 6 Total ECS Weight
N 7 No. of Engines

8 Max. Speed -- Mach No.

9 Type A or B

10 (Max. Speed -- Mach No.) x

(Type A or B)
24
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TABLE 2-1 {Cont.)

b.X,i

1

Coefficient
b,

18175

66526 x 1072
.77909 x 107
.63791 x 1073
.10243 x 1072
77721 x 1073
56406

.28239

64934

25522
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TABLE 2-1 (Cont.) ?
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION :
FOR THE INSTRUMENTS ;
(WUC 51000) ;
k.
10 #
Z = In(MFHBF) = 3.68697 + 121 b.X, A
MFHBF = e
; i
3
Variable Aircraft Characteristic Coefficient ?
i Xi bi g
|
1 Crew Size -- Cockpit or Total . 12289 %
2 No. of Moveable F1t. Control Surfaces .47588 x 107
3 No. of Variable Inlets .33078 -
4 No. of Vertical Tails -.69253 x 107
5 Max. No. of External Armament Stores .13270 x 10']
6 Total ECS Weight -.23291 x 1073
7 No. of Engines -.66364 ;
8 Max. Combat Radius -.57708 x 1073 5
- 3
9 Max. Speed -- Mach No. .37363 x 10 ! fﬁ
10 (Max. Speed -- Mach No.) x -.41129
(Type A or B)
25
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v TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION f
FOR THE FLIGHT REFERENCE ;
v
(WUC 56000) i 4
! ! ,
10 L
Z = In(NFHBF) = 6.59589 + [ b.X. |
‘ 321 :
! MFHBF = e j
i
E
Variable Aircraft Characteristic Coefficient
i X_i b_i»-" \ ;
5
f 1 No. of Variable Inlets -.43436 L
: 2 Pressurized Fuselage Volume -.27376 x 1073 i-y
3 Avionics Weight Installed -.10979 x 1073 1
4 Total ECS Weight .44878 x 1073 '
_ 5 Design Load Factor -- Subsonic -.63073 x 107 : :
P 6 Max. Wing Loading -.22801 x 107" . ‘
7 Max. Rate of Climb at Sea Level .91942 x 107 E
g 8 Max. Thrust to Max. Take-Off Weight -.50975 !
e 9 Max. Combat Radius -.17243 x 1073 i
% ' 10 Max. Speed -- Mach No. -.13006 ‘ E
7
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE INTEGRATED GUIDANCE/FLIGHT CONTROL

(WUC 57000)

1l O~10

Z = In(MFHBF) = 3.84555 +
i

MFHBF = ef

Aircraft Characteristic

No.

X4

of Moveable F1t. Control Surfaces

Pressurized Fuselage Volume

Avionics Weight Installed

No.
Desi
Max.
Max.
Max .
Max.

cf Engines

gn Load Factor -- Subsonic

Wing Loading

Rate of Climb at Sea Level
Thrust to Max. Take-0ff HWeight
Speed -- Mach No.

b.X.

b;
21782
-.82904
28876
.21503
-.21879
.. 71315
.10273
-.66380
-.56747

x x X

x X X

Coefficient

10
10
10

10
10
10

-1
-4
-4
-3

-3
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Variable

TABLE 2-1 (Cont.)

FIXED WING AIRCRAFT
BASEL INE MFHBF PREDICTION EQUATION
FOR THE VHF COMMUNICATIONS SYSTEM

(WuC 61000)

7

Z = In(MFHBF) = 4.32200 + [} b.X,

i=1

MFHBF = el

Aircraft Characteristic

i Xi

Avionics Weight Installed

Total ECS Weight

Max. Combat Radius

Max. Speed ~- Mach No.

Type A or B

(Max. Speed -~ Mach No.) x
(Type A or B)

7 (Avionics Wt. Installed) x

(Type A or B)

Sy O WS

11

Coefficient

b.
i

-.11443 x 1073
-3

-.52557 x 107
,50998 x 1073
.39669

-2.57308
16335

.48986 x 10




TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EGQUATION
FOR THE VHF COMMUNICATIONS SYSTEM
(WUC 62000)
4
Z = In(MFHBF) = 6.58800 + Z bixi
i=1
MFHBF = el
Variable Aircraft Characteristic Coefficient
i Xi bi
1 Crew Size -- Cockpit or Total 1.44436
2 Fuselage Yolume -.37156 x 1072
3 Total ECS Weight .93790 x 1072
4 Max. Combat Mission Time -.40689
29
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i 5
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He 7
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MiHBF PREDICTION EQUATION
FOR THE UHF COMMUNICATIONS

(WUC 63000)

11

Z = In(MFHBF) = 3.21447 + ) b.X,
1'='| 11

MFHBF = eZ

Aircraft Characteristic

X5

Crew Size -- Cockpit or Total

Fuselage Volume

Avionics Weight Installed
Total ECS Weight
Kinetic Energy

Max.
Max.
Max.
Max.
Min,

Max.

Wing Loading

Rate of Climb at Sea Level
Service Ceiling --- 100 FPM
Combat Radius

Combat Mission Time

Combat Mission Time

30

Coefficient
b;
-.69289 x 107!
49928 x 107
19025 x 107
33068 x 1075
87231 x 1075
-.95668 x 1072
94571 x 107°
-.93535 x 1072
25854 x 10°°
_.15570 x 107
91245 x 107
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Variable

TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE INTERPHONE SYSTEM

(WUC 64000)

8
Z = In(MFHBF) = 5,20450 + 12 b,X,
- =]
MFHBF = el
Aircraft Characteristic Coefficient
X_i bi

Crew Size -- Cockpit or Total -.11231
Pressurized Fuselage Volume 84585 x 1071
Avionics Weight Installed -.46752 x 107
Total Generator Electrical Power -.39612 x 1072
Total ECS Weight -.10946 x 1073
Kinetic Energy -.32499 x 1072
Max. Combat Radius .25999 x 1073
Max. Speed -- Mach No. .46557
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TABLE 2-1 (Cont.)

FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION

FOR THE IFF SYSTEMS

(WUC 65000)

10
Z = \n(MFHBF) = 4.11223 + J
i=1

MFHBF = e

Aircraft Characteristic

X.
j

Crew Size -- Cockpit or Total

Fuselage Volume

Avionics Weight Installed
Total ECS Weight
Kinetic Energy

Max.
Max.
Max.
Min.
Max.

Wing Loading

Service Ceiling -- 100 FPM
Combat Radius

Combat Mission Time

Combat Mission Time

32

b.X.

R

Coefficient
b, :
-.15445 x 107
-.20737 x 107
~.50592 x 107
-.11893 x 1073
64649 x 107
52660 x 107
-.99453 x 107
29250 x 107>
26576 x 107
91915 x 1072
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE EMERGENCY RADIO

(WUC 66000}
9 ]
Z = In(MFHBF) = 2.75593 + )  b.X, :
- i=1 i
7 b
MFHBF = e ' %\
Variable Aircraft Characteristic Coefficient
i Xi bi
1 Avionics Weight Installed -.10414 x 1073
2 Max. Wing Loading 21356 x 107!
3 Max. Service Ceiling --- 100 FPM 78696 x 107
4 Max. Combat Radius -.28700 x 107
5 Min. Combat Mission Time .30361
6 Max. Combat Mission Time -.11984
7 Max. Speed -- Mach No. -.49971
8 Type A or B -.30680
9 (Max. Wing Loading} x -.15781 x 10'3
(Type A or B)
33

B N R N SR A R A T s R AT D e




¥
Y

PR IO

B N
. L ot
RIS =

TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE CN1 INTEGRATED PACKAGE

(WUC 67000)

B Wiftees T A oK o R e SRt Pdes e sactnt
NIRRT B Lt o R 3 e st S,
TRV .

7 i
Z = In(MFHBF) = 7.87134 + § b.X, g
i=] ,;
MFHBF = of .
! A
oo
/ 3
- f -
R
Variable Aircraft Characteristic Coefficient % 3
Yariable Coefficient E
i X, b, 43
1 1 :
14
i Crew Size -- Cockpit or Total ~.29080 g :
2 Pressurized Fuselage Volume -.17631 x 1072 H ]
3 Avionics Weight Installed 12476 x 1073 ' { :
4 Max. Combat Radius 90909 x 1073 Y
5 Min. Combat Mission Time 44049 {f £l
6 Type A or B -2.12936 4 ?P
7 (Avionics Wt. Installed) -.73023 x 1073 b
(Type A or B) N ?

N
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE MISCELLANEOUS COMMUNICATIONS EQUIPMENT

(WUC 69C00)

5
Z = In(MFHBF) = 5.78196 + 121 b X,
MFHBF = el
Aircraft Characteristic Coefficient
Crew Size -.13826

Total ECS Weight 3

Kinetic Energy

51482 x 10°

.79243 x 1072
Max. Combat Radius 15002 x 10°°

Min. Combat Mission Time . 10007
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PRCDICTION EQUATION
FOR THE RADIO NAVIGATION

(WuC 71000)

11
7 = In(MFHBF) = 1.96822 + Z bixi
i=1
MFHEF = e’
Variablie Aircraft Characteristic Coefficient

i X. b,

i i

1 Crew Size -- Cockpit or Total .27154
2 Fuselage Volume ..67026 x 107>
3 Avionics Weight Installed .55439 x 10'4
4 Total ECS Weight .13373 x 1073
5 Kinetic Energy -.90908 x ]0'3
6 Max. Payload .54097 x 1078
7 Max. Wing Loading .16847 x 107!
8 Max. Service Ceiling -- 100 FPM 11970 x 107
9 Max. Combat Radius -.38094 x 1073
10 Hin. Combal Mission Time -.43786 x 107"

11 Max. Speed -- Mach No. .23238
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE RADAR NAVIGATION

(WUC 72000)

(Type A or B)

37

9
Z = In(MFHBF) = 4.93762 + 121 b.X,
MFHBF = ef
Aircraft Characteristic Coefficient
X; b,
Crew Size -- Cockpit or Total -.47311
Avionics Weight Installed -.17587 x 1073
Total ECS Weight 24890 x 1072
Max. Wing Loading -.11628 x 107
Max. Service Ceiling -- 100 FPM 36808 x 107
Max. Combat Radius -.13641 x 10'2
Type A or B -1.94966
(Avionics Weight Installed) x -.14608 x 1073
(Type A or B)
(Max. Wing Loading) x .14050 x 107
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT

BASELINE MFHBF PREDICTION EQUATION

FOR THE BOMBING NAVIGATION

(WUC 73000)

10
Z = In(MFHBF) = 2.94200 + ]
i=1

MFHBF = eZ

Aircraft Characteristic

Max.
Max.
Max.
Max.
Min.

X;

Crew Size -- Cockpit or Total
Fuselage Volume

Avionics Weight Installed
Total ECS Weight

Kinetic Energy

Payload

¥Wing Loading

Service Ceiling ~-- 100 FPM
Combat Radius

Combat Mission Time

b.X,

Coefficient
b;
- 42222
-.12459 x 1072
84837 x 107
33431 x 1073
69233 x 1072
-.82778 x 107%
-.46557 x 107
13612 x 1073
-.13005 x 1072
74790 x 207
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE WEAPONS CONTROL

(WUC 74000)

IATTA YL TSI

T AT st s st i

9
Z = In(MFHBF) = 12.23948 + | bX;
i=]
MFHBF = e’
Aircraft Characteristic Coefficient
Xi bi

Max. No. of External Armament Stores
No. of Guns

Avionics Weight Installed

Total Generator Electrical Power
Total ECS Weight

Max. Payload

Max. Combat Radius

Min. Combat Mission Time

Max. Speed -- Mach No.

39

-.90434 x 107"

-1.51854
-.10195 x 1072
272135 x 1072

30741 % 1072
-.26720 x 1073

38138 x 107>

11427
-3.36561
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE WEAPON DELIVERY

(WUC 75000)

9

Z = In(MFHBF) = 6.82558 + J b.X.

i=]

MFHBF = ef

Aircraft Characteristic

X

Crew Size -- Cockpit or Total

Max. No. of External Armament Stores
No. of External Stores Stations
Avionics Weight Installed

Total Generator Electrical Power
Empty Weight

Max. Wing Loading

Min. Combat Mission Time

Max. Speed -- Mach No.

40

11

Coefficient
b,

82495 x 107
-.22067 x 107
-.44025 x 107

17542 x 1073
-.25332 x 1072

88392 » 107
-.26834 x 107!
-.52980 x 107
-.85694 x 107!
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TABLE 2-1 (Cont.) s
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION

FOR THE ELECTRONIC COUNTERMEASURES
(HUC 76000) ;
;%
8 )
Z = In(MFHBF) = 3.22679 + } b.X. 3
=1 1] 5
MFHBF = el -
‘1
Lo
Variable Aircraft Characteristic Coefficient P
i Xi b'i 3 )
1 Fuselage Volume .44785 x 107
2 Avionics Weight Installed -.27345 x 1073
3 Total Generator Electrical Power -.40632 x 1072
4 Max. Payload -.29996 x 107
5 Max. Wing Loading .30274 x 107"
6 Max. Combat Radius -.11349 x 1072 >
7 Max. Speed -- Mach No. -.60579
8 EW Indicator -2.48563
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TABLE 2-1 (Cont.)

FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE PHOTOGRAPHIC/RECONNAISSANCE

%

Y
«’2&..! PRGNS

- (WUC 77000)

RSP T TS | P

1

Z = Tn(MFHBF) = 2.28986 + .Z] b,X;
1=

NPT 7Y u,fzﬂ".‘.w.

—
o

PERNS ST

- HFHBF = e

PPN

N S

Variable Aircraft Characteristic Coefficient

i X b

o dbin N s

s
1 Avionics Weight Installed -.54610 x 1073

K S




TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION ;
FGR THE EMERGENCY EQUIPMENT ;
(WUC 91000)
9
. Z = In(MFHBF) = 5,77479 + [ b.X :
- =1 1 !
MEHBF = e
Variable Aircraft Characteristic Coefficient
i X; b
1 Crew Size -- Cockpit or Total -.31947 x 107!
2 Pressurized Fuselage Volume -.33393 x 1073
3 Empty Weight -.20307 x 107
4 Max. Rate of Climb at Sea Level .12073 x 107
5 Max. Service Ceiling -- 100 FPM 1927 x 107
6 Max. Combat Radius -.95879 x 10"4
7 Min. Combat Mission Time -.97573 x 107
8 Max. Combat Mission Time .85882 x 10']
9 Max. Speed -- Mach No. -.55316




TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE DECELERATION EQUIPMENT

(WuC 93000)

3
Z = In(MFHBF) = 9.54032 + ]  b.X;
i=1
MFHBF = e’
Aircraft Characteristic Coefficient
X; b,
Kinetic Energy .96141 x 1072
Smpty Weight -.31140 x 107
Max. Wing Loading -.50955 x 107!
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TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE PERSONNEL EQUIPMENT

(WUC 96000)

Z = In(MFHBF) = 8.39522 +

MFHBF = eZ

Aircraft Characteristics

Xy

Crew Size -- Cockpit or Toteal
Fuselage Volume

Pressurized Fuselage Volume
Kinetic Energy

Max. Payload

Max. Service Ceiling -- 100 FPM
Max. Combat Radius

45
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Coefficient
b,
12554
-.81776 x 107
-.80969 x 107>
10085 x 107
16853 x 107
-.58403 x 107
-.45104 x 1073
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Variable

TABLE 2-1 (Cont.)
FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE EXPLOSIVE DEVICES

(WUC 97000)

8

7 = In(MFHBF) = 9.07624 + y b.X,

j=1 !

MFHBF = e’

Aircraft Characteristic

%

Crew Size -- Cockpit or Total

Max. No. of External Armament Stores
No. of External Stores Stations
Total Aircraft Thrust -- Military
Afterburner Indicator

Max. Wing Loading

Max. Combat Radius

Max. Speed -- Mach No.

46

1

Coefficient

b,

1

.43738 x 107

130074 x 107

54453 x 107

133834 x 107
_.25673
-2

27650 x 10
132029 x 1073
82839 x 107
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instead of the two-digit WUC subsystem if an aircraft has more than one
engine. To determine the predicted baseline MFHBF for the engine WUC
subsystem, the predicted per engine baseline MFHBF must be divided by the
number of engines of the notional aircraft under study.

Table 2-2 summarizes which variables of the Design/Performance Data Base
for fixed wing aircraft appear in the equations of the Fixed Wing Aircraft
prediction Model. Some aircraft parameters appear in more than one of the
equations. Other parameters of the Design/Performance Data Base were not
chosen as final predictor variables for any of the two-digit WUC subsystems.

Table 2-3 1lists the statistics associated with each of the fixed wing
aircraft prediction equations. These statistics are associated with the
regression techniques used to derive the equations and overall fit of each
equation to the historical MFHBF for the WUC. For each equation, the
associated ridge regression parameter (k), the coefficient of determination
(R%)
estimated value for the standard deviation of the corresponding predicted
value () are shown. The significance of these values is discussed in detail

, for both the 1least squares solution and ridge solution, and the

in Sections 5.2 and 5.6.

These statistics apply to equations of the form

Y = b+ biXy el + DX - (2.4)
where Y = MFHBF or Y = In(MFHBF), as appropriate. For baseline MFHBF
prediction equations in the form of Equation (2.3), it should be remembered
that the equation was derived using the form of Equation (2.2). So, for these
equations, the estimated standard deviation, G, for example, is the estimated
standard deviation of the In(MFHBF), not of the MFHBF.

Ridge regression was used to derive most of the coefficients of the
baseline MFHBF prediction equations. Associated with each ridge solution is
the ridge parameter, k. The k-values chosen for many equations were larger
than the . k-values required to merely stabilize the coefficients of the

47
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TABLE 2-3. FIXED WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION STATISTICS

N
A
tnrnd p
v:‘
s s e et AL s aF o e a2 b wente L G

2 ?
R 3
WUC k Ceast Squares Ridge o :
00000 .0115 .920 .917 .12402
11000. .0269 .762 .735 .30223
12000 .0815 .735 712 .39860
13000 .0145 .739 Al .21703 :
14000 .1474 .650 .608 .30738 ;
20000 .0352 .812 .785 7.74773 f
22000 2115 .791 724 18.68443
23000 .0467 .725 .667 7.92994
24000 .0125 .991 .987 .04648
27000 .0000 .993 .993 2.39502
29000 .0200 .743 .667 .38825
41000 .0462 .697 .664 .42386
42000 .0983 .473 .49 .51582 o
44000 .0000 .668 .668 .23914 i
45000 .0353 .823 .801 .31774 5
45000 .0510 .643 .607 .42948 :
47000 .0125 .839 .802 .28290
49000 .0274 .895 .887 . 26560
51000 .0457 .617 .563 .37214 \
56000 .0778 .672 .633 .66588 :
57000 . 1232 .604 .548 -.50988 ﬂ
61000 .0150 .946 .864 .33922 :
62000 .0433 .820 .673 2.66338 by
63000 .0467 .549 .493 .46749 )
64000 . 1259 .436 .389 .93979 o
65000 1795 .369 .324 .50729 .
66000 L0175 .791 .718 .46989 [
67000 .0194 .667 .616 1.37011 [
69000 .0694 .760 .675 .82618 4
71000 .1482 .565 .491 .92141 11
72000 .0103 .680 .644 .86709 :
73000 .1099 .685 .606 1.04451
74000 .0141 .877 .845 1.00002 :
75000 .1454 .704 .649 54727 i
76000 .0232 .929 .917 .49293 T 1
77000 .0000 .665 .665 .72942 : :
91000 .1585 717 .691 .49039
93000 .0000 .952 .952 .16263 4
96000 .0548 .856 .835 .59665
97000 1724 .596 .563 .61370
60




Sohdsuabinia >

equation when extrapolation of an aircraft's design/performance parameters
may be required for prediction of notional aircraft baseline MFHBF. Thus, the
associated riage RZ's are reduced accordingly. To more properly measure the
prediction equations' fit to the data, the R2 of the least squares version
of the prediction equation is also shown. Since a ridge solution with a
k-value equal to zero is the least squares solution, when the least squares
coefficients have been used, the value of k is zero and both Rz's are equal

{see Section 5.6 for details).

Table 2-4 shows the aircraft, as identified by their primary mission
variants, used in tne development of each prediction equation. While, in
general, all applicable carrier-based aircraft were used, the use of the
land-based aircraft was restricted to those WUC's where data from only a few
aircraft was available to derive an equation. For WUC 62000 and WUC 73000,
only historical fighter, attack, reconnaissance, and electronic warfare
aircraft were used to develop the prediction equation. These aircraft formed
a more homogeneous group than the group of all fixed wing aircraft, thereby
permitting tne development of a better prediction equation for these WUC's.
In tne case of WUC 77000, only reconnaissance aircraft were used to develop
the preaiction equation. As this WUC has 1little impact on the overall
reliapility of other types of aircraft (i.e., few failures are reported
against this WUC relative to the total number of flight hours of the
aircraft), the inclusion of the remaining aircraft distorted the predicted
baseline MFHBF of the reconnaissance aircraft. The KC-130R was cmitted from
the data base in developing an equation for WUC 22000. The unexplainably
large value for the MFHBF made development of a good prediction equation
orfficult. With only eight aircraft available for deriving the equation for
wlC 22000, this single value dominated the development of a baseline MFHBF

prediction equation.

2.3 PRotary wing Aircraft MFHBF Prediction Model. Thirty-five baseline
MFHBF pregiction equations form the Baseline Reliability Prediction Model for
rotary wing aircraft. These equations presented in Table 2-5, include 34

equations which permit prediction of baseline MFHBF of two-digit WUC
subsystems. The remaining equation, denoted by wUC 00000 and developed for
wa2l validation, pernits prediction of the overill baseline MFHBF of rotary
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wing aircraft. For WUC 22000 (Turboshaft Engines) and WUC 29000 (Power Plant
Installation), the associated equation predicts the MFHBF on a per engine
basis. To predict the baseline MFHBF at the two-digit WUC subsystem level,
the predicted baseline MFHBF derived from the equation must be divided by the
number of engines for the notional aircraft under consideration.

Rotary wing aircraft design/performance parameters requiring a definitiun
or explanation to i1 terpret the prediction equations include:

0 Max. Take-Off or Landing Weight:
the data available for data base development consistently showed
the two parameters to be equal in value. If a situation
develops where the values are different, the recommended
approach is to use the larger value.

o  No. of External Launch Points:
the number of external attachment points for munitions with the
exception of flares.

0 MA Indicator:
a binary indicator parameter whose value is "1" if the notional
aircraft's primary mission is marine assault and is "0" if the
aircraft's primary mission is not marine assault.

0 Tail Pylon Fold:
a binary indicator parameter whose value is "1" if the notional
aircraft has a tail pylon fold and "0" if the aircraft does not
have a folding tail.

0 Total Aircraft SHP -- Mil. or Int. Power:
the product of the number of propulsion engines and the Military

or Intermediate shaft horsepower.

0 Main Rotor Disc Area (Sweep):
the area swept by one revolution of the main rotor blades.

Definitions and explanations for specific rotary wing aircraft
design/performance parameters are provided in Table A-7 of Appendix A and all
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' TABLE 2-5 :

a _ OVERALL ROTARY WING AIRCRAFT i
BASELINE MFHBF PREDICTION EQUATION i

(¥WuC 00000)

5 :
MFHBF = 1.04937 + ]  b.X, :
i i=1 ’?
:
’ 1
f:
Variable Aircraft Characteristic Coefficient
i Xi » bi
i
Max. Take-Off or Landing Weight -.32053 X 1072 .
§
No. of External Launch Points 213466 x 1072 .
Total Fuel Capacity = 61999 x 107° Pod
No. of Internal Tanks -.50664 x 107 -

- {
MA Indicator 49387 x 107 ; %
i 4
|
b
-
j
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TABLE 2-5 (Cont.)

ROTARY WING AIRCRAFT }

BASELINE MFHBF PREDICTION EQUATION
FOR THE AIRFRAME

(WUC 11000)

6 ;
MFHBF = 4.72218 + Z b.X. }
. iy ,
i=1 i
g
) I
Variable Aircraft Characteristic Coefficient
i Xi bi
1 Aircraft Length -- Operating -.50565 x 107
Wheelbase -.38548 x 107 ,
Total Aircraft SHP -- Mil. Power -47.96398 ‘
to Max. Take-Off Weight
4 Main Rotor Disc Area -.40014 x 1072
5 Total Fuel Capacity 21651 x 107
6 Max. Speed at Sea Level .97494 x 10—]
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION

N
r
b
’
i
3
)
- &ﬁ
- . . e v A
e e at o KA e DE ettt S SN W T2 P u b, S

FOR THE FUSELAGE COMPARTMENTS i
(WUC 12000) §
: |
Z = In(MFHBF) = 3.94821 + J  b.X, b
i=1 11 | :
;
MFHBF = e :
L
Variable Aircraft Characteristic Coefficient ‘:
! X, : b, ’ :
] Fuselage Length -- Folded 22440 x 1072 ~ 1
2 Total Aircraft SHP -- Mil. Power -1.11013 SRR
1 -
to Max. Take-Off Weight ] g
- b
3 Total ECS Weight -.82732 x 1073 s
4 No. of Internal Tanks 46984 x 107" L
5 Max. Speed at Sea Level -.24387 x 107 ]
6 Max. Combat Radius .10349 x 1072 o
gl

b

i

T
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TABLE 2-5 (Cont.) [ b

ROTARY WING AIRCRAFT !

BASELINE MFHBF PREDICTION EQUATION [ :

FOR THE LANDING GEAR :

(WUC 13000) [ :

5 [, g

Z = In(MFHBF) = 3.21700 + i§1 bsX, 3

7 - 1

MEHBF = e 3

) r

| ;

d

k

Variable Aircraft Characteristic Coefficient L * 2
. {

i Xi bi {

1 Fuselage Length -- Folded -.20672 x 107" .

2 Fuselage Depth -- Folded -.23710 [ P9

3 Aircraft Height -- Operating .43456 x 107 0

4 Wheelbase .52188 x 107! [ ]

5 M2in Gear Tread .21140 x 107! - '%
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE FLIGHT CONTROLS

(WUC 14000)

4
Z = In(MFHBF) = 1.28639 + .Z] b,X;
'I:
MFHBF = ef
Aircraft Characteristic Coefficient
X.i bi o
Ho. nf Main Rotor Blades -.32187
No. of Tail Rotor Blades .85119
-.20644

Tail Pylon Fold

Max. Disc Loading -.22336 x 10°
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE HELICOPTER ROTOR SYSTEM

(WUC 15000)

5
Z = In(MFHBF) = 62628 + Z bixi
i=1
MFHBF = ef
Aircraft Characteristic Coefficient
Xi bi
Main Rotor Gear Ratio 3.00931
Main Rotor Transmission -.82526 x 10'4
Limit -~ SHP
Main Rotar Transmission -.17652 x 10'4
Limit -- RPM
Blade Loading 18.09090
Max. Disc Loading 61583 x 107
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE TURBOSHAFT ENGINES

(WUC 22000)

PO I SR R S-S

™

MFHBF (Per Engine) = - 430.03961 + b.X.

e~
-
—

.i

—

£ . v
PRI S Y R R S SN NPT Y VO | TR

variable Aircraft Characteristic Coefficient

: _ b,
i X1 i ?
- !

Empty Weight 132996 x 107 )

Military SHP per Engine -.38649 x 107
Turbine Inlet Temperature .22618 1
Max. Speed at Sea Level .61042 =
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE AUXILIARY POWER PLANT AIRBORNE

|
1
L
E
i
»
M|
B R I LUTRE TR 0 VU R VPR TN S Sy my

(WUC 24000)

[ |

PR

3

MFHBF = 87.42285 + J b.X,
i=1 11

ymavid b

PR

-~
s
1 LT Yl N et S 2 A e i

¥ Variable Aircraft Characteristic Coefficient

i X; bi 3

1 Max. Take-Off or Landing Weight -.40076 x 10‘3

Crew Size -- Total -4.,66619
3 Rotor Weight -.14751 x 10
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TABLE 2-5 (Cont.) R

ROTARY WING AIRCRAFT ;

BASELINE MFHBF PREDICTION EQUATION :

FOR THE HELICOPTER ROTARY WING ;

f

fune 260NNy “~'

AUV wcvuvvy ¢

! 1

4

Z = In(MFHBF) = 3.03532 + J bX, :

i=1 ;

MFHBF = ef ﬁ

I

Variable Aircraft Characteristic Coefficient

i X by~ f

) 3

1 Total Aircraft SHP -- Mil. or -.25548 x 1077 3

Int. Power 5

Main Rotor Gear Ratio 2.13442 4

Main Rotor Transmission 21675 x 1073 P

Limit -- SHP b
4 Power Transmission Weight 2.10116 x 1073 .
(Without Rotor) )
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| { TABLE 2-5 (Cont.) k
T ROTARY WING AIRCRAFT i
%~w§ BASELINE MFHBF PREDICTION EQUATION i
§ ; FOR THE POWER FLANT INSTALLATION i

: (WUC 29000) 3
o
-3 i
7
’ 5 {

2 Z = In(MFHBF) (Per Engine) = 6.27446 + [ b.X, 4

: j=1 11 3

§ MFHBF (Per Engine) = ez i

~ {
o - L
5
Variable Aircraft Characteristic Coefficient é

J i X b, ;

4
‘ 1 Max. Take-Off or Landing Weight -.29660 x 107 i

b 2 Military SHP per Engine -.11189 x 1073 o

¥ 3 Engine Weight Installed Per Engine 14360 x 1073 4]

1 4 Mil. SHP per Eng. to Eng. Weight 12327 x 107 L

‘ Inst. Per Engine I ?

g Max. Speed at Altitude ~.17184 x 107 f
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE AIR CONDITIONING/PRESSURIZATION/ICE CONTROL
(HUC 41000)
4
Z = In(MFHBF) = 7.68804 + ] b.X.
i=]
MFHBF = e’
Variable Aircraft Characteristic Coefficient
i X]. ’ bi ,
1 Empty Weignt .14056 x 107
2 Tntal Generator Electrical Power -.26245 x 107
3 Max. Disc Loading .68758 x 10~
4 ' Max. Speed at Sea Level -.23598 x 107
1
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASEL INE MFHBF PREDICTION EQUATION
FOR THE ELECTRICAL POWER SYSTEM
(KUC 42000)
6
Z = In(MFHBF) = 3.08712 + 121 b.X.
MFHBF = ef
Aircraft Characteristic Coefficient
Xi bi
Crew Size -- Total .37854 x 1072
No. of Main Rotor Blades -.12872
Main Rotor Blade Area (Total) .85274 «x 10'3
Avionics Weight Installed .11380 x 1073
Total Fuel Capacity -.15094 x 107
Max. Combat Range -.31860 x 1073
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE LIGHTING SYSTEM

(WUC 44000)

5
In(MFHBF) = 2.48154 + J
i=1

= bixi

MFHBF = ez

Aircraft Characteristic

Xy

Take-0Off or Landing Weight
Crew Size -- Total

Mar.

Main Rotor Radius
Aircraft Length -- Operating
Avionics Weight Installed

RS S
X
A R e St P ab PR st Ao sriin et S

b

%

Coefficient .

bi i

-5 :

-.84278 -x 10 ;
11172 -

35873 x 107 o

37966 x 107> Lo

40048 x 10°" i
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASEL INE MFHBF PREDICTION EQUATION
FOR THE HYDRAULIC AND PNEUMATIC POWER SYSTEM

(WUC 45000)

5
MFHBF = -1.11821 + ] b.X,

iz U7
Aircraft Characteristic Coefficient
Xi b1
No. of Main Rotor Blades 16.62264
Total Aircraft SHP -- Mil. or .30987 x 107
Int. Power

Main Rotor Disc Area -.30294 x 107
Max. Disc Loading 2.35658
Vertical Rate of Climb .12637 x 107

at Sea Level -- Mil,

2

1

1
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TABLE 2-5 (Cont.)
ROTARY 'WING AIRCRAFT
BASEL INE MFHBF PREDICTION EQUATION
FOR THE FUEL SYSTEM

(WUC 46000)

6
Z = In(MFHBF) = 5.03895 + Z bixi
i=1
MEHBF = el
Ai[craft Characteristic Coefficient
Xi bi -
Total Aircraft SHP -- Mil. or 68473 x 107
Int. Power
Fuel Capacity Internal .16017 x 1073 ]
Total Fuel Capacity -.13038 x ¢
No. of Internal Tanks -.51304 !
No. of Auxiliary Tanks -.18282 ¢
Hax. Combat Radius ..21847 x 10°° ;
%
{

e
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TABLE 2-5 (Cont.)
. ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE MISCELLANEQOUS UTILITIES

(WUC 49000)

5

Z = 1In(MFHBF) = 4,50598 + 121 b.X,

MFHBF = e’

Aircraft Characteristic Coefficient

Crew Size -- Total -.17640
Fuselage Length -- Folded -.16904
Aircraft Height -- Operating 45926
No. of External Launch Points -.15755
Max. Speed at Sea Level .47586 x 107
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASEL INE MFHBF PREDICTION EQUATION
FOR THE INSTRUMENTS

(WuC 51000)

4
Z = In(MFHBF) = 1,67311 + } biXi
i=1
MFHBE = e
Variable Aircraft Characteristic Coefficient

j X b,
1 Crew Size -- Total . 15689
2 No. of Main Rotor Blades 94185 x 107
3 Max. Service Ceiling 13403 x 107
4 Max. Combat Radius 10855 x 107°
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TABLE 2-5 (Cont.) 1
ROTARY WING AIRCRAFT %
BASELINE MFHBF PREDICTION EQUATION j
FOR THE TELEMETRY g
3
(WUC 54000) ;
2 1
Z = In(MFHBF) = 2.68914 + .Z] b.X, ]
1= 3
MFHBF = e ’

.- !
Variable Aircraft Characteristic Coefficient 4
i X]. bi T
Iy
Max. Speed at Sea Level 71582 x 1072 :

2 Max. Combat Range 41961 x 1072

i

|
| 3
4
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TABLE 2-5 (Cont.) -
ROTARY WING AIRCRAFT 3 ;
E 4
BASELINE MFHBF PREDICTION EQUATION ; :
FOR THE FLIGHT REFERENCE i ]
(WUC 56000) ) :
3 s
5 i "
Z = In(MFHBF) = 9.16181 + ]} b.X, :
i=1 11 3 j
MFHBF = e \ 3
|
H i
4
Variable Aircraft Characteristic Coefficient 3
i Xi bi ;
f i
1 Total Aircraft SHP -- Mil. Power 10.97685 - 3
to Max. Take-0ff Weight ?’ L
2 Avionics Weight Installed -.22701 x 1073 |
3 Total ECS Weight .18198 x 1072 o 2?
4 Max. Disc Loading -.78750 x 107 . 4
5 Max. Speed at Sea Level -.40337 x 107 S 3
:E g
$ ;
= )
B 2
i 3
¥ ’
i 1
0
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
‘ BASELINE MFHBF PREDICTION EQUATION
] FOR THE INTEGRATED GUIDANCE/FLIGHT CONTROL
BEd (WUC 57000)
2'& .
Ak 5
! 7 = In(MFHBF) = 7.46684 + ) b.X,
, | .'=-| 11
. MFHBF = eZ
Variable Aircraft Characteristic Coefficient
il i X; b,
i 1 No. of Main Rotor Blades 13636
1 i 2 Blade Loading -45,47485
il 3 Main Rotor Disc Area (Sweep) -.31591 x 1073
4 Max. Rate of Climb -- Normal -.27933 x 10'3
| 5 Max. Combat Radius _.92787 x 10°°
1
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE HF COMMUNICATIONS SYSTEM

(WUC 61000)

4

Z = In(MFHBF) = 8.90284 + .Z] bixi
']:

MFHBF = el

Aircraft Characteristic Coefficient

X; bi - -

4 |
2
1

Max. Take-Off or Landing Weight -.45586 x 10~
Total ECS Weight .59804 x 10~
Max. Speed at Sea Level -.29407 x 107
MA Indicator -.27474

b
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE VHF COMMUNICATIONS

(WUC 62000)

3
Z = In(MFHBF) = 2.92816 + ) b.X.
=1
MFHBF = el
Variable Aircraft Characteristic Coefficient
1 Crew Size -- Total 99771
Avionics Weight Installed -.13513 x 1072
Vertical Rate of Climb -.54807 x 1073

at Sea Level -- Military
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i TABLE 2-5 (Cont.)
‘ § ROTARY WING AIRCRAFT
C BASEL INE MFHBF PREDICTICN EQUATION
; FOR THE UHF COMMUNICATIONS
% (WUC 63000)
Co
3 Z = In(MFHBF) = 2.74886 +

MFHBF = e
Variable Aircraft Characteristic
j Xi

- ——

LW N

Crew Size -- Total
Avionics Weight Installed
Total ECS Weight
Vertical Rate of Climb

at Sea Level -- Mil.

Coefficient
by

52142 x 107"
26948 x 1073
.11000 x 1072
43734 x 1073
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAF:

BASELINE MFHBF PREDICTION EQUATION
FOR THE INTERPHONE SYSTEM

(WUC 64000)

Z = In(MFHBF) = 1.61013 +

MFHBF = el

Aircraft Characteristic

Ay

Crew Size -- Total

Total ECS Weight

Total Generator Electrical Power
Max. Speed at Sea Level

Max. Combat Radius

89

e o= = T i = e o < = it e < i e oo e e aheme o aens

5

!

i=1

bix

i

Coefficient
by

.10950
-.68720 x 10

2

32186 x 107!
12639 x 107

-.24535 x 10°

2
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Variable

TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE IFF SYSTEMS

(WUC 65000)

5
MFHBF = 52.41107 + .Z bixi
i=1
Aircraft Characteristic Coefficient
Xi bi

Crew Size -- Total 50.67168

Max. Disc Loading -8.29714.

Max. Service Ceiling -.20284 x 107
Max. Speed at Sea Level 1.95050

Max. Combat Radius -.20425
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TABLE 2-5 (Cont.) i

i ROTARY WING AIRCRAFT o

e " BASELINE MFHBF PREDICTION EQUATION :

' FOR THE CNI INTEGRATED PACKAGE f

(WUC 67000) X

; :

Z = In(MFHBF) = 8.34850 + J b.X, g

i=1 3

MFHBF = e f

3

Variable Aircraft Characteristic Coefficient .

i X b :

{

1 Crew Size -- Total -.25907 )

2 Avionics Weight Installed -.70483 x 107 .
3 Max. Disc Loading ..23091 x 107 %

4 Vertical Rate of Climb -.76878 x 19'4
at Sea Level -- Mil. i
5 Max. Speed at Sea Level -.63480 x 1072 B
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TABLE 2-5 (Cont.)
! ROTARY WING AIRCRAFT
» ] BASELINE MFHBF PREDICTION EQUATION
FOR THE RADIO NAVIGATION

e ) e aopmay, W 21Tl TR Re Ol

(WUC 71000)

Rhrado s

5
Z = In(MFHBF) = 1.62556 + 7} bixi
i=1

/A

MFHBF = e

Variable Aircraft Characteristic Coefficient

i Xi bi

s
-

Max. Take-Off or Landing Weight -.45196 x 107

Crew Size -- Total .22517 ‘ ‘
Total ECS Weight 49959 x 1075 n
Max. Disc Loading .12123 Fi

50 rakad S

g W N =

Max. Service Ceiling 69230 x 107
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TABLE 2-5 {(Cont.)
“ . - - ROTARY WING AIRCRAFT
¥ = BASELINE MFHBF PREDICTION EQUATION

Variable

j

[5 2 TR ~ S PV R o B

s,

FOR THE RADAR NAVIGATION

(WUC 72000)

5

MFHBF = -98.68611 + 151 bixi

Aircraft Characteristic

X5

Max. Take-Off or Landing Weight
Total ECS Weight

Max. Disc Loading

Max. Service Ceiling

Max. Speed at Sea Level

Coefficient
b,
-.95457 x 107
.22789
1.87081

_.52850 x 1075

77013

4

AR '
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE BOMBING NAVIGATION

(WUC 73000)

3
Z = In(NFHBF) = 6.10894 + J X,
i=1 !

MFHBF = ek

Aircraft Characteristic Coefficient
Xi bi

Crew Size -- Total -.23964
Avionics Weight Installed -.78977 x 10°
Max. Disc Loading -.21050
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TABLE 2-5 (Cont.)
‘ .
| ROTARY WING AIRCRAFT |
BASELINE MFHBF PREDICTION EQUATION
} FOR THE WEAPONS CONTROL
| (WUC 74000)
{ 3
Z = In(MFHBF) = 7.63492 + }  b.X,
151 ;
MFHBF = e /
£
Variable Aircraft Characteristic Coefficient
i X, b, %
Blade Loading -29.34114
Avionics Weight Installed _.17852 % 107 ¥
Max. Disc Loading -.88480 x 107 .
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; TABLE 2-5 (Cont.)
Q{ ROTARY WING AIRCRAFT
E_l BASELINE MFHBF PREDICTION EQUATION
” FOR THE WEAPON DELIVERY
(WUC 75000)
4
Z = In(MFHBF) = 5.99483 + [ b.X,
i=]
HFHBF = e
i
Variable Aircraft Characteristic Coefficient Z
i X by _. |
1 Crew Size -- Total ~.,43164 i
2 No. of External Launch Points -.85810 x 10'1
3 Total Generator Electrical Power 73377 x 10']
4 Max. Disc Loading -.34748
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Variable
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE ELECTRONIC COUNTERMEASURES

(WUC 76000)

2
MFHBF = 5976.50453 + .2] b.X;
1:
Aircraft Characteristic Coefficient
Xi bi
Total ECS HWeight 6.61701
Max. Disc’lLoading -723.53388
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT

BASELINE MFHBF PREDICTION EQUATION

FOR THE EMERGENCY EQUIPMENT

(Wuc 91000)

5

!

i=1

MFHBF = 192.03016 +

Aircraft Characteristic

X
Blade Loading
Max. Disc Loading
Vertical Rate of Climb
at Sea Level -- Mil.
Max. Service Ceiling

Max. Combat Radius

48

bixi

R > SRR P £ Fiup i M i o P e ot
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Rl

f

It vy

Coefficient

b;
~-2913.
14

69414
.54656
.20030

.23566 x107 ! -
.60810
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Variable

TABLE 2-5 (Cont.)
. ROTARY WING AIRCRAFT
" BASELINE MFHBF PREDICTION EQUATION
FOR THE PERSONNEL EQUIPMENT

(WUC 96000)

2
Z = In(MFHBF) = 4.26874 + [  b.X,
i=1

MFHBF = el

Aircraft Characteristic

X

Max. Take-Cff or Landing Weight
Max. Combat Radius

Coefficient

b,

4
1

27301 x 107
.10559 x 107
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TABLE 2-5 (Cont.)
ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION
FOR THE EXPLOSIVE DEVICES )

(WUC 97000) -

Z = In(MFHBF) = 8.26801 + b Xi

o~
o—
—te

1

MFHBF = e

o
]
s
-
-
=

Coefficient

i X1 : bi

Varijable Aircraft Characteristic

No. of External Launch Points 69047 x 107 ‘

86.19068 8
-.52060 x 107 B
-.34906 x 107 3

Blade Loading
Max. Speed at Sea Level
Max. Combat Radius

W N~
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design/performance parameters with their units are given in Table A-9.

Table 2-6 presents a summary of which variables, of the Design/Performance
pata Base for rotary wing aircraft, appear in the prediction equations of the
Rotary Wing Qircraft Prediction Model. Certain design/performance parameters
were chosen as fina]’predictor variables for more than one of the two-digit
WUC prediction equations. Other aircraft characteristics were used in the
initial development of the equation, but were not included as final predictor
variables in any baseline MFHBF prediction equations.

Various statistics associated with the regression analysis, from which the
prediction equation were derived, are presented in Table 2-7. The ridge
regression parameter (k), the coefficient of determination (Rz), for both
the least squares solution and the ridge solution, and the estimated value for
the standard deviation of the corresponding predicted value (g) are given for
cach equation” of the model. The significance of these statistics and the
interpretation of the values are given in Section 5.

The statistics shown in Table 2-7 apply to the form of the prediction
cquations given in Equations (2.1) and (2.2). While Equation (2.3) is used to
solve for the predicted baseline MFHBF in most cases, Equation (2.2) was the
mathematical expression derived through regression analysis. Thus, the
statistics are associated with the appropriate linear and natural Tog forms.

For most of the baseline MFHBF prediction equations, ridge regression was
used to determine the values of the coefficients. Corresponding to each ridge
svlution is a value for the ridge parameter, k. In many cases, a relatively
large value of k was chosen to gain additional stability in the coefficients.

since the oversizing of k also results in an artificially low value of R2

tor the ridge solution, the R2

of the least squares solution is also
sresented.  The least squares coefficient of determination is a better measure

o the equation's fit to the data.

Table 2-8 indicates the aircraft, as identified by their primary mission
. ~1ant, which were used to develop each rotary wing prediction equation. As
y eleven rotary wing aircraft were selected for use in deriving the model,

" aircraft, for which three or more quarters of historical MFHBF data were

R sase il

o a—y

-y

po—r—

prosaray prer———

feery Plwy ey PR et Py ey

§ CERUEREES S




————— -
—— L TR T -

X pedAL Je3Y uLey Lo
X X aseq1sayup Y
X! . . X +a9dQ -- 3UBLOH 1ieUdULY .,

——— e ——

2 vrmaw e feseva

i ! | ; . ‘ +a3d) -- uedS 11eUd4Lly
D : i \ ; X saadp -- ybua 3jeaddiry o
: papLod -- yipipM abeasny !
MM - papl o4 -- yadag abeiasny .
X pap|0od -- yzbus abe|asny ﬁ
snipey 4030y (le}
SNLpRY 4030y uLey
sauirbul Jo -op ,w
sape|g 4010y [tel JO “ON
X sape| g 4030y uitey JO “ON
sdoodl 30 °ON Mw iy

{30l -- 3ZLS M3J)
401204 peo] ubisag
1M buipueq a0 gyp-adey ‘xey
X X JubLap Ajdw3

Some s

——t e e
[EY O

|
!
i

[ S
PRI FORSE PN

3
v o S

e
><

o emete o

102

>

ey
Tt i T TS i WRp: SR PP

[N

>
>
><
>
>

PRI iy

000L9
000LS

SY313WvHvd
ank JONVW0443d/N91S30
L11910-0ML ONIM A¥V10¥

e

000E9

00029

0009%

J00bS

0001LS
0006V
0009%
000SY
000%¥
0002t
000LY
0006¢
0009¢
000v¢
00022
0005t
000%L
000¢L
00021
000LL
00000

)

1
{
£
i
'
4
t
£

i

000€9 JNM HONOYHL 00000 JNM --
] LIYOYIV ONIM AYVLIOY Y03 SNOILYND3 NOILJIG3¥d Z8HIW 3INITISvE
w NI Q3SN SY3L3WYYVd 3SVE YLVQ 3JONVWY0SYI4/NIIS3E °9-2 378yl




e AT

i

PSR Sy

i S b e o e

e, i ot

7o

Jo38weLqg auLbuz -xep
“IM 340-93el "Xl 0]

JBMOJ |RWJAON —-— dHS [®30])
surbuz 4d8d dHS |eWAON
auLbulz uad gHS A4RILiLW

4BMO4 |RWMON -- dHS J/¥ LB3OL
JBMOd *qUT 40 | LW -- dHS /¥ LP30)
®OLAUBS -- 3[4 35; JO 9e(Q

adA303044 “3ld4 3s| Jo °3eQ
SalJag *3Ld 351 30 ?3eQ
plog uolkd |ie}

$94031S Aongqouos -3ul 40 -ON
suor1eaS s403S Gpadaoj *3X3 JO “ON
$9J401S JusWewsy °3X3 J0 “ON -xey

*S3d Youne |RUJIIXI JO "ON
p4Aoy] spelg 4030y |12}
pAoy) apelg 4030y uiep

000€9
00029

000Ls
0004S

0009S
000vS

0ooLs
0006%

0009%
000SY
000YY
0002t
000LY
00062
00092
0oote
00022
000s1
ooovL
000€l
000¢L
000LL
00000

SY313INVYvd

3JONYWY0IY3I4/NIIS30
ONIM AYV1O0Y

Nk
1I910-0ML

NI

000€9 2NM HOHNOYHL 00000 INM -~

1JYY38IV BNIM AYV1IOY 404 SNOILYND3 NOILIIQ3¥d J8HIW 3INIT3SVa

03SN SYIL3WVYYd 3SVE V1iVG 3ONVWY¥0IY3d/N9IS3

*(*3u0)) 9-2 3719Vl

103




e

TN it e e

- i
i Dl e PR i, N R e o s s s L
; N “ i w 1tut ubisag
_ { B m ! “ ; 3@ paads dij 4030y uLep
X "X oLyey 4e8Y J030Y uLrey
M saded autbuj 10 -opN
“IM 130-9del °Xel 03
X . X X 43M0d LW -- dHS J/V Le30L
aurbugz uad -3sui -aIM
X *6uz 03 -bu3z uad dHS “LiW
T - ) mp:mw;mM;MOWmmrz wo ON
X *dwd 33Ul sutguang
' {ewuaoN -- °su0j and4 °dadg
‘U] 40 "L -~ °SU0) |3ng - 294§
oL3ey uolssaadwo) -xew
sabeys auLquny jo oy
m sabe3s -dwoy snid ued io .mmn
X ! aurbuy 4aad -3sul *an -bui
: yibua suLbuz -xey
o o2 LT EESE RIS EBR RN = als =8 SY3L3WYYYd
S 3|8 8 38|88 8|88 2l838 8|83 3183 3|88 8 anu 3INVWE0IUId/NITS3Q
000E€S MM HI9NOYHL 00000 JINM ~-
13YYIY¥IV ONIM A¥YL10Y¥ ¥04 SNOILVNAD3 NOILIIA2Yd 4gHIW 3ININ3ASYY
NI 3SY8 VIVQ JONVWI0AY3A/NDISIG - (°3u0)) 9-2 378yl

Q3SN SY3L3WVYYd

— .- -

104




T TR e

| : z
. PS1LBISULUN 3N SDLUOLAY .
X X X1 X pa|e3SU] °3M SDLUOLAY g

1230} —- BAJy 9pelg 4030y |le] :

; X {e30] -- ®d.dy 3pe|g 4030y ULRY :

| ape|g J4ad eady apelg Jojoy |ie]
apelg Jod eBJY DpRLY J030Y uULeRy .

pady JSLQ 4030y |1B] ,

. X X X ®aJy IS1Q 4030y ULRY N
L1el + utey -- ealy spelg (e30] :

i LLel + uley -- P

) m B34y DSLQ 4030y [e30} - 1

u . JMOg U] 40 “[IW -- WdY ‘Bu3| =

. X X Buipeo spelg H
‘. X 3ubLaN 4030y |
X (4030y 0/M) °3IM °sued] J3MOd ;

X WdY -- 3LWLT CSURJ) 4030y ULeW w

m . X X dHS == 3LWL7 "SueJd] 4070Y ULEY :
| . ; |
caleaglgeslssss23828zs 3828 SYBLINYYYd
| gglgggleggglegsgeeggsgigsgiese| omon JONYWY0Y3d/NI153
,M s & ¥ :
w M

000€£9 INM HONOY¥HL 00000 JINM --
1AVIOYIY ONIM AYY10Y Y04 SNOILYAD3 NOILOIG3Ud 38HIW mzHJmm<m
NI G3SN SY3LIWYYYd ISV VIVA 3IONVWY0SY3d/NDIS3a °(°3uo)) 9-2 378Vl

5 .

Pth ooy ppap et ey &




€

ik

ot P

e MR T

e bR T AT s A A

e AE——— 7~

N R T RS S T ey

ﬂf«h& l,

FYR L T ION- TR )

mere o

P INID R

Y e din

e Ctadl

e

o paane

L A i g SO E T ey sl Dart (1 TR %I

T . b,

b R + - - v, x \
AN vres T

LA N e e

3 e
PO ) RN LT LSO LR

. . Ny At o N . Ly > ~
~ R LA L ome, . Lt T -

[PWJON -- qui|) 340 33U *Xey
*LLW -- Buiyia) Buraaaoy -sqy

- .
- s sarerems wa M

—are
-——s

LW -- [9A37 B3
X 3B quL[J 10 33ey 23\
Burpeo] os1g - xeyw

At eran v s a4

X syue) AserpLxny jJO "ON
SHUR] |BUJIIUT JO °ON
A3ioede) |8nd 2301

>
><
><

Raep|1xny £3Loedes (ang
leudazu] A3Loede) jany
A3MOd 2913 °ud9 R0}

>

>

*ud9 Jad J43MOd I3 "udy
SJA03RJ43UIY JiRUDALY IO °“ON
3LuUf JBMO4 *Xny

>

. S m—— e g s

>

>

3ubLap Bursi-Lijuy
3ubtapm Butuoryipuo) iy

R s (L L P PR PR

000€£9

000¢9

00019
00045

00095
000%S
000LS

LY

SY3LINYHYd
3INYIWY04Y3d/NI1S30
ONIM AY¥YLOY

1yb1aM $I3 Leao0y
%

11910-0ML

0009%
000S¥
o009, |
0002t
000LY
00062
00092
000%¢
0002¢
000S1L
000vL
000€ L
00021
000LL
00000

NI

000€9 INH HONOYHL 00000 IAM --
144041V 9NIM AYYLO0d ¥03 SNOILVYNDI NOTLDIQ3Yd HaHIW 3ININ3SYY
03SN SYILIWVYYY 3ISVYE VIVA IDONYWI0IUIL/NIIS3Q - (-2un)) 9-2 278yl

106

P

-

-

~

[




h2

kil

F s

J03edLpul Wi
uoLSSL| Adewidd
-- 9pn3L3ly buisinay

uoLSSLW Adewiad
-- poads buistna)y -bay
paadS “Xel 404 3LV °20SSY

Spn3LiLy e pa’ds -xey
abuey 3eqwon - xRy}

snLpey 1equog °xey
L9A®7 B3S 3B pavads “xey

m::.rmu IILAIBG “XeW

000€9

00029

00019

00045

00099

000%S

000LS

0006¥
0009%

000&Y

000%Y

000ch

000LY

0006¢

00092

000v¢
000¢¢

00051

000b1L

000¢€L

000ct

000t

00000

NM

1I910-0ML

SYILIYHYd
3ONYWY0JYId/NDIS3a
ONIM AYVLIOY

NI

g3sn SY3ILIWVYVd 3SYE VY1IVO IINVWY0IY3d/NIIS3A

000E9 JINM HONOYHL 00000 JoNM --

13V¥DYIV ONIM A¥VIOY Y04 SNOILYND3 NOILJDIA3Ud HgHSW INITISYS
*(*3u0l) 9-2 378Vl

107

Ly
[ §

*
4
!




T R T LI T A =T R A A ] T = ~ T — T A e L T 7 RN —— R s ey L Y T ONY fwb aiadt

P il A SRR S e s s " . -

DP3A] JB3Y uLey
9Seq|93up
. . J43dQ -- 3ybLay 3geddury

e e e mmem—. - [ - Y% e A e e v e et e e " —

*43dg -- uedg 3ieddaLy

*49dg -~ yibus 3jeuddary
, - papL04 -- yipLM abejasnyg

Are hfesmce W memans e v e -

paplo4 -- yadag memmm:m
peplod4 -- yibua abeyasny

.. snipey 4030y |Le]
- - - - — ilfn - - A ——— S " G O W} § oy - - — . AR ARSI ¥ o A Wb SIS B Ve e b et s Sa e T LRI N T ——— |
z SnLpRY 4070y ULRY
. sauLbuy jo -on
J

BRIttt i o sl kot Sy
s o "
1
(SR SR
]
1
)
4 -
]
.
t
}
;
)

: sapelg 4030y |lel JO °ON
_ sape|g 4030y uLey JO °ON

108

_ ) sdoot) 30 °ON

X X X, X X X . L2301 -- 3Z1S MaJD
. 403004 peo ubrsag

1M Duipueq a0 ji0-3del -xey
i ubLam A3dwa

>
><
>

© © w._% S RN a 9 SY3LINVUYE

S8288838lgggggsg MK JONVA04¥3d/NDIS3C

©S 6 & S & &6i6 63 & & o 11910-0M1 INIM AUVLIOY
H

00046 JNM HONOYHL 000%¥9 2INM --
LAYYOHIV INIM AYYLOY ¥O4 SNOILVND3I NOILDIQ3Yd 48HSW 3INITIASYE
NT G3SN S¥3L3Wvyvd 3SvE V1V0 IONVWH0J¥3I4/N9IS3a - (-3u0)) 9-2 3I1gvl




Nm.»r( - <y e T TR - - -
36 3 " T - — . 5 .
pe— m o
. iy .
sk YO ~ " i ! 3 N IE et e =
- - R e — e
M I m -~ Ll
2o

By T
5

LY AR

Jojowelg suibug -xep -

“1M 430-9%eL “Xeyw 03

4BMOJ |RWAON —- dHS [B30) -

suLbuz J4ad gHS |ewsol o

auLbu3z aad dHS A4RIL|LW

J3MOJ |RWAON -- dHS 3/Y (2301 ,
J43MOd *3UT 40 LW -- dHS 2/ 12301

o s gy e
-

PN W,

e et A 2

] IILALBS -- *314 2S| 40 21e(
2d£303044 -~ *314 151 30 93e(Q :
SOLUAS ~- 314 1S[ 40 93e(Q !

pLo4 uolhy (le} P

3 $94035 Aongqoups -3ju] JO °ON

b suor3e3S 84035 opaduol <3x3 JO ‘ON
S94035 JUSWRUMY °3Xx3 JO °ON “Xey W

°S14 YJune [2u4d3x3 10 “ON Nw
pdoy) apelg 4030y |Le) “

paoy) opelg 4030y utey p

106

B

T ——
W W Ol 9NN NN oo SY3L3Hvd
S 3 o838 8188 3 388 INM JINYWHOJYId/ND1S30 _
8 888383888 8i8 &8 1191G-0ML ONIM AUVLIOY

-

. ' 00046 MM HONOYHL 000¥9 INM --
- LIVYOUIY SNIM AYYLOY YOI SNOILYND3 NOILIIG3Yd JgHIW 3INII3SVE

A R NI Q3SN SY3L3Wvyvd 3SYE ViVQ JONVWY0JY34/NDIS3Ia °(-3uo)) 9-2 3719Vl ;

L= 2 o




3

R i

)

e u.qﬁ

- 7
S I e v
. P

e

AEPT R g e

4
D

F

7  arva g

S g i eride & TR

T e e s T

o

PO ILLs .

N

-

Jtwt ubtsag
e paadg di} 4030y ulew

oL3ey 4e3Y 4030y utey
sjued surbul jo -opn
“3M 330-93el °Xel 01

43M0d LW == dHS J/V L'30)
auibul 4ad *3sul *an
*Bu3 03 -bul 43d dHS “LtW

SjueLJRA UOLSSLIY JO °ON
‘dwd] 3I|{uU] [urganyg
|RWAON -- °Su09) |3n4 °23dg

*3ul 40 *{tW -- *Suo) (ang -o3dg
ot3ey uoLSSadduo) “Xey
sabeag auLqung 40 -oN

sabeqg -dwo)y snigd uey JO °ON
surbuz sad -asui -3p -buj
y1bus aurbuy -xep

000.6
00096

00016
0009¢
000S<L

000b.L
000€L
0002

000LL

00049
00059

SYIL3INYIYd
IINYWY0Y¥34/N91530
I

ONIM AYYLI0Y
/

aNK
11910-0ML

00046 2NM HINOUH

0009 JNM --

LJ7Y0YIV INIM AYYLIOU ¥02 SNOILVN03 NOILD103Yd J8HAW 3NIT3Sva
03SN SY3ILIWYYYd 3SVY ViVQ IUNVWH0AYId/NIIS30

*(-3u0)]) 9-2 373yl

110

I




£RTY

palleasuilun “IM SDLUOLAY i

POLLRISUT “IM SDLUOLAY

X! e30L -- @34y 3peig 4010y [1®]

i 1230} -- ®aJy 3pRlg 4030y ULeY

r@m opelg 4od ®aJy ape|g 4030y [iel

apelg 43d eady apelg 4030y uLey

eaJdy OsLg 4030y |Le}

P34y 2SiQ 4030y uley

LieL + UL®W -- ®BJY 3peig (€10
Liel + ulep --

B34y 2S1Q 4030y [e30}

43M0d “qUT 40 LW -- WdY "Bu3

buipeo- speig

3yblep «o0q0y

(4030y 0O/M) *3M *SueUd)] JDMOJ

Wdd -— LWL “suedj 4030y uiey

dHS -- JLWLT °sued] 4030y uLey

LA

= sttt o,

Lt S AL st oo o § e

T e e

e i e s

I

~

111

et =t mmran o, 4

SY3L3WVAYd N
SR ES & FIIaS IS R NN JONYWH04¥3d/NDIS30
S 8 388 8 81838 88 8 8 11910-0M1 ONIM AYY10Y A
O O Ol O OO0 ©O oolo o o

N 0006 2NM HIONOYHL 0009 JINM --
LIVUOUIV ONIM AYV10Y¥ ¥0J SNOILYNO3 NOILDIG3¥d 49H4W 3NII3SVE
NI 03SN SY3L3WVYVd 3ISYY VLIVA IONYWHOSYIA/NIIS3IG ~*(°3ue)) 9-2 379yl




ke

PR DN

o 1

4
i

L I

X

Bt T e pe—

| RWUON -- quL|) 40 33y " Xel
} ‘LW -- BuL|Ld) Buruaanoy -sqy

“LLk
38 qULLD JO ajey °1J8\
BburLpeo4q osiLg - xew

h— e rmx eeecnes Aem o

-- 13A97 3§

sjue} %mem_x=< 10 °ON
Syuel jeudsjul 1o -op
£aLoede) [ang je3oj)

Aaeiyixny A3Loede) 1any
Leudsju] Aaroede) jany
43M0d *23|3 ‘ud9 |e10}

o4 mens

‘udy J43d J3MOd *93|3 *uadn
S403243UBY 2 4RU3ULY 10 *ON
LU A3M0d “xny

><

ubLap Buroy-Lauy
b6Lay butuoryipuo) aiy
3ubLam $33 Leaoy

000£6
00096
00016
0009/
0005¢
0009,
000£/
0002
0001
000£9

SY313WYdvd

NM
11910-0ML

ONVWE04¥3d/N91S3C
INIM AYYLO¥

00059
000%9

———

NI

00046 JINM HONOYHL 0009 IoNM --
LIV¥YIV ONIM AYYLOY ¥0J SNOILYAD3 NOILDIQ3Yd A8HAW 3INIT3SYS
03SN SY3L3WYHYd 3SYE VIVO JINVWYOIYII/NIIS3Q - (°3u0l) 9-2 27avl

-

112

[

A




Y L B R ERPYSE I =T < T e T - i g [ EEES v - R ~ S

e = Avl)vl.a.,il . d

403°DLDUT Wi
uoLssty Ademidy

== 9pn3L3Ly Butstna)

uoLsstLy Adewlray

-~ pa3ads buisiLnag *bBay
pasdS °Xey 404 °3|Y °J0SSY
3pNiLlly 3e paadS -xep
abuey jequog - xey j

113

X X X X X snipey 1equos - xey
|2A37 B35 3o pavdS “xel !
BuL| 18] 8dLAudS - Xxel %

>
>
> >
>

>
> >

><

S S 3l8 3 88 8 alag 3 INM JONYWY0IY3Id/ND1S30
8 388|838 88 8 8({8 8 8 11910-0ML ONIM AY¥Y1OY

M
SY3LINYYd w
”
_,

1, 000/6 HINOYHL 000¥9 JInM --

BN LJVYI¥IV ONIM AYVLIOY Y03 SNOILYND3 NOILIIQ3Yd JgHAW 3INITISvE |
; NI 03SN SY313WVYvVd 3Sv8 V1V IINVWY0J¥Id/NDISIA *(-3uo)) 9-2 378Vl




WUC

00000
11000
12000
13000
14000
15000
22000
24000
26000
29060
41000
42000
44000
45000
46000
49000
51000
54000
56000
57000
61000
62000
53000
64000
65000
67000
71000
72000
73000
74000
75000
76000
91000
95000
9700C0

TABLE 2-7. ROTARY WING AIRCRAFT B
BASELINE MFHBF PREDICTION EQUATION STATISTICS 4
S
& :
K Least Squares Ridge o ;’
.2031 .725 .670 .05701 A
.0075 .883 .853 .42770 &
.2743 .87 845 .14836 -
.0050 ,941 .883 .12562 -
.0175 .965 .953 .15824 o
.0168 .965 .961 .05831 L
L0175 .965 .873 5.92555 $
.0171 .544 .514 9.44191 2
.0175 . .916 771 .14758 5
.0181 .909 .899 15192 o
.0075 985 .983 .09746 o
.0191 .627 .554 - .19822 3;;
.0969 .889 .873 .06557 k;,
.0175 .986 .950 6.22720 oF
1169 .812 .778 .47179 N
.0125 .627 .443 1.05572 L
.1818 .827 .813 . 14464 5
.0000 .999 .999 .03376 P &
.0553 .795 752 .35021 )
.0454 .859 .831 .19388 AR
.0264 .951 .948 .20263 -
.0000 .925 .925 L2727 :
.0567 .826 .810 RVARY ]
.0150 .889 .808 .23700 ‘~§ §
.1465 .744 .687 57.15566 £: 4
.4688 .558 414 .43197 o
.0139 .32 .927 .09077 Al
.0453 .964 ,961 9.12977 o
.0000 462 .462 1.005686 1
.0000 .692 .692 .16535 -
.0103 .993 .992 .20720 3
.0000 .998 .998 101.48203 v
11889 1883 865 127.37901 ¥
.0000 .951 .951 .17680 2}
.2143 .830 .787 .57484 .
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TABLE 2-7. ROTARY WING AIRCRAFT
BASELINE MFHBF PREDICTION EQUATION STATISTICS
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R
Least Squares Ridge o
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3 |
‘i’ available, were used to develop each prediction equation. For WUC 96000, only ‘
:E% two aircraft had three or more quarters of historical data available for :
g computing a MFHBF value. To permit the development of a prediction equation,
';1 the MFHBF for three more aircraft were included in the MFHBF Data Base, even .
o though the historical MFHBF value was based on fewer than three quarters of |
""f data.
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3. PREDICTION OF NOTIONAL AIRCRAFT RELIABILITY

The Baseline Reliability Prediction Models have been designed to allow
reliability predictions of notional aircraft MFHBF early in the aircraft's
design evolution. The equations which constitute the models wutilize
design/performance characteristics, available during the conceptual phase,
which permit aircraft reliability to become a part of the weapon system
effectiveness and trade studies.

3.1 Model Application procedure . These models are capable of providing

baseline MFHBF predictions with a minimum of constraints in their
application. Some of the considerations in fixed wing and rotary wing
aircraft model usage, together with an example, are presented below.

Use of either Baseline Reliability Prediction HModel consists of
substituting notional aircraft characteristic values into the equations to
predict baseline values of either the MFHBF or In(MFHBF) for each two-digit
WUC subsystem for which an equation was developed, As an example, the
baseline MFHBF prediction equation for WUC 12000 (Fuselage Compartments) of
fixed wing aircraft is

9

In{MFHBF) = 6.26009 + }  b.X. o
=1 17

where the appropriate ccefficients, bi’ and corresponding airaraft
characteristics, Xi’ are as given in Section 2.2. Making the appropriate

substitutions, the equation becomes

1n(MFHBF) = 6.26009 + (.00031073)(Fuselage Volume)
-(.00039154) (Pres. Fuselage Volume)
+(.00042298) (Total ECS Wt.)
-(.0030346) (Kinetic Energy)
-(.11206)(No. of Internal Tanks)
-(.27330) (Max. Thrust to Max. T.0. Weight)
-(.015924) (Min, Combat Mission Time)
-(.16122) (Max. Speed -- Mach No.)
-(1.98593)(F1t. Design Wt. to Max. T.0. Weight)
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Suppose there exists a notional aircraft with the following characteristic

valqes:
Aircraft Characteristic Value
Fuselage: Yolume . 950.00 cubic ft.
Pressurized Fuselage Volume 55.30 cubic ft.
Total ECS Weight 274.81 1bs.
Kinetic Energy (x 100,000) 171.028 bs-ft%/sec?
No. of Internal Tanks 7.00
Max. Thrust to Max. T.0. Weight 0.357
Min, Combat Mission Time 1.96 hrs.
Max. Speed -- Mach No. 0.91
F1t. Design Wt. to Max. T.0. Wi. 0.704

Substituting the values of the A/C characteristics into the equation, the
predicted value for In(MFHBF) is then computed to be:

1n(MFHBF)

6.26009 + (.00031073)(950.00)

~(.00039154)(55.30) + (.00042298)(274.81)
-(.0030346)(171.028) - (.11206)(7.00)
-(.27330)(.357) - (.015924)(1.96) - (.16122)(.91)
-(1.98593)(.704)

6.26009 + .29519 - .02165 + .11624

-.51900 - .78442 - .09757 - .03121 - .14671
-1.39809

3.67287

Thus, the predicted value for the MFHBF of WUC 12000 (Fuselage Compartment) is

MFHBF = e3'67287

or
MFHBF = 39.36472

To apply either of the models to prediction of the MFHBF of a notional
aircraft requires, as the first step, determination of the values of the
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aircraft design/performance parameters which occur in the model. A suggested
approach is to construct a 1ist from Table A-8 or Table A-9 of Appendix A, of
the parameters for which values are needed.

The models can be readily adapted to computer application. In which case,
the notional aircraft parameter values could be input to the computer from the
ahove mentioned list. If the models are to be used manually, a suggested
approach is to construct a form, using the basic format of Table 2-1, so that
the values of notional aircraft design/performance parameters can be recorded
on the form for each two-digit WUC subsystem of the notional aircraft. Then
the necessary calculations can be made, step by step, as shown in Table 3-1,
with the final step resulting in the predicted baseline MFHBF for that
two-digit WUC subsystem.

It should be noted that the predicted baseline MFHBF for a given two-digit
WUC subsystem is a predicted average value for a mature aircraft. That is,
the predicted baseline MFHBF is an estimate of the average value for the MFHBF
given the aircraft characteristics have the values specified.

In order to properly use the Baseline Reliability Prediction Models, the
appropriate value for the design/performance parameters of a given baseline
MFHBF prediction equation must be used. The values required are not always
apparent from the variable name alone. Appendix A provides definitions of
various fixed wing and rotary wing aircraft characteristics and their units
and shovld be referred to before attempting their use in predicting the MFHBF

of notional aircraft.

As mentioned in Section 2.2 and 2.3, some minor changes were made for
HWUC's 20000, 22000. 23000, 27000, and 29000 which affect the wmanner in which
Lhe associated equations are used to predict the baseline MFHBF. In both the
fixed wing and rotary wing models, the equations associated with these
two-digit WUC's are used to predict the baseline MFHBF for a single engine.
To obtzin the baseline WMFHBF value for the two-digit WUC subsystem, dividing
by the appropriate number of engines of the notional aircraft is required. As
the prediction equations for WUC's 20000, 22000, 23000, and 27000 are
expressed in terms of the MFHBF, the division by the number of engines is
girect.,  For WUC 29000, the predicted value must first be converted from
n{HTHIF) Lo Lhe MFHBF before dividing by the number of engines.
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a ff TABLE 3-1. BASELINE MFHBF PREDICTION WORKSHEET
: i% FUSELAGE COMPARTMENTS
‘viﬁ“' WUC 12000
i FIXED WING AIRCRAFT
iR
it
| 4 9
EER Z = In(MFHBF) = 6.26009 + ] b.X,
1 .0 i
i i i=1
AR /A
4 23, MFHBF = e
= %
18
i |25 Aircraft Characteristic Value of Coefficient Product
3 f.l'g .
i §§ Xi X b bik;
| Fuselage Volume 950.00 231073 x 1070 0.29519
Pressurized Fuselage Volume 55.30 -.39154 x 10'3 -0.02165
Total ECS Weight 274.81 42298 x 1073 0.11624
Kinetic Energy 171.028 -.30346 x 10°  -0.51900
No. of Internal Tanks 7.00 -.11206 -0.78442
Max. Thrust to Max. T.0. Wt. 0.357 -.27330 -0.09757
Min. Combat Mission Time 1.96 -.15924 x 10'] -0.03121
Max. Speed -- Mach No. 0.91 -.16122 -0.14671
F1t. Dsgn. Wt. to Max. T.0. Wt. 0.704 -1.98593 -1.39809
sum = -2.58722
Z = 6.26009 + Sum
= 6.26009 - 2.58722
= 3.67287
NFHBF = o
3.67287
= e
= 39.36472
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The Work Unit Code #Manual assigns 23000 to turbojet engines and 27000 to
turbofan engines. For this study, turbojet engines are associated with WUC
23000 and turbofan engines are associated with WUC 27000 though this does not
necessarily correspond to the WUC Manuals. This allowed for development of
prediction equations by type of engine.

3.2 Implementing Prediction Results, The models may be better used if
their capabilities and limitations are understood. The models' derivation,
its significant characteristics, and the few constraints should be reviewed by
the prospective user before attempting their use in predicting notional
aircraft baseline MFHBF.

Data base period technology and reliability practices constrain the
resulting prediction equation estimates to baseline wvalues, In the
determination of the final notional aircraft reliability values, the baseline
MFHBF must be adjusted to reflect potential improvements achievable through
technological advances, the Navy's "New lLook", duty cycle emphasis, and
corrective design features to eliminate or reduce historical failure modes.
By incorporating these improvement factors into the bas. ‘ine MFHBF predicted
values, the "then-year" prediction of the MFHBF for two-digit WUC subsystems
of fixed wing and rotary wing notional aircraft is obtained. .

The objective of the Baseline Reliability Prediction Models is to predict
the overall MFHBF of fixed wing and rotary wing notional aircraft. Having
derived the then-year MFHBF for each two-digit WUC of the aircraft, the
aircraft MFHBF is then calculated by summing the reciprocals of the then-year
two-digit WUC MFHBF values and then taking the reciprocal of the sum, By
predicting the MFHBF at a two-digit WUC level, the prediztion for the notional
aircraft MFHBF should be more responsive to the overall configuration and less
sensitive to specific design/performance features of the aircraft.

The goal of the regression analysis performed in the study was to derive

the "best" linear functional relationship between the MFHBF or In(MFHBF) and
the aircraft design/performance parameters for each two-digit WUC subsystem
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considered. The goal of the regression analysis was not to determine which
aircraft parameters were the cause of the failures at a two-digit WUC level.
The appearance of a parameter in a baseline MFHBF prediction equation cannot
be interpreted as an indication of a “cause and effect" relationship.
Similarly, the sign of the coefficients for the variables in a baseline MFHBF

prediction equation cannot be interpreted as the direction of the linear
association or correlation between the variable and the MFHBF for the
subsystem. The linear association between the predictor variables themselves

may have influenced the signs of the coefficients.

Various differences between existing and notional or conceptual aircraft
designs have affected the development of the Baseline Reliability Prediction
Models and might modify its usage. For example, the current WUC structure may
not be representative of future aircraft equipment and functional

partitioning. Some design/performance characteristics of existing aircraft
estab]{;h data boundaries which may not be consistent with those of notional
aircraft. The values for notional aircraft characteristics, such as the
Maximum Rate of Climb at Sea Level, Turbine Inlet Temperature, Total Aircrart
Thrust and Thrust to Weight Parameters, may iie outside the range of existing
aircraft data and thus require extrapoiation. For sume notional

design/performance parameters an equivalent parameter is not found in uxisting
aircraft; therefore, the characteristics cannot be considered in the model.
Other characteristics require a modified definition to use the equations for
prediction of notional aircraft reliability. Any aircraft characteristics

requiring modified definitions and/or explanations for notionai aircraft are
noted in Table A-6 of Appendix A.
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4, DATA BASE DEVELOPMENT

Two types of data were required in the performance of this study. The
first, reliability data, was obtained as HMean Flight Hours Between Failure
(MFHBF) values for historical Navy aircraft from the Navy's fleetwide data
system. The second, that of aircrafi design/performance parameters, was
obtained from a number of source:s discussed in Section 4.3. These two types
of data comprise the MFHBF Data Bases and Design/Performance Data Bases
respectively. These data bases were used to develop two reliability
prediction models, one for fixed wing aircraft and the other for rotary wing
aircraft, at the two-digit Work Unit Code (WUC) level. Each model required a
separate MFHBF and Design/Performance Data Base.

MFHBF data at the two-digit WUC subsystem 1level and aircraft
design/performance parameters were obtained on each of 43 Navy aircraft. Of
these aircraft thirty-two were fixed wing and eleven were rotary wing. The
data sources, data collection, adjustments, and analysis are discussed in the
following sections,

4.1 Data Background. The Fleet MWeapon System Reliability and
Maintainability Statistical Summary Tabulation Report, MSO 4790.A2142.01 is
based on the Navy's Maintenance and Material Maragement (3M) system. This

report presents reliability and maintainability summaries by Work Unit Code
(Wuc) for all Navy aircraft. The MSO Reports prior to July 1976 are based on
semi-annual reporting periods, and reports after this date have quarterly
reporting periods. In order to obtain data from reporting periocs of equal
duration, only reports from July 1976 forward were used in this study. The
last report that could be included was the quarter ending with June 1979.
Therefore, the MFHBF data was collected over the time period of July 1976
through June 1979 (twelve quarters).

From the fleet ajrcraft presented in the MSO reports, the thirty-two fixed

wing and eleven rotary wing aircraft shown in Table 4-1 were selected for use
in this study. The criteria used in selecting the aircraft for the study
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ggw ‘- TABLE 4-1. NAVY AIRCRAFT USED IN THE DEVELOPMENT OF THE o
i RELTABILITY PREDICTION MODELS
FIXED WING AIRCRAFT (32)
3
o Fighter 0 Airborne Early Warning
F-4J, N £E-18
F-14A £-28, C
0 Attack 0 Anti-Submarine Warfare
A-4E, F, M S-3A
A-6A, E o Patrol Anti-Submarine Warfare
A-7A, B, C, E P-3A, B, C
AV-8A o Carrier On Board Delivery Transport
0 Reconnaissance C-1A
- RF-4B C-2A
RF-8G o Flight Refueling Tanker
RA-5C KA-38B
0 Electronic Warfare KA-6D
EA-38B KC-130F, R
EA-6A, B
ROTARY WING AIRCRAFT (11)
0 Anti-Submarine Warfare o Vertical on
SH-2F Board Delivery/
SH-3A, D, G, H Search and Rescue
0 Marine Assault HH-3A
CH-46D, F HH-46A
CH-53A, D

e e PP S
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required that:
0 nistorical aircraft be as representative as possiblie of notional Navy
aircraft including those in the Sea Based Air Master Study (5BAMS).
0 MFHBF data for the historical aircraft be available.
0 design/performance data for the historical aircraft be available.

It was necessary to exclude certain aircraft from the study due to a
shortage of data. The fixed wing aircraft, A-4L, F-4S, EA-4F, and EC-130Q had
to be excluded since most of the design/performance values were not
available. For the rotary wing aircraft the SH-2D0, CH-46A, HH-1K, and CH-53E
were excluded because MFHBF data was not available from the MSO Reports for
the twelve quarters covered by the study.

A compromise was required in order to include the F-4N and E-2B in the
fixed wing aircraft data bases. Design/performance parameters were available
for the F-4B but the aircraft was phased out of fleet operations by the second
quarter of 1977, having been modified to the F-4N configuration. The time
period from July 1976 through the second quarter of 1977 contained
insufficient quarterly data for computing a stable MFHBF for the ¢-48. The
F-4B, therefore, could not be included in the data bases. On the olher hand.
F-4N MFHBF data was available from the MSO Reports, but design/performance
parameters were not available. Examination of the modifications “made to the
F-4B to produce the F-4N, revealed no changes that would significantly affect
the value of any design/performance parameters as wused in this study.
Therefore, it was decided to use the F-4B design/performance parameters with
tne F-4N MFHBF values. Similarly, the updating of the E-2A to the E-28B
resulied in the use of E£-2B MFHBF values with E-2A design/performance
parameters.

(ertain two-digit WUC subsystems, such as WUC 53000 {Guidance >Systems
Drones) and WUC 58000 (In-Flight Test Equipment) were not considered. Since
WUC 53000 applies to drone aircraft such as the QF-4B, it was not considered
applicable to this study. While the E-2B, E-2C, F-14A, and P-3(C have failure
data reported in the 1S5S0 Reports for WUC 58000 for some quarters, the
quarterly WFHBF values calculated for these aircraft vary widely. Due to the
lTimited quentity of data and the wide variance in the calculated quarterly
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MFHBF, it was judged that a meaningful prediction equation could not be
derived. Other two-digit WUC subsystems were not included because sufficient

failure data was not available from the MSO Reports during the time period
used in the study.

4.2 MFHBF Data Bases. The MFHBF Data Bases were developed at the

two-digit WUC level using historical aircraft data for fixed and rotary wing
aircraft. The quarterly MSO Reports were used as the source of reliability
information for the MFHBF Data Bases.

4.2.1 Collection of Data. Reliability data for the fixed and rotary wing
aircraft were collected from the quarterly MSO Reports covering the time
period from July 1976 through June 1979 (twelve quarters). For each quarter,
the Navy-wide totals for the number of failures at the two-digit WUC subsystem
level and the corresponding aircraft flight hours were obtained for
forty-three aircraft.

Data was collected for 38 two-digit WUC subsystems for fixed wing aircraft
and 34 WUC subsystems for rotary wing aircraft in accordance with the
respective WUC Manuals. Failure data was also collected at the overall
aircraft level for the 43 aircraft. WUC 00000 was created to represent the
MFHBF values and the prediction equation developed for the overall aircraft.
An additional WUC was created for the fixed wing aircraft and was denoted as
WUC 20000. This WUC subsystem contains the MFHBF values for both WUC 23000
(Turbojet Engines) and WUC 27000 (Turbofan Engines). A list of the 40 fixed
wing and 35 rotary wing WUC subsystems for which prediction equations were
developed along with the number of MFHBF values available for prediction
equation development is presented in Tables 4-2 and 4-3. Notice that for
certain WUC subsystems, MFHBF data was not available for all thirty-two fixed
wing or eleven rotary wing aircraft. Because of the differences in historical
aircraft not all WUC subsystems applied to all aircraft. For example, only
seven fixed wing aircraft have Auxiliary Power Plants (WUC 24000). In
addition, some MFHBF values were deleted frem certain WUC subsystems in the
MFHBF Data Base due to limited or extreme data. The criteria for deletion of
the MFHBF values is given in Section 4.2.2.2.

127

Y > T —
7 Y i o B
- - Rt
SRR - . " s
o v sy o ST e T o
%




g nr gy s iy Sitaifen Johabiamdii it A LR ¥
< * s Wm - s
o . o
T o 1
2

@ e S WM e e e s AT e e T T

.
[ TABLE 4-2. RELIABILITY PREDICTION MODEL WUC'S AND
‘ﬁ WUC DATA AVAILABILITY
{ I (FIXED WING AIRCRAFT)
10 ¢
IR NO. OF A/C WITH MFHEF
P VALUES AVAILABLE FOR
: THO-DIGIT PREDICTION EQUATION
WUC DESCRIPTION DEVELOPMENT
00000 (1) Total Aircraft 32
Aircraft Basic 11000 Airframe 32
12000 Fuselage Compartments 32
13000 Landing Gear 32
i 14000 Flight Controls 32
20000 (1) Turbojet and Turbofan Engine 22
Power Plant 22000 Turboshaft Engines 8
23000 Turbojet Engines 15
24000 Aux. Pwr, Plant Airborne 7
27000 Turbcfan Engines 7
29000 Power Plant Instl. 32
Utilities 41000 Air Cond/Pres/Ice Contr. 32 i
42000 Electrical Power Sys. 32 '
44000 Lighting System 32 .
45000 Hydraulic & Pneumatic Pwr 32 .
46000 Fuel System 32 :
47000 Oxygen Systems 30 )
49000 Misc. Utilities 31 ;
Instrumentation 51000 Instruments . 32 :
56000 F1ight Reference 32 ;
57000 Int. Guidance/F1t.Contr. 25 4
Communications 61000 HF Communications System 14 -
62000 VHF Communications Sys. 14 A
63000 UHF Communications 31 L
64000 Interphone System 27 S
65000 IFF Systems 30 o
66000 Emergency Radio 20 4 i
67000 CNI Integrated Package 23 3
69000 Misc. Comm. Equipment 9
! Weapon Navigation/ 71000 Radio Navigation 30 '
L Control 72000 Radar Navigation 32 5
73000 Bombing Navigation 27 !
; 74000 Weapons Control 20 .
.. 75000 Weapons Delivery 21 2
76000 Elec. Countermeasures 25 :
.- 77000 Photographic/Reconnaissance 13 &
lisc. Equipments/ 91000 Emergency Equipment 32
. Systems 93000 Deceleration Equipment 6
; 96000 Personnel Equipment 20
L 97000 Explosive Devices 22 ;
- 14 4 - .
{ ‘ (1) Non-standard WUC 128 33
[
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Power Plant

Utilities
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Communications

RSt s s O sk e 8 U I
. T SR oo s A

TABLE 4-3. RELIABILITY PREDICTION MODEL WUC'S AND

WUC DATA AVAILABILITY
(ROTARY WING AIRCRAFT)

Weapon Navigation/ 71000

Control

Misc. Equipments/

Systems

TWO-DIGIT

WUC DESCRIPTION

00000 (1) Total Aircraft

11000 Airframe

12000 Fuselage Compartments

13000 Landing Geer

14000 rlight Controls

15000 Helicopter Rotor System

22000 Turboshaft Engines

24000 Aux. Pwr. Plant Airborne

26000 Helicopter Rotary Hing

29000 Power Plant Instl.

41000 Air Cond/Pres/Ice Contr.

42000 Electrical Power Sys.

44000 Lighting System

45000 Hydraulic & Pneumatic Pwr

46000 Fuel System

49000 Miscellaneous Utilities

51000 Instruments

54000 Telemetry

56000 Flight Reference

57000 Int. Guid/F1t. Control

61000 HF Communications Sys.

62000 VHF Communications Sys.

63000 UHF Communications Sys.

64000 Interphone System

65000 [FF Systems

67000 CNI Integrated Package
Radio Navigation

72000 Radar Navigation

73000 Bombing Navigation

74000 Weapons Control

75000 Weapouns Delivery

76000 Elect. Countermeasures

9100C Emergency Equipment

96000 Personnel Equipment

97000 Explosive Devices

(1) Non-standard WUC
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NO. OF A/C WITH MFHBF

VALUES AVAILASLE FOR

PREDICTION EQUATION
DEVELOPMENT

H
11
11
1
11
11

1

5
11
n

9
11
11
11
1
11

11

4
il
11

9
6
i1
1
B

—_—

£ 00 NN it —




In accordance with the WUC Manuals, the engine ieiiures for ine F-idA,
A-7A, B, C, and £ aircraft were reported against WUC 200 (Turbojet ngines)
in the MSO Reports. However, these five aircraft nave a turbofan engine.
Since the engine prediction equations were to be developed by type of engine,
the historical MrHBF data for these five aircraft were moved from WUC 23000 to

WUC 27000 (Turbofan Engines).

The twelve quarters of data were split into two groups. The eight
quarters of data from July 1976 through June 1978 to be wused for model
development, and the four quarters from July 1978 through June 1979 were to be
used to verify the stability of the first eight quarters. The MFHBF values
for the two-digit WUC subsystems of the 43 aircraft were calculated for each
of the twelve quarters and for both the eight and four quarter time periods
using the formula:

total flight hours
total number of failures

MFHBF =

It should be noted that the MFHBF values in the MFHBF Data Base for WUC 20000
(Turbojet/Turbofan Engines), WUC 22000 (Turboshaft Engines), WUC 23000
(Turbojet Engines), WUC 27000 (Turbofan Engines), and WUC 29000 (Power Plant
Installation) have been adjusted to a per engine basis where an aircraft has

more than one engine.

An effort was made to standardize the WUC's relative to the Standardized
WUC Manual for the fixed wing aircraft used in this study. This effort
involved the A-4M, A-6E, A-7E, AV-8A, and F-14A. The standardization of these
five aircraft proved to be a larger undertaking in terms of time and manpower
than originally believed. This led to an agreement with NAVAIR that the
standardization of the WUC's was beyond the scope of the funded effort.
Therefore, the MFHBF values in the data bases were not standardized for either
the fixed or rotary wing aircraft.

4.2.2 Analysis of MFHBF Data. In order to ensure that the reliability
information for the data base was, in fact, representative of the long term
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MFHBF, some form of verification was required. Verification of the data's
stability was obtained through a comparison of the WFHBF values for the eight
quarters representing the candidate MFHBF data bases and the subsequent four
quarters established for use in verification. The data was also examined for
trends and variability that might affect the stability of the data.

Through analysis of the MFHBF data, it was determined that no consistent
trends or unusual variability existed over time at the two-digit WUC Tevel.
Therefore, the MFHBF values calculated for the time period consisting of the
eight quarters from July 1976 through June 1978, were considered sufficiently
stable to be used to develop the historical MFHBF Data Bases for the fixed and
rotary wing aircraft. Tables A-1 and A-2 of Appendix A, present the minimum
and maximum values of the MFHBF Data Bases and the verification data by
two-digit WUC subsystems for the fixed and rotary wing aircraft.

4.2.2.1 Trends, Variability and Stability., The MFHBF data was analyzed
for consistent trends and variability. These analyses were performed among
different aircraft for a given two-digit WUC, as well as between different
two-digit WUC subsystems of a given aircraft for both fixed and rotary wing
aircraft. When the gquarterly MFHBF values of all fixed wing aircraft for a
given WUC were plotted against the twelve data quarters a wide variety of
patterns resulted. While some individual patterns showed definite trends,
there was no consistent trend present for all aircraft. As an example, the
quarterly MFHBF data of the A-6E, A-7E, and F-14A fixed wing aircraft for WUC
13000 (Landing Gear) is presented in Table 4-4, and is shown graphically in
Figure 4-1. Also, a variety of patterns were obtained when the MFHBF values
of all WUC subsystems for a given fixed wing aircraft were plotted against the
twelve quarters of data. Again, some individual patterns showed definite
trends, but no consistent trends present in all WUC subsystems. An example of
this is presented for the A-6E in Table 4-5 and plotted in Figure 4-2, The
same type of analysis was performed on the rotary wing aircraft with similar
results. Examples of these results are shown in Tables 4-6, and 4-7, and
Figures 4-3 and 4-4.

The variability in the quarterly MFHBF data was also examined. Again, the
data was examined by comparing different WUC subsystems within the same
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TABLE 4-4. LANDING GEAR (WUC 13000) MFHBF VS REPORTING &
PERIOD FOR THE A-6E, A-7E, £
AND F-14A r

MFHBF
Reporting Period A-6E A-7E F-144A

T, T
RN N T e s

CPR i

Data Base Period

e

oy
IR

o

Jul - Sep 1976 15.78 11.65 12.80

Oct - Dec 1976 14.36 11.16 12.39

Jan - Mar 1977 14,51 10.72 14.18

Apr - Jun 1977 15.05 10.31 12.11

Jul - Sep 1977 14.90 10.68 11.28

_ Oct - Dec 1977 14.79 10.63 11.01

i Jan - Mar 1978 15.35 10.8] 9.76
; Apr - Jun 1978 18.74 11.64 11.89

TE

X

AP AREEN

B O e i, AT~ S e
. G
Pl

)

-
%
ekl

Jul 1976 - Jun 1978 15.44 10.90 11.74
(8 Quarters)

TENNT

o P s
bt er™ AT E A W R NS s A

Data Base
Verification Period

I

Jul - Sep 1978 16.72 10.94 12.13
Oct - Dec 1978 16.50 11.08 13.91
Jan - Mar 1979 15.83 11.18 11.96
Apr - Jun 1979 15.94 11.24 12.49

Nt

T

g

R 30 i arand SR ARl LU A 4 -
RAL Ny - PR

Jul 1978 - Jun 1979 16.24 11.11 12.59
(4 Quarters)

-

e e
[IERENER A
s LN Ly

[op——
L e g

132




K

SINTYA J8HIW ATHIIYVAG @

-v

—— AA‘L.II o
34BAD4LY Buly paxig pa3ola3s
404 pOLUdg Burzaoday -sA JgH4W (000cL JnM) 4edy butpueq |-y 34nbly
— . i ey T _
N A e _,,_ S B B R S B B oo Tl
e e Sy PN e 1 B e Y Y B B4 [-PRR St Y P S [k /2 NCREN RN i = 8 S [ SR
ARER AR = - RN R - D o N N 15 e s
N i ct. ! ! ! . SEEh - I NN q 2 v -ty -
- 2 i N L oS NS U N SUNEIEY L JNTIIE S Nt L3 IR N N - £ SUETE DN S 8 SOOU JEL) I FVPYDS SR SOORE SO -l
R R = M = _w = T - R T ] SR K N R S R R =
t . T Pre PR L 3 ( amanre : rrs L — v " O 2R oy ] y T
» LI I A | . w ! . w [ JUUEY SORNL SO .!»m.r.~ l.w. e .,L.l!. e e} .L*.x;-“ SO FUOR TS S
T R CAC Bt Et i._- B B G R NI G M O . : T PR M 17
N I L ¥ -t “ll.L t . " BE w T S PR S SRR R .
b aoEmm on._.<uiHmu> - oonma 3sva vYLva
IR 35vd v1vd N R RN TN TR AN R UL A O
;T " ' T : [ O S A - i ST IO el : f i
: JRCR FOE SRS HL JETUEY SR EOY F N o j 1 i e ot PPN JUREE R STt
R R I Ly e R O O O s T e P A O I e i S R
: ” SRUETO A X .m.i. e i Lo L tv.mz. *.IM...: S SUUUE SN SO
i. ; : O L.. 4 Ced gy P © R ol ' G
M . ] 1 3 ) el
-l R S R R A B Ak s i A O B> R .n.....“mv : :
T o N G oo i e Lot most ol oo oo o o Rt o o e oot ot s ot
OTE: POV el A i i J.Lm..t. ...LW et Poosa 10ves R Hang Shves M SEETunt POuot OuvS N Fount e 1.
o I ¢ RS B H 4 i i st ci. ] 1 .. [ I . n” P : H A\ ' R v
PR P 0 O I T M oo o i e Lo e S T ST ST A 00 A 3
o St o T T i it o T O I R O G IO : R A
) B B T g I R R E A S B , T N
,. 5 RS i e bod i : X b .
R e e e e S e S et Sl e Lot oy it s ot S Tt i bk
! R = i . : .- . ; . ' i -
A I B T N R T P R S IR A : o
e e B B e e R e e A Cay T uh Q.. -
R R ! Ll 4 iy b AR R R RO X Lo i
i * 1 1 [ . RN RS t [ * .. < .l
L f ‘c.r.m..wtlm.l T SO .!.W-l l”..m-l..rlll.!“lllt:@lqolfllilrluni%ll o T!I.-«.Ix —
AR RN N O o SR NI N N e I O R OO O OO OO .
I ] ] d ey b ad A .
A I et S T S SR I O S o " bt et e S3NTYA I9VY3AY
T I I i o T N I i T .
N NS T A poal 1 1] SIMIVA J8HAW ATHALYYND © Whl-d fi L F
Cipl e R : S e Lol
I A S I R I I O R S R U
g T Pt T N O SINTYA IDPIAY — — — — — — L
i ! QRSN SRV TETN OISR SO JOU0Y R SO (OO TIPS ot 10t I . L.
R N A R fel® UTET SANTYA A9HAW ATYILYYND <& 3LV .
. ! ) ! . PO WP T
= i : : ; e i 105t
.- --(.lsm-l.w.x; e B B e S B e o SINTYA IO — — — — e w o
B $ { * H i N . . .
: | S i s { | S I}

4

[ P YT e




oY AR N 071 G e wn:“:”'ﬁ'j“'-”’"‘“mﬁm-vf & LIRS AT i
TABLE 4-5. A-6E MFHBr VS 2L7TORTING PERIOQOD FOR
WUC'S 11000, 1300u, AND 730600 ‘
MFHDF
Reporting Period WYUC 11000 Eg§_13000 WUC 73000
Data Base Period
Jul-Sep 1976 7.47 15.78 9.75
Oct-Dec 1976 6.87 14.36 9.73
Jan-Mar 1977 5.81 14.51 9.92
Apr-Jun 1977 5.88 15.05 10.00 '
Jul-Sep 1977 5.50 14.90 10.25 f
Oct-Dec 1977 5.02 14,79 10.29 '
Jan-Mar 1978 5.96 15.35 10.95
Apr-Jun 1978 6.09 18.74 10.64
Jul 1976 - Jun 1978 5.98 15.44 10.23 t
(8 Quarters) ‘

Data Base ro h
Verification Period § i
Jul-Sep 1978 5.76 16.72 9.99 }

Oct-Dec 1978 6.35 16.50 9.99

Jan-Mar 1979 5.¢8 15.83 10.64
Apr-Jun 1979 5.38 15.94 3.05 :
’ !
Jul 1978 - Jun 1979 5.66 15.24 9.63 ;
(4 Quarters) ;
i
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|
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TABLE 4-6.

HELICOPT<R ROTOR SYSTEM (WUC
VS REPORTING PERIOD FOR THE
CH-46F, SH-2F, AND SH-3H

15000) i HBF

MFHBF
Reporting Period CH-46F SH-2F SH-3H

Data Base Period
Jul - Sep 1976 7.40 9.11 9.85
Oct - Dec 1976 7.88 9.08 12.51
Jdan - Mar 1977 6.68 9.53 14.76
Apr - Jun 1977 7.29 8.97 12.90
Jul - Sep 1977 7.18 7.91 10.08
Oct - Dec 1977 6.92 5.06 10.80
Jan - Mar 1978 5.76 4.99 11.61
Apr - Jun 1978 5.84 7.25 11.08
Jul 1976 - Jun 1978 6.76 7.65 11.47
(8 Quarters)

Data Base

Verification Period
Jul - Sep 1978 7.06 7.23 9.31
Oct - Dec 1978 5.80 6.68 11.86
Jan - Mar 1979 7.49 65.06 12.51
Apr - Jun 1979 7.32 5.40 9.42
Jul 1978 - Jdun 1979 6.80 6.25 10.72

(4 Quarters)
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TABLE 4-7. SH-3H MFHBF VS REPORTING PERIOD FOR

Wuc'S 11000, 15000, AND 73000

e PR .
R - o
S 4B L S Rl BT o 2

MFHBF :
Reporting Period WUCTT000 HUC 15000 WOC 73000 ;

Data Base Period

Jul-Sep 1976 5.69 9.85 7.83 o8

Oct-Dec 1976 5.09 12.51 8.59 v

Jan-Mar 1977 6.60 14.76 10.91 e

Apr-Jun 1977 6.77 12.90 10.62 N

Jul-Sep 1977 5.73 10.08 7.59 e

Oct-Dec 1977 4.59 10. 80 7.34 o

Jan-Mar 1978 4.22 11.61 7.26 Jox

Apr-Jun 1978 3.97 11.08 7.71 !

Jul 1976 - Jun 1978 4.97 11.47 8.14 o

(8 Quarters) s

g

Data Base e

Verification Period o

i

Jul-Sep 1978 3.70 9.31 7.12 ]

Oct-Dec 1978 4.48 11.86 9.33 £y

Jan-Mar 1979 4.65 12,51 8.42 “

Apr-Jun 1979 4,42 9.42 7.84 5

Jul 1978 - Jun 1979 4.31 10.72 8.15 w1

(4 Quarters) Ce
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sircraft as well as different aircraft for the same WUC. The major area of

* concern was for those WUC subsystems which had only a few failures reported

2ach quarter for a given aircraft that had approximately the same number of

§ Ilight hours for each quarter. For these WUC subsystems a small change in the

reported number of failures for a quarter could have made a significant change
in successive quarterly MFHBF values. Having been made aware of this

potential problem, the omission of these aircraft on a selective WUC basis was

in order should these individual aircraft have prohibited the development of a

‘ good baseline MFHBF prediction equation. For example, the MFHBF of WUC 97000

Explosive Devices) for the A-6E varied from 20,817 (1 failure in 20,817

" hours) to 2,132 (7 failures in 14,924 hours). For some aircraft, variability
“ yccured due to the aircraft being phased into service or out of service. For

Jn aircraft phasing into service, both the flight hours and the number of

. failures tended to increase with time and the variability tended to decrease.

tith an aircraft phasing out of service, the reverse tended to occur.

The long term stability of the MFHBF data was examined by comparing the
average MFHBF value of the candidate data base (eight quarters) with the
verage MFHBF value of the verification data (four quarters). As before,
multiple aircraft were compared for a given WUC, and multiple WUC subsystems
ere compared for a given aircraft. In some cases the average MFHBF value of
Jhe verification data was higher than the candidate data base and lower in
nther cases. Again, the data showed no consistent trends, and none of the
ifferences between the average MFHBF values of the two time periods were
considered significant. Examples of this analysis are shown in Tables 4-4
hrough 4-7 and Figures 4-1 through 4-4,

4.2.2.2 Outliers. The MFHBF data was also examined for the presence of
outliers, i.e., extreme MFHBF values which might exist for a given WUC. The
rocedure used to check for potential outlier values was to compare the MFHBF

~alues within a given two-digit WUC subsystem. Comparisons were made for each
. \wo-digit WUC subsystem considered in the study.

For those WUC subsystems where potential outliers were detected, bivariate
lots of the MFHBF values, for the given WUC, versus various
design/performance parameters were examined. If the points associated with
e extreme MrHBF values were consistently incompatible with the other values
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on the graphs, a cause for the deletion of the extreme MFHBF value, was
C sought. The fact that a MFHBF value was considerably larger or smaller than
B the other MFHBF values for a given WUC was not sufficient reason for labeling

the value an outlier. The term "outlier" applies to the data values which are
found to lie outside the general pattern formed by the other data values
graphed.

In order to delete an outlying MFHBF value from the data base for a given
WUC, a valid reason had to be estab]fshed. The reason most frequently found
to apply was the extreme shortage of quarterly data. Those MFHBF values
s computed from only one or two quarters of data and determined to be outliers,
A were deleted from the MFHBF Data Base. 1In all, a total of 17 MFHBF values for
fixed wing aircraft and 12 MFHBF values for rotary wing aircraft were deleted.

¢ Those outlying MFHBF values that were based on a relatively small number
of f]ight4pours and/or small number of failures, were Kept in the MFHBF Data

Base until their effect on the development of the prediction equation for the
WUC could be determined. If the effect was found to be adverse, i.e., if this

=

MFHBF value was hindering a proper fit to the data, the value was omitted from
the development of the specific WUC prediction equation. Qtherwise, it

remained in the data base.

4.3 Design/Performance Data Bases. The completed data bases consisted of

101 design/performance parameters for each of the thirty-two fixed wing
aircraft and 89 parameters for each of the eleven rotary wing aircraft. These
parameters, compiled from a number of sources, served as the independent
variable data base for the regression analysis used in developing the
reliability prediction equations. These parameters were chosen with the
assistance of design and systems engineers and NAVAIR personnel.

4.3.1 Data Collection. The major data sources used in developing the
Vo Design/Performance Data Base were the following:

-

Standard Aircraft Characteristics Charts (MIL-C-5011A)
Group Weight Statements (MIL-STD-1374)

Jane's All the srid's Adrcraft

Aircraft and £ngine Compinies

O O O o
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NATOPS Flight Manuals
Aviation Week and Space Technology, Specifications, pages 88-142, dtd

March 12, 1979

Many of the physical characteristics and performance parameters in the
data bases appear in more than one of the above sources; thus, an organized
procedure for collection of the data was required. The Standard Aircraft
Characteristics (SAC) Charts and the Group Weight Statements were used as the
primary sources. See Tables A-3 and A-4 of Appendix A for examples of these
primary data sources. The remaining sources were used to obtain information
not available from these two primary sources. The engine companies, in
particular, provided information on several engine parameters which were not
readily available. In a few instances, NAVAIR personnel provided specific
information. In some cases, where no data was available, parameter values
were estimated using related information available on similar aircraft. A
list of the estimated parameters are provided in Table A-5 of Appendix A.

The aircraft characteristics included in the Design/Performance Data Bases

were divided into four groups as follows:

physical characteristics including dimensions, volumes, and weights,

o

0 performance parameters including speed, range, altitude, and rate of

climb,

0 engine characteristics including thrust, size, weight, and fuel

consumption,

0 categorical/derived parameters, including indicator variables,
squared characteristic values, ratios of physical characteristics,

and interaction terms.

These groups are presented in Tables 4-8 through 4-11 for the fixed wing
aircraft, and Tables 4-12 through 4-15 for the rotary wing aircraft. These
represent the candidate predictor parameters for the thirty-two fixed wing and
eleven rotary wing aircraft. Most of the characteristics are discussed in
M1L-C-5011A, MIL-STD-1374A, and SD-24K (Vols. I and 11) (see References 4, 5,
6, and 7). Parameters requiring additional explanation and/or with modified
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TABLE 4-8. PHYSICAL CHARACTERISTICS - FIXED WING AIRCRAFT

Crew Size Flight Control Surface Area

No. of Moveable F1t Control Surfaces Gun Weight

No. of Fixed Inlets No. of Guns

No. of Variable Inlets Pressurized Fuselage Volume

No. of Vertical Tails Avionics Weight Installed

Wing Sweep at 1/4 Chord Avionics Weight Uninstalled

No. of External Armament Stores Auxiliary Power Unit

Landing Sink Speed (Limit) Total Generator Electrical Power ‘
Tail Span Total ECS Weight

Wing Span -- Unfolded Fuel Capacity Internal Wing

Wing Span -- Folded Fuel Capacity Internal Fuselage

No. of Wing Plus Tails Folds Fuel Capacity External Tanks

Max, Aircraft Length Fuel Capacity Max. Internal

Max. Aircraft Height Total Fuel Capacity

Mean Aerodynamic Chord (MAC) No. of External Tanks

Wheelbase No. of [nternal Tanks

Main Gear Tread Empty Weight

Fuselage Wetted Area Flight Design Weight

Wing Wetted Area Design Load Factor - Subsonic

Wing Area Max. Take-off Weight (Cat)

Total Wetted Area Max. Ldg. Weight (Arrested) »
Fuselage Volume Max. Payload 4
Aspect Ratio Max. Wing Loading

No. of External Store Stations
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TABLE 4-9. PERFORMANCE PARAMETEZRS - FIXED WING AIRCRAFT

Max. Rate of Climb at Sea Level Min. Combat Mission Time

Min. Time: Sea Level to 30K Feet Max. Combat Mission Time

Max. Service Ceiling Max. Speed -- Mach No.

Min. Time: Sea Level to 20K Feet Min, Stall Speed - Approach Pwr
Max. Combat Radius Min., Ldg. Distance

Max. Speed at Sea Level

144
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TABLE 4-10. ENGINE CHARACTERISTICS - FIXED WING AIRCRAFT

No. of Engines

Max. Thrust per Engine

Total Aircraft Thrust -- Military
Max. Engine Diameter

Max. Engine Length

No. of Engine Parts

Specific Thrust or Specific SHP
Max. Airflow

Max. Pressure Ratio

Fuel to Air Ratio

Max. Thrust or SHP per Engine
Engine Weight Installed per Engine
No. of Fan Plus Compressor Stages
No. of Turbine Stages

Max. Compression Ratio

Specific Fuel Consumption

Turbine Inlet Temperature

Bypass Ratio

Engine Wt. Uninstalled per Engine

ve t'}




L TABLE 4-11.

CATEGORICAL/DERIVED PARAMETERS -~ FIXED WING AIRCRAFT

Recce. Indicator

Ew Indicator

Date 1st F1t. -- Prototype
Date st Fl1t. -- Series
Aircraft Carrier or Land Based

Afterburner Indicator

Type A or B

(Max. Rate of Climb) x (Type A or B)

(Max. Speed -- Mach No.) x (Type A or B)
(Max. Speed at S.L.) x (Type A or B)

(Min. Combat Mission Time) x (Type A or B)
(Avionics Wt. Installed) x (Type A or B)
(Max. Wing Loading) x (Type A or B)

(Min. Time: Sea Level to 30K Feet)2

(Min. Time: Sea Level to 20K Feet)2

Max. Thrust or SHP to Engine Weight Uninst,

Flight Design Weight to Max. T.0. Weight
Mil., Thrust to Design Weight

Max. Thrust to Engine Weight Installed
Max. Thrust to Max. T.0. Weight

Max. Thrust to Max. Landing Weight
(Total Fuel Capacity)2

(Fuel Capacity External Tanks)2

Kinetic Energy
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1
@’ l TABLE 4-12. PHYSICAL CHARACTERISTICS - ROTARY WING AIRCRAFT
‘ Empty Weight Total Rotor Disc Area (Sweep)
Max. T.0. or Landing Weight -~ Main + Tail
Design Load Factor Total Blade Area -- Main + Tail
L Crew Size Main Rotor Disc Area (Sweep)
T No. of Troops Tail Rotor Disc Area (Sweep)
; No. of Main Rotor Blades Main Rotor Blade Area
- No. of Tail Rotor Blades Per Blade
Main Rotor Radius Tail Rotor Blade Area
Tail Rotor Radius Per Blade |
Fuselage Length -- Folded Main Rotor Blade Area (Total)
| Fuselage Depth -~ Folded Tail Rotor Blade Area (Total)
| Fuselage Width -- Folded Avionics Weight Installed
Aircraft Length -- QOperating Avionics Weight Uninstalled
Aircraft Span -- Operating Total ECS Weight
Aircraft Width -- Operating Air Conditioning Weight i
:7 Wheelbase Anti-Icing Weight 3
3 I Main Gear Tread No. of Aircraft Generators if
;é i Main Rotor Blade Chord Generator Electrical Power per Gen 12
i Tail Rotor Blade Chord Total Generator Electrical Power
2 f No. External Launch Points Fuel Capacity Internal
i Max. No. of External Armament Stores Fuel Capacity Auxiliary
b No. of External Torpedo Store Stations  Total Fuel Capacity
? No. of Internal Sonobuoy Stores No. of Internal Tanks
:,; Rotor Weight No. of Auxiliary Tanks
i Blade lLoading Max. Disc Loading
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TABLE 4-13. PERFORMANCE PARAMETERS - ROTARY WING AIRCRAFT
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Vertical Rate of CTimb at Sea Level -- Military Power
Absolute Hovering Ceiling -- Military Power
Max. Rate of Climb -- Normal Power
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Max. Service Ceiling i
Max. Speed at Sea Level e
Max. Combat Radius o

Max. Combat Range

Max. Speed at Altitude

Associated Altitude for Max. Speed
Average Cruising Speed -- Primary Mission
Cruising Altitude -- Primary Mission
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TABLE 4-14. ENGINE CHARACTERISTICS - ROTARY WING AIRCRAFT

No. of Engines

Total Aircraft SHP -- Mil. or Int. Power
Total Aircraft SHP -- Normal Power
Military or Int. SHP per Engine

Normal SHP Per Engine

Max. Engine Diameter

N Max. Engine Length

1 L Engine Weight Installed per Engine

‘ No. of Fan Plus Compressor Stages

No. of Turbine Stages

Max. Compresion Ratio

Specific Fuel Consumption -- Mil. or Int. Power
Specific Fuel Consumption -- Normal Power

eI
S DA

o
o L wim b

Turbine Inlet Temperature

No. of Engine Parts

Main Rotor Gear Ratio

Main Rotor Tip Speed at Design Limit
Main Rotor Transmission Limits -- SHP
Main Rotor Transmiss' i Limits -- RPM
Power Transmission Weight -- w/o0 Rotor
Engine RPM -- Mil. or Int. Power
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TABLE 4-15., CATEGORICAL/DERIVED PARAMETERS - ROTARY WING AIRCRAFT

Tail Pylon Fold

Date of st Fit. ~- Series

Date of 1st Fit. -- Prototype

Date of 1st Fit. ~- Service

Total Aircraft SHP -- Normal Power to Max. Take-Qff Wt.

Mil. SHP per Eng. to Eng. WL. Instl. per Eng.

Total Aircraft SHP -- Mil. or Int. Power to Max. Take-off Wt.
No. of Mission Variants

Auxiliary Power Unit

MA Indicator
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definitions are listed under General Notes presented in Table A-6 of Appendix
AO

Due to the variety of aircraft and engine types incorporated in the data
bases, not all parameters were applicable for all aircraft. For example, the
turbine inlet temperature does not apply to aircraft with a reciprocating
engine, Thus, for selected aircraft certain narameters were omitted if a
compatible substitution could not be found. A complete 1ist of these
omissions and substitutions is provided in Table A-7 of Appendix A.

These parameters were selected tc permit prediction of notional aircraft
MFHBF values early in the design phase. For this reason, many
design/performance parameters normally not available early in an aircraft's
evaluation were not incorporated in the Design/Performance Data Base. As a
result, many of the detailed engineering characteristics, used to describe the
aircraft, were not included in the two models.

A listing of all design/performance parameters with units are presented in
Tables A-8 and A-9 of Appendix A for the fixed wing and rotary wing aircraft,
respectively, These tables also indicate which parameters are used in at
least one prediction equation, and indicate the minimum and maximum values for
the parameters. Attempts to use notional design/performance values outside
these limits require extrapolation with accompanying risk that the predicted
MFHBF value may be unrealistic.

An attempt was made to reflect the change in aircraft technology by
including two "date reiated" parameters in the fixed wing and three in the
rotary wing data base. These were the "Date of 1st Flt. -- Prototype",
"Date of 1Ist Flt, -- Series", and "Date of 1st Flt, -- Service'. Some
aircraft used in the study cover a time span beginning in the early 1950's and
aircraft technology has changed significantly since then. Reference the
General Notes, Table A-6 of Appendix A for details of their calculation, and
Section 6.1.1 for a discussion of the results of their use in the prediction
equations.

4.3.2 Additions and Refinements, In reviewing the preliminary results of
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;§ : prediction  equation  development it pecame  evigent  that  auaitionsd ;#
t design/performance parameters were required for several WUC subsystems of tne ’Q
1 i fixed wing aircraft model while the design/pericrmance data for the rotary l%
E\ , wing aircraft model appeared adequate. The initial Design/Performance Data ;/
1 Base for the fixea wing aircraft consisted of the first 75 design/performance g%
{ parameters shown in Table A-8 of Appendix A. To imorove the quality of tne §§
E§ l fixed wing equations, 20 additional parameters (76 through 95) were added to g

} the Design/Performance Data Base. ?

Most of the additional parameters were engine related. Other parameters
vere either the squared value of an existing parameter or the ratio of two

4"“"‘"&#, SOt o g -
RSB TS,

S

« - existing parameters. The remainder were binary indicator parameters which

o

o

permit categorical differences between aircraft to b. accounted for. These

ng;i\f?g

( binary parameters are defined as "0" (not applicable) for one category and "1"

g"«

(applicable) for the other category. f

) lg
! §§
[n an attempt to further improve the statistical quality of various §”
predicltion equations, six additional interaction term parameters (96 through v

107) were introduced. These interaction parameters are formed by the product %E

s

of an indicator parameter as it applies to a given aircraft and a
design/performance parameter, See Sections 5.5 and 6.1.1 for a more detailed

o e

explanation of the use of indicator and interaction parameters.
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5. TECHNICAL APPROACH
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Statistical methods were used to derive the "best" functional relationship
between the MFHBF and aircraft design/performance characteristics for each
two-digit WUC subsystem included in the prediction models. In order to better
appreciate the methodology adopted in development of the prediction equations,
an understanding of the techniques employed in the analysis is necessary. An
overview of these  statistical methods and concepts, as they apply to the
development of the Baseline Reliability Prediction Models, is presented in the
following sections.

o ety A AT AR gLt e

s

vm%&ﬁd%ﬁﬁﬁﬁ&&&&;

5.1 Regression Analysis. Regression analysis, a commonly Uused
statistical technique, was the fundamental method used for development of the
baseline MFHBF prediction  equations, For these equations, the
design/performance parameters served as the independent variables with the
dependent variables being either the MFHBF or the natural log of the MFHBF,
i.e., 1n(ﬁFHBF). A complete discussion concerning the use of In(MFHBF) versus
the MFHBF is presented in Section 6.2.

For this analysis, the true functional relationship between the
independent and dependent variables is assumed to be linear; {.e., the
equation is assumed linear in the coefficients of the independent variables.
The linearity constraint restricts only the form of the coefficients. The
independent variables can be any known functional form of other variables.
For example, ratio-, such as Max. Thrust to Max. Take-Off Weight, and cross |
products, such as (Max. Speed--Mach No.) x (Type A or B) are acceptable 1
independent variables.

The primary goal of the regression analysis is to derive the "best®
equation for prediction of the dependent variable. Thus, the functional
relationship between the independent and dependent variables described by the
equation is not cne of "cause and effect". The only inference that can be
made from the equation is that the independent variables have historically
been good predictors of the dependent variable.




e

Mathematically, it was assumed that the MFHBF or 1In(MFHBF) for a given
two-digit WUC subsystem couid be represented by the linear statistical model:

Y = BO + jg] Bjxj + €

where
Y is the dependent variable, i.e., the MFHBF or the 1n(MFHBF)
By Bys srees sp are unknown coefficients
X], ceeey Xp are independent variables, i.e., selected
aircraft design/performance parameters,
and € is the random error or error term.

Then an equation of the form

p
Yi = 30 +jz1 Bjxij + €;

exists for the ith aircraft in the data base, i = 1, ...., n, so that a system

of equations

p
Y = Bt .Z] BiXy5
J_
' P (5.1)
Yn N B0 * .Z Bjxnj * €n
Jj=1
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is obtained. This system of equations can be solved to obtain estimates of

Bas, Bpr e Bp’ say bO’ b1, cores bp. The, MWFHBF prediction
equétion then becomes

N

- (5.2)
Y = byt Z bjxj

where

Y is the predicted MFHBF or predicted 1n(MFHBF).

If Y = MFHBF, the baseline MFHBF for a conceptual aijrcraft two-digit WUC
subsystem can be predicted by substitution of its design/performance parameter
values. (the X], ceeey X ) into the prediction equation. If Y = 1n(MFHBF),

”

the exponential of Y must be computed before the predicted baseline MFHBF 1s
obtained.

The initial solution to the system of equations was obtained by the method
of least squares. The least squares technique derives as estimates of the

B.'s, those values, b, (i=1, ...., p), such that Z (Y1 ) , the sum of
squares of error, is minimized. In the case of a single independent varlable,
this equates to fitting a line to the data such that the sum of squares of the

vertical distances from data points to the line is minimized.

In matrix notation, the system of equations in Equation (5.1) can be
expressed as

Y o= BgltXgte (5.3)
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where
; BO is an unknown coefficient,
{
) Y is an nx1 vector of dependent variables,
1 is an nx1 vector of 1's, .
.‘j;

‘ X is an nxp matrix of independent parameter values
expressed as deviations from the mean,

T A, s PR
Bogpine 2, <3

-

is the px1 vector of unknown coefficients, 8], ceee, Bp

[kesd

N A S Pr AAe

and € is an nxl vector of the error terms. By minimizing
(-0 = F0 - vy :

—
-l

-
NI
SEAIBNR. 4

where ¥
%
¥
A #:\'J
Y= bol + Xb, with respect to b0 and b (estimates of f’
Bo and B, respectively), the least squares solutions are obtained; ig
namely, — i%
{%
— 4
by = ¥ (5.4) fh, !
o
and b = (X! X)'] X' Y, where X' reads "X transpose". s f
_ — [ :
i
L i
Besides minimizing the sum of squares of error (SSE), there are several {% g
advantages associated with the use of least squares regression. One is the = 5
{
computational ease in obtaining the estimated coefficients bi‘ Under the )
assumption that the error terms, €, are normally distributed with mean zero e
$e
and variance 02, the following properties can be derived: Fo
0 bi's are the Best Linear Unbiased Estimators (BLUE) of the g
i B.'s. g
¢ . 1 ‘;‘;
»
7
3
i

0 by's are Maximum Likelihood Estimators {MLE'S) of the Bi's.
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o Each bi(i =0, 1, ...., p) is normelly distributed.

v

o b=[bys by, oenry bp]' is multivariate ngrmal with mean 8

. . . -1 .
and variance-covariance matrix (X' X) g

e

More important to the development of the Baseline Reliability Prediction
Models is the fact that a basic problem often exists with the least cquares
coefficients. When two or more independent variables are highly correlated,
the term "multicollinear" is used to describe the data. When the least
squares technique is applied to multicollinear data, the resulting coefficient
estimates are often "unstable"., The addition or deletion of a single data
point may significantly affect the magnitude and/or change the sign of
coefficient estimates. These least squares estimates also result in poor
predictions when using values for the independent variables which lie outside
the range of the data base, and which 1is expected in predicting notional
aircraft baseline MFHBF. For a more detailed discussion of multicollinearity

see Section 5.6.
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Due to the instability in the least squares coefficients, biased
regression was used to derive most of the baseline MFHBF prediction
equations. Biased regression techniques reduce the adverse effects of highly
correlated variables and establish more stable coefficient estimates. Details
of the biased techniques employed in the analysis are outlined in Section 5.6.

el o e A S

-

5.2 Measures of Fit to the Data. Given a prediction squation derived
from a regression analysis, some measure of how well this equatioﬁ fits the
observed data is desirable. Two statistical measures, freguently used, are:
(1)The coefficient of determination, R2, and (2), the sum of squares of

error, SSE.

The coefficient of determination is the fraction of the total variation in
the data for the dependent variable, Y, accounted for by the prediction
equation. The total variation, called the total sum of squares (TSS) s
expressed as
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where

Yi is the historical aircraft value for either the MFHBF or the
In(MFHBF), depending upon the form of the equation being developed,

is the mean of the Yi's,

Y
Yi is the predicted value for Yi derived from the predictien equation,

(Yi - 7)2 is the sum of squares acccounted for by the prediction

[ ey P

i=1

equation; i.e., the sum of squares due to regression, SSR,

(Y. - Y.)2 is the sum of squares of error, SSE.

and i i

II.M:

1

The coefficient of determination, by definition, may be written:

1

n - 2
T v, - 1N
LoV
R¢ = SR i=]
TSS n 2
(Y -T)

-
—

2
with 0 < R2 < 1. The closer R™ is to 1, the better the fit of the

equation to the data. Since the least squares solution to a system of
equations for a fixed set of independent variables minimizes SSE, the ieast

. . . 2
squares solution also maximizes R™.

Historically, the coefficient of determination has often been wused
improperly. Through various manipulations, R2 values ranging between 0 and
1 can be obtained for the same set of data. If the number of independent
variables 1is increased and the number of data points is held constant, the
value of R2 will increase. By increasing the number of data points used to
derive the prediction equation, R2 can be systematically increased or

~ decreased for a given set of independent variables.
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More importantly, the value of R2 is a good indicator of how well the
prediction equation is able to predict only under specific conditions. If the
historical data from which the equation is derived 1s "typical" and if the
independent variable values applied to the prediction equation are contained
within the data space of the historical variable values, R2 provides an
indication of the equation's predictive ability. Given the number of aircraft
available for model development and the possible difference in range of some
notional aircraft parameter values, the choice of final baseline MFHBF
prediction equation: should not be based on R2 alone.

The sum of squares of error (SSE) is another quantity frequently examined
in connection with the equation's fit to the data. As previously discussed
this value is minimized for a fixed set of parameters by using the least
squares coefficients, As with Rz, the most valid use of SSE dis in
determining which set of independent variables of equal size provides the
“pest" fit to the data. Given the number of data points and independent
variables remain constant, the set of parameters associated with the equation

for which SSE is minimized, provides the best fit.

One important difference between R2 and SSE becomes apparent in a
stepwise regression setting. As the system of equations becomes saturated
with an increase in the number of independent variabies at each step, the
improvement in R2 becomes increasingly small. At a given step, where a
minimal 1increase in R2 is shown, a substantial decrease in SSE can still be
reflected. Thus, both SSE and R2 require simultaneous examination in
determining the equation’s fil to the data.

5.3 Stepwise Regression. A variety of techniques have been developed for

the selection of independent variables for use in regression analysis. Some
of tihne more commonly used techniques include determination of an optimal
subset, backward elimination, and forward selection.

Forward selection was the stepwise procedure used in development of the
Baseline Reliability Pradiction Models. This variable selection routine is
especially well suited to regression analyses where the number of independent




i e
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variables of interest is greater than the number of available data points. In
the forward selection or "step-up" procedure, independent variables are
introduced into the equation one at a time. At each step, the variable which
produces the greatest increase in SSR, given the previously chosen variables

are included in the equation, is added.

Suppose, for example, p independent variables are to be used to form a
prediction equation. To choose p variables from a set of q (>p) possible

variables:

Step 1: Compute SSR (Xi) (The sum of squares due to regression using
one independent variable) for i = 1, 2, ...., Q.

Find the maximum value of SSR (Xi)'

Include the corresponding Xi in the prediction equation.

Step 2: Compute SSR (xixj) for 3=1,2, ....q, J # i.
Find the maximum value of SSR (xixj).
Include the corresponding Xj in the prediction equation.

Step 3: Compute SSR (XinXk) fork=1,2, ...., q, k # i, kK # j.

Find the maximum value of SSR (XinXk).
Include the corresponding Xk in the prediction equation.

The process continues until Step p, where the last independent variable is

chosen.

As with all stepwise techniqués, the forward selection procedure has some
shortcomings. First, the technigue does not compenstate for
multicollinearities in the data. When two or more highly correlated variables
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exist in the data, often only one of the variables will be added to the
L { prediction .equation. In the Baseline Reliability Prediction Models, this may
result in the selection of a less-logical parameter from an engineering
standpoint. Secondly, once an independent variable has been chosen, no

re-evaluation of this variable's reiative contribution to the equation is

made. "*Becausé 6F multicollinearities, as additional choices are made, the
early selections often do little to enhance the prediction equation's fit of
the data; that is, a different subset of the same size using other possible
combinations of wvariables would form a 'better" -equation, Thus, the
parameters chosen through the forward selection process may not form an
optimal group of independent variables for equation development.

5.4 Correlation Analysis. In correlation analysis, the degree of linear
association between the variables is determined. The primary statistic used
in correlation analysis is the correlation coefficient, r. The correlation

coefficient estimates the true degree of association between two variables, u
ana v, using the sample values (u], v]), (u2, VZ)’ (un, vn).

Mathematically,

n n n
. G ) - ) L) (5.5)
N Y I N Y '
Vi £ uf) - (w0 L v - (] v

This statistic ranges in value from -1 to 1, inclusive. If Llhe absoiute vaiue
of r, |r|, is close to 1, the variables are said to be highly or strongly
correlated. If |r | is close to 0 the variables are said to be weakly
correlated. For the simple linear prediction equation,

v = b0 + b]u,
2

the value r2 is precisely the coefficient of determination, R™.

In development of the Baseline Reliability Prediction Models, correlation
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analysis was used to icentify independent variables for which there was a
strong degree of linear association. If the absolute value of the correlation
between two independent variables, X] and X2, is close to 1, these
aircraft characteristics are considered to be "statistically equivalent". If
both of these variables appear in the same prediction equation, the data is
said to be multicollinear.

Correlation analysis was also used to identify aircraft characteristics
which are potentially impcrtant predictors of the MFHBF or the In(MFHBF). If
the dependent variable, Y, and 1independent variable, Xi’ are stirongly
correlated, Xi may be a good variable to include in the prediction
equation. In the step-up regression procedure, the first independent variable
chosen is the variable which is most highly correlated with Y,

Like RZ and SSE, the implications of highly correlated variables need to
be understood. The correlation coefficient measures only the degree of
association between twe vériabies and is not the foundation for a "cause and

effect" argument,

Knowledge of the correlation between the dependent variable, Y, and each
independent variable, Xi’ alone does not indicate which 'gndependent
variables will form the best prediction equation. In fact, the set of
variables most highly correlated with Y is not likely to be the best set of
independent variables for the prediction equation., Examination of only the
correlation coefficients between Y and the Xi's does not take into account
the relationships between the Xi's. It may be that some of the Xi's
themselves are strongly correlated and the inclusion of all of the variables
would be statistically redundant.

5.5 Indicator Variables and Interaction Terms. Two special types of
independent variables, indicator variables and interaction terms, were used in
the later stages of the development of the Baseline Reliability Prediction
iodels. While the use of these variables in a baseline MFHBF prediction

equation is straight forward, their structure and purpose 1is somewhat
different from the usual quantitative variable.
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Indicator or "dummy" variables permit categorical differences between
aircraft to be accounted for. Numerically, the dummy variable is binary;
i.e., defined to be "0O" for one category and "1" for the other category.

Mathematically, the use of an indicator variable results in two possible
values for the ieading constant of a given prediction equation. For example,

s ~a)

=N
o B A ke,

N suppose the final form of a prediction equation is
:A 5’33:!4‘ ‘ .
‘\,;;;'».},’ Y=b0+b]X]+b2X2+ uo..+bpxp
f;',%‘;gé -
§§<* Let X, be an indicator variable defined as
iﬁ 1, if the aircraft belongs to Category 1
1 -
|3 ,Ta« 1
1 0, if the aircraft belongs to Category 2
; .- with Categories 1 and 2 being dichotomous classifications for all aircraft |
i;;g . under consideration. If, 1in applying the prediction equation, the aircraft :
bt belongs to Category 1, the equation becomes
| Y = (b + b]) + b2X2 cees prp.
D
3 Otherwise, the equation becomes ,
;i Y = bo + b2X2 + ...t prp. i
e In the case of a simple linear prediction model, these equations would :
Y
i appear graphically as parallel lines. Suppose, for instance, that the final :

i

baseline MFHBF prediction equation for WUC XX000 is

e R a2 O
EIEER L i g o 10 b A
s b ot S g M

' f = 13.56 - 6.22%, + 0,60,

g where Y = MFHBF

t o Xq = 1, if the aircraft is Type B
g 2 ' 0, if the aircraft is Type A

X2 = Minimum Conabat Mission Time
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Then, for Tyoe U aircraft, the predicted value for the baseline MNFHBF is
obtained by substituting the minimum combat mission time into the equation

(13.56 - 6.22) + 0.60 x (Min. Combat Mission Time)
7.34 + 0.60 x (Min. Combat Mission Time)

WMFHBF

[

For Type A aircraft the prediction equation becomes

iFHBF = 13.56 + 0.60 x (Min. Combat Mission Time)

The graph of these prediction equations is shown in Figure 5-1,

In the Baseline Reliability Prediction Models, the distinction between
marine assault and non-marine assault rotary wing aircraft and oetween Type A
and Type B fixed wing aircraft, for example, were incorporated into selected
baseline MFHBF prediction equations through the use of indicator variables.

An interaction term is used when the linear effect, i.e., the slope of a
continuous or quantitative variable, XZ’ is not the same for the two
classifications of an indicator variable, X]. The interaction term is
formed oy taking the product of the indicator variable, Xy and the
cont inuous variable, X2. When an interaction term is used in a prediclion
equation, ootn the indicator variable and the continuous variable for which
the linear effect di, ers also appear as independent variables.

By including an indicator variablie and un interaction term in a prediction
«quation, two values for the leading constant and the coefficient of the
guaniitative variable, X2, are possible. Suppose, for example, the final
form of a prediction equation is

Y = .
\ bU + b]X] + b2X2 + b]’ZX]X2 + b3X3 + oL, prp

“hére
1, if the aircraft belongs to Category 1
Xy = < ndicator variable,
0, if the aircraft belongs to Category 2
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XZ is a continuous inuependent variable,
X,, if the aircraft belongs to Category 1
and 2 .
X]X2 = = interaction term.
0, if the aircraft belongs to Category &

For an aircraft belonging to Category 1, the prediction equation becomes

Yoz (b + by) ¥ (D, + by H)Ky + DXy kel w bR

0 2 pp

For an aircraft belonging to Category 2, the prediction equation becomes

Y = b0 + b2X2 + b3x3 + ... bpxg.

Thus, the constant in the equation 1is either (bO + b]) or bO and the
coefficient of Xy 18 either (b2 + b],z) or b2.

If only one continuous independent variable X2 is used in the equation,
ie., Y = b0 + b]x] + bZXZ + b] 2X1X2’ the eanations would
b

arnear graphically as two Tlines with distinct slopes and intercepts.
Continuing with the previous numerical example, suppose the baseline MFHBF
prediction equation for WUC XX000 is -

Y = 13.56 - 6.22X] + O.GOX2 + 0.45X]X2.

Then
Y = wrioF,
X] = y 1, if the aircraft is Type B
0, if the aircraft is Type A,
X2 =  Minimum Combat Mission Time,
and

X1X2 = XZ’ if the aircraft is Type B
0, if the aircraft is Type A. . R
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For Type B aircraft, the predicted baseline MFHBF 1is obtained by substitution

of the minimum combat mission time into the equation
MFHBF = (13.56 - 6.22) + (0.60 + 0.45 x {Min. Combat Mission Time)
7.34 + 1,05 x (Min. Combat Mission Time)

For Type A aircraft, the predicted baseline MFHBF is obtained from the equation
MFHBF = 13.56 + 0.60 x (Min. Combat Mission Time).

Figure 5-2 graphically displays these two prediction equations.

In the above discussion, the most simple use of these variables was
presented. In more complex situations, more than one indicator variable
and/or interaction term will appear in the prediction equation. While the
cont inuous variable, X2, must be present when the associated interaction
term is used in an equation, the indicaetor variable is not required. Without
the indicator variable present, two equations with different slopes and a

common intercept will ve formed.

The use of these variables should be restricted to situations where there
is a clear indication for their need. The required increase in the number of
independent variables for the equation will sometimes prohibit the use of
these terms. When very 1little data is available for development of a
prediction equation, it is unlikely that two distinct trends in the data will
be apparent. Because the jinteraction term and continuous variable are highly
correlated, multicollinear data will result from the inclusion of the
interaction term.

5.6 Multicollinearities and Biased Regression. Multicollinearity has
already oeen identified in earlier discussions of other regression analysis
technigues as a potential source of many problems. Therefore, the guestions
which need to be addressed are:(1) "What does it mean ior the data to be
multicollinear?", (2) "How do you detect multicollinearities?"; and (3) "What

do you do about them?"

A multicollinearity is said to exist if any independent variable is n2arly
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a linear function of other independent variables in a regression model. That
is, given the statistical model

p
!

teggt 1

Bij + g,

there exists a set of constants ay, =1, ..., p,
not all zero, such that

X; =

a X
J g
2

2%

M N U110

1
J
for some j = 1, ...., p. Applying this notation to the system of equations in
Equation (5.1),

{
. p
xij ~ g§1 aﬁxiz for i=1, ..., n,
2#J
or
p (5.6)
= 21 2 ’
27
where
%43 g
g_j = and X, = : \
XnJ an

An equivaient expression for Equation (5.6) would be

p
) ajzd = 0, where 0 is the null vector.
J=1
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Recalling the matrix notation of Eoquation 75.,2) for the system of
equations, this implies
Xa ~ 0, where a = 3 395 . ap]'

Premultiplying by the transpose of Xa,

a' X'xa = 0, which implies X'Xxa = 0 .

Recalling the relationship between latent roots and latent vectors,
A8, it follows that X'X has a very small latent root, Aj‘

X'Xa =

As discussed in Section 5.1, the least squares estimate of g, the vector

of coefficients for the model, is given by b = (X'X)'T X'Y.

variance-covariance matrix of the coefficient estimates, Var(b)

~—

Pewriting X'Y in terms of its latent roots and vectors, X'X = CAC' where

C=1]C, ..
is a diaoconal matrix of the latent roots of X'X. Then

1! p -I ]
CA 'C = Z H‘C‘J‘Q‘J .

0l = (eac)? -
591

Using this form for the variance-covariance matrix,

(X'X)

The

.. Eﬁ] is a pxp matrix of the normalized latent vectors of X'X and A

-12
G .

2 by
var(e) = of I 5 g
=17 (5.7)
, PocE
Var\bi) s _Z «%l~ , for i=l, s P
J=1 7
T B small, at lecast one of the estimated coefficients, bs- will

nave a large variance.

ings, the pres:nce of multicollinearity in the data implies that at least
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one "near perfect" linear relationship exists between two or more independent
variables. These relationships result in the matrix X'X having small latent
roots, one for each multicollinearity. In turn, these small latent roots

result in large variances for some of the least squares estimates of the Bi's.

Because the bi's have such large variance, often these coefficients are
poor estimates of their respective Bi's. The estimated coefficients may
even have the wrong sign, [f the prediction equation is wused for
extrapolation, tne predicted value of Y, ?, is likely to be unreasonable. The
large variance creates such instability that the addition or deletion of a
single data point can result in a significant change in the magnitude and/or
sign of the coefficient.

A variety oF‘ techniques are used to detect the presence of
multicollinearities. Correlation coefficients identify simple pairwise
multicollinearities; that s, multicollinearities of the form, Xj =
akxk’ where Xj and xk are independent variables and 3 is a non-zero
constant, If Xj and xk are highly correlated, then they are also said to
be multicollinear., More complex relationships are not always apparent from
the use of correlation analysis,

txamination of the latent roots and latent vectors of X'X provide the best
and most complete diagnosis of multicollinearities. If a latent root Aj is
small, the corresponding latent vector Ed tells which variables are involved
based on the magnitude of each element in the latent vector. As the number of

indepeﬁdent variables increases, the Tlatent vector is almost impossible to

interpret,
Still another technique makes wuse of the matrix (X'X)'] itself,
Recalling that (X'x)']g2 is the variance-covariance matrix of the vector of

coefficients, b, the diagonal elements of (X‘X)'] are a multiple of the

variances of the bi's. These diagonal elements, referred to as the Variance
Inflation Factors (YIF's), indicate not only which X; are iavolved in a
multicollinearity, but als2 which Bi may be poorly estimited, Hure
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precisely, if the ith diagonal element of (X'x)’] is Tlarge, then Xy 1s
involved in a multicollinearity; and if X5 is involved in a
multicollinearity, then b, may be a poor estimate of Bi' The ViF's do not

reveal which combination of variables actually form the multicollinearities,

In the forward selection of variables, the addition of a variable involved
in a multicollinearity with the previously selected variables is reflected in
the t-statistics for each independent variable of the equation. Any radical
change in the relative size of the t-statistics, from the previous step, would
indicate an independent variable's involvement in a multicollinearity. As
this indication is only a byproduct of the selection process, this form of

analysis is only partial. Often variables which are highly correlated with’

the previously selected variables will not even be entered into the prediction

equation,

The course of action taken in the case of multicollinear data depends on
both the nature of the muiticollinearities and the ultimate use of the
prediction equation, It has been shown that, provided the prediction equation
is used with data which remains within the range of that used to derive the
coefficients, there is no problem in using the least squares coefficients., 1In
other words, the least squares prediction equation predicts well using data
values similar to those used for equation development. If extrapolation is
likely, it 1is sometimes possible to eliminate the multicollinearity by
dropping the related variables from the equation. If the form of the
multicollinearity 1is simpie, 1i.e., X5 X anj, elimination of one of the
variables will enable better estimates of the coefficients to be obtained I[f
the form is more compiex, elimination of ail related variables will not only
reduce the number of independent variables substantially, but also the quality
of the fit to the data. In other situations, the multicollinearity is "built
in". For example, if an interaction term is used, the associated independent
variable will also appear in the equation., The two variables will be highly
correlated and neither can be dropped from the equation. When physical or
mathematical constraints necessitate the use of multicollinear independent
variables, biased estimation 1is the best means of dealing with the

multicollinearity,
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Biased estimation procedures address the problem of poor estimatc . which
result from multicollinear data. These procedures minimize the effect of
linear relationships among the independent variables and develop a set of
stable coefficient estimates. Through the use of biased regression, biased
estimates of the B;'s are obtained which have reduced variances. Figure 5-3
shows the nature of the differences between the least squares or unbiased
estimate of Bi(bi) and the biased estimate of Bi(b*i) with respect to
their distributions. With the decreased variance, the biased estimates are
more stable and better for predicting outside the range of the data base.

Mathematically, the biased techniques involve artificially manipulating

the Aj's, the latent roots of the matrix, X'X. Recalling that X'X can be

expressed as CAC' where € = {g], ceves gp 1 is the matrix of normalized

latent vectors and A is a diagonal matrix of latent roots, Aj, X'X=CAC' is
replaced with (X‘X)* = C A*C' where A* is a diagonal matrix of adjusted

* . . - ) . . .
latent roots, AJ. The vector of the coefficient estimates then becomes

* *_'l

b o= [(X'X) 17 x'y (5.8)

versus
b = (X'X)'1 X'Y which is the least square estimate g.

. . *
It can be shown that the variance-covariance matrix of E is

P2,
Var(b') = of § —gi—C.C. . (5.9)

tyuation (5.7) has shown the variance-covariance matrix of b to be:

2 g 1
Var(b) = o — C.C.
=14 9

So if A.*> A: for all )., then for i =1, (..., p,
J 1 J *
Var (o,} < Var (bi)’
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iéﬁ where ;
;33( Var (b;) is the ith diagonal element of Var (b*)

:ég and Var (b;) is the ith diagonal element of Var (b).

.;"‘ .

* . . .
To find an expression for the bias of E , a change 1in notation 1s
required. Since the latent vectors of X'X, the gd's, form a basis in
p-space, an equivalent expression for the vector of unknown coefficients is

oA
N .

o sk g
E

t
i p
L é : B = ) ajgj » where the o are appropriately chosen constants. !
LGl o, j:]
143 *
7 a} Then the expected value of b can be expressed as
- . Py
. E(b) = ] - oC; (5.10)
o, =1 A J
Elx . 3
N So, the bias of b,
EY l‘
o sias (0°) = g - E(b") :
k C E AJ
1k = T -=%) a:C,
s i j=] )\j* jJ (5.]])
: It follows then that if A; = Aj’ as 1in the least squares estimates, the
o Bias (gf) = Bfas (b) = 0. This again points out that the lecast squares
§ estimates are also unbiased estimates.

Important relationships exist between the >.3's and the bias of the
bf’s. As the size of the ) *'s increase, the variance of the
by's decrease, =:vhﬂe the bias of the b:'s increase, Thus, laryge
values for the Aj's will produce as small a variance as desired; but this

S, TS

£y
i’
N
D

T
- -

A T e A

TR ) = T T~ A

will happen at the cost of an excessive amount of blas in the estimates of Lhe

5
34 . .
1R coefficients., Because of the bias, the difference betwoan the values of
it *
gt - the A j's used in practice and the latent roots, the AJ'S, s rolatively small,

The spooatag btype of biased oLcinitor used in the de 7+ cont ot the
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Baseline Reliability Prediction Models was the ridge estimator. Ridge
regression, which has been widely used throughout industry, requires the use
of only one additional parameter, k. The specific choice of k depends on the
degree of ~mu]ticoHinearity in the data, The precise form of the ridge
estimator, b, is

b= (XX + kD)7 XY,

where X and Y are as defined in Equation (5.3),
I is the pxp identity matrix,
and k is a constant, k>0,

Comparing this with the least squares estimator, b, X'X has been replaced by
(x'X + kI). Recall that an alternative expression for X'X is CAC', and since
C is a matrix of the normalized latent vectors of X'X, CC' = I. Thus
X'X + kI = CAC' + KCC' = C [ MKIJC' = CA'C = (x'X)”
where Ak = A4 KI.
This implies that the ridge estimator
b= (X'Xx+ kny~! x'y
is simply a special case of the general biased estimator
b= [0 v
As the diagonal matrix K= A+ kI for the ridge estimator, the adjusted
latent roots, A T, are equal to the latent roots of X'X plus a constant;

*
i.e., A*j =Aj +k for j =1, ...., p.

substituting A’Jf = Ay + k into Equations (5.9), (5.10) and (5.11),
it immediately follows that the variance-covariance matrix oflﬁ is

~ p A !
2 j
= - c.C .
Var(b) ¢ jZ] (Aj+k)2 ==

the expected value of b is

. p A
L(b_) = }, X+ ajgj’
F1A
and the bias of E is
(b) E Ko
Bias (b) = asC.o
1A , F A4
=1 AgtE 9T
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1 1 Just as the ridge estimator can be thought of as a special case of the biased
estimator, the least squares estimator can be thought of as a special case of
the ridge estimator; nameiy, when k = 0.
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The procedure followed in ridge regression calls for determining an
appropriate vaiue for k. This 1is done through examination of the ridge
estimators for various choices of k., The usual procedure is to determine the
smallest value of k Ffor which the coefficient estimates have stabilized.
Since the bias increases as A; = Aj + k increases, the smallest value
of k will add the least amount of bias to the estimates. If the homogeneity

of the data is in question, a larger choice of k 1is often used to provide

;
. o Ao A i S s
—_— - o—

"

additional stability to the coefficients.

i
b St

. -

£

The most widely used procedure for determining k involves a ridge trace.
A ridge trace is a graph of the standardized coefficient estimates of the
prediction equation for various values of k, starting with k = 0, or the least
squares estimates. The point at which the relative change in the standardized i
coefficients 1is considered minor; 1i.e,, the coefficients have stabilized,
determines the choice for the value of k. Figure 5-4 shows the ridge trace
for the coefficients of the independent variables used in the final baseline
MFHBF prediction equation of WUC 61000 for fixed wing aircraft.

"‘!o-»
(s

e v o
e e iy
1

The amount of change in the standardized coefficient values, as «
increases, depends upon the degree of multicollinearity in the data.. If the
data is highly multicollinear, a radical change in the standardized
coefficients will occur, resulting in a relatively large value of k. If the
data is only slightly multiccllinear, very little change will occur, resuiling

S G

in a very small value of k,

While examination of the ridge trace is the most widely used approach to
determining k, the time involved in graphing the standardized coefficients is
prohibitive when many independent variable combinations are to be considered.
Therefore, & more quantitative approach to choosing k was used in developing
the baseline MFHBF prediction eguations,

1
tanler

One quantitative approach involved the use of the Variance in”
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Factors (VIF's) associated with each of the coefficient estimates. In the
discussion of muiticollinearities, the Variance [Inflation Factors were
described as indicators of the presence of multicollinear data. This
utilization of the VIF's can be extended to assist in the choice of k. 1In a
ridge regression setting the VIF's are used as indicators of the stability of
the estimates for a given choice of k.

A substantial amount of research has been done concerning the use of the
VIF's for determining k. The results indicate that if the maximum Variance
Inflation Factor, associated with the ridge estimates for a given k, is less
than or equal to ten, the coefficients are sufficiently stable. The general
procedure is to examine the VIF's of the ridge coefficient estimates for
various values of k. The smallest k, for which all VIF's are less than or
equal to ten, is the appropriate choice for k.

In Table 5-1, the Variance Inflation Factors corresponding to the
coefficients of the ridge trace (Figure 5-4) are presented. By choosing k =
0.015, wusing the VIF criteria, a reasonable degree of stability in the
coefficients is achieved, as shown in the ridge trace.

Another alternative to the use of the ridge trace involves calculating the
choice of k. This computed k-value is used when the set of data used for
development of the equation may not be homogenous. The philosophy is that a
larger value of k should be used because of the greater variation in the
data. The choice of a Tlarger k will add additional stability to the
coefficients, which should offset the variation in the data. So, given a less
compatible set of data points, reasonable predictions can still be obtained.

The formula for computing k is:

Kk = P (5.12)

where bi’ for i =1 ...., p, is the standardized least squares estimate for
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TABLE 5-1. VARIANCE INFLATION FACTORS FOR k = .0000
THROUGH .0225 FOR BASELINE MFHBF PREDICTION EQUATION -
WUC 61000 FOR FIXED WING AIRCRAFT

STANDARDI ZED VARIANCE INFLATION FACTORS
COEFFICIENT
ESTIMATE k= .0000 k= .0025 k= .0050 k = .0075 k = .0100

by 1.124 1.115 1.106 1.098  1.090 r
by 1.967 1.897 1.852 1,817 1.787
b 2.340 2.072 1.928 1.837  1.771
ba 20.832 15.033  11.83] 9.770  8.316
bs 59.948 36.475  25.042  18.532  14.427
bg 61.202 36.838  25.042  18.375  14.198
b 18.621 13.235  10.319 8.476  7.193

STANDARDI ZED VARIANCE INFLATION FACTORS :

COE FFICIENT

ESTIMATE ~ k = .0125 k = .0150 k = .0175 k = .0200 k = .0225 ;

by 1.083 1.076 1.069 1.062 1.055 %
by 1.760 1736 1.712 1.690  1.668 ;
bs 1.721 1.679  1.643 1612 1.583 |
by 7.227 6.377  5.694  5.134  4.665 .
bs 11.644 9.655 8.175 7.037  6.140 |
be 11.387 9.392 7.916 6.788  5.905 I
b 6.249 5.510 4.925 4.447  4.049
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Bi» P is the number of independent variables used in the equation, and 32

is the estimator for the variance, 02. In general, as the data becomes less
homogensous or the equation's fit to the data becomes worse, the larger the
value of the computed k., If, however, the number of independent- variables
used in the prediction equation is small relative to the number of data
points, the computed k-value is sometimes found to be unreasonably large or
small. To avoid the use of an unreasonable value for k, the k-value chosen

using the VIF rule should also be examined.

Ridge regression effectively accomplishes the purpose for which it was
designed; namely, to reduce the effect of multicollinearities through
estimated coefficients with smaller variance. This gain in the stability of
the coefficients, however, is not without cost. The use of ridge or any
biased technique will result in an increase in the sum of squares for error,
SSE, and a decrease 1in the coefficient of determination, R2. Since these
two statistics measure the optimal properties of a least squares solution,
this is not surprising. Provided the decrease in R2 and increase in SSE are
not excessive, the additional predictive ability obtained from the biased

equation is usually worth the sacrifice 1in these two measurements,
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6. PREDICTION MODEL DERIVATION

TITEX Pre Ty FErTI ey

;{ Investigation of the functional form of each equation, the aircraft

: } characteristics chosen as predictor variables, the historical aircraft used to
r o derive the equations, and the method of estimating coefficients was required
4 during development of the prediction models. The discussion in Section 6.1
pertains to the formulation and development of the models to their final

Y

form. Sections 6.2, 6.3, and 6.4 present procedures used throughout the
j - development to arrive at the equations which form the Baseline Reliability
ﬁ .. Prediction Models,

[ X
R )

A 6.1 Model Concept Formulation and Development. The Baseline Reliability
. Prediction Models were developed to predict the WMFHBF of notional aircraft.
Bl - It was determined at the outset that each model would consist of a set of

"
'
L2

4

prediction equations. These equations would predict the baseline MFHBF at a .
* two-digit WUC level, While the predictions would be combined mathematically %
to obtain an overall prediction of the notional aircraft MFHBF, prediction at é
« - a two-digit WUC level was chosen tor two reasons: (1) At the two-digit WUC 3

o i

»

P

)

-

level, the models would be more responsive to different notional aircraft

e A

configurations; and (2) with about 35 two-digit WUC subsystems per notional
aircraft, the prediction of the aircraft MFHBF would be less sensitive to :

e

inaccuracies in the predicted values for some of the two-digit WUC subsystems.

i

The original study effort called for the development of a prediction model 4 |
for only fixed wing aircraft. This effort was later expanded to include the

H

rotary wing aircraft by the exercising of a proposed option. The fixed wing

aircraft prediction model was completed prior to deriving the rotary wing ; !
aircraft prediction model. The historical rotary wing aircraft used in model :
| development formed a small homogeneous group of aircraft, while the larger
| group of fixed wing aircraft was composed of a variety of configurations. The

T ST

nature of the historical aircraft used in model development and the timing of
the efforts led to different rationale surrounding the formulation of each
model.

6.1.1 Formulation of Fixed Wing Aircraft Moagel. Initially, the
development of a set of two-digit WUC prediction equations for each mission
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variant was considered; however, this idea had many shortcomings. Due to the
small number of historical aircraft for certain mission variants, the
prediction equations for these mission variants could have included only one
aircraft characteristic in each equation. In addition, more than 280
prediction equations would have been required to predict the MFHBF for all the
fixed wing aircraft,

It was decided instead to divide the fixed wing aircraft by mission
variant into three groups. The three aircraft groups formed, Type A, Type B,
and Type L, and the aircraft included in each group are given in Table 6-1.
The Type A and Type B aircraft were all carrier-based, and the Type L aircraft

were land-based.

By grouping the fixed wing aircraft, a larger number of historical MFHBF
values would be used to derive the prediction equations. [n turn, more
predictor variables could be used to form each two-digit WUC prediction
equation, A decision as to whether separate models for each aircraft group,
or a single model for all fixed wing aircraft, would be developed depended
primarily on the analysis of the data.

Given the time reqguired to develop the Design/Performance Data Base for
all 32 historicail fixed wing aircraft selected for use in model development, a
set of baseline MFHBF prediction equations were developed first using
completed information on the Type B aircraft. This group of 19 aircraft
included all the fighter, attack, electronic warfare, and reconnaissance

aircraft being considered.

Even though any analysis performed might need to be repeated when the data
for the remaining aircraft became available, consideration of only the Type 8
aircraft was felt to be worthwhile. Through the development of Type B
prediction equations, the general adequacy of the Design/Performance Data Base
characteristics as predictor variables was determined; potential difficulties
associated with a shortage of MFHBF data for certain two-digit WUC's became
apparent; and various analytical techniques and statistical procedures were
investigated for use in the remainder of the study.

Numerous equations were derived and analyzed, before the final Type B
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TABLE 6-1. FIXED WING AIRCRAFT USED IN MODEL DERIVATION
8Y TYPE AND MJSSION VARIANT
TYPE TYPE TYPE
A B L

Airborne Early Warning Fighter Patrol ASHW
E-18 F-43, N P-3A, B, C .
E-28, C F-14A
;‘;
Antisubmarine Warfare Attack Tanker
S-3A A-4E, F, M KC-130F, R %
A-6A, E
A-7A, B, C, E ;;;
AV-8A ‘:3
COD Transport Reconnaissance ‘}f
C-1A RF-4B 3
C-2A RF-86 <
RA-5C &
Tanker Electronic Warfare - .f;
KA-38B EA-3B %l
KA-6D EA-6A, B
¥
|
%
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prediction eguations for 27 of the 38 two-digit WUC subsystems for fixed wing
aircraft were selected. The selection of predictor variables, for each
two-digit WUC prediction equation, was made as described in Section 6.3. The
appropriateness of developing a Type B aircraft MFHBF prediction equation to
predict the In(MFHBF) versus the MFHBF was determined for each two-digit WUC,
as discussed in Section 6.2. In most cases, the equations were a good fit to
the historical data, and had good predictive ability.

The one area of concern in the Type B model was in the prediction
equations for the engines. These equations, which predicted the MFHBF on a
per engine basis, were considered less than adequate. Few of the variables
associated with engine performance or desién appeared as good predictors of
the reliability of the engine., The details of the study are presented in
Section 6.1.2.

Through the derivation of the Type B aircraft MFHBF prediction equations,
it was discovered that some aircraft parameters acted as a proxy for aircraft
characteristics not contained in the data base. For example, the Number of
Wing Plus Tail Folds of the fixed wing aircraft was shown to be an important
predictor variable of the MFHBF for WUC 14000 and WUC 45000. This
characteristic may be a reasonable choice as a variable for predicting the
MFHBF of the Flight Controls (WUC 14000); however, the pNumber of Wing Plus
Tail Folds is seemingly unrelated to the failures of the Hydraulic and
Pneumatic Power (WUC 45000). A more appropriate interpretation of the
variable, as it relates to WUC 45000, concerns the complexity of the Type B
fixed wing aircraft. That is, the Number of Wing Plus Tail Folds is.acting as
a measure of the aircraft's complexity, which was an impertant factor in
predicting the MFHBF.

{n an effort to account for advancements in technology, the dates of the
first flight for the prototype and series of the aircraft were used as
oredictor variables for the Type B prediction equations. They were found to
be good predictors of the historical MFHBF for many WUC's. The prediction
equations which used these dates as a variable, however, had poor predictive
ability when used by NAVAIR to predict for notional aircraft. The approximate
prototype and series dates of the notional aircraft were, of course, well
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ostside the range of dates for the historical aircraft. When the future dates
were multiplied by coefficients calculated using the historical aircraft
dates, and combined with the other terms of the egquation, the predicted
baseline MFHBF for the WUC fell outside reasonable expectations.

As the MFHBF Data Base was studied in more detail, it was seen that, for
certain WUC's, separate baseline MFHBF prediction equations for each of the
aircraft groups would not be feasible. As shown in Table 6-2, a limited
number of historical MFHSF values were available in certain groups for various
WUC's.  This would make development of separate prediction equations
difficult, Anticipating the need for combined equations, Type B. prediction
equations were not developed for eleven of the two-digit WUC subsystems.

When the Design/Performance Data Base information was complete, the
precise form for the fixed wing aircraft model was considered. For those
WUC's where a limited number of historical MFHBF values were available for
equation development, a single prediction equation was derived for predicting
the MFHBF. For the remaining WUC's, & decision was required as to whether
separate equations for each aircraft group or a single equation for combined
aircraft groups would be developed.

The principal concern, with either form of equation development, was the
compatibility and consistency of the data for the different aircraft groups.
To measure the compatibility and consistency, the correlation coefficients of
the design/performances parameters with the MFHBF or 1In(MFHBF) for selected
WUC's were determined for Type A, Type B, Type A and B combined, and Type A,
B, and L combined. In Tahles 6-3 and 6-4, the correlations of the
design/performance parameters with the In(MFHBF) for WUC 11000 and WUC 45000,
respectively, for these aircraft combinations, are presented. In tha WUC's
studied, the correlations of the combined Type A and B aircraft appeared in
reasonable agreement with those of the Type B aircraft. The Type A aircraft
correlations were different from those of the Type B and combined Type A and
B, in the degree and direction of the correlation, Since the Type L aircraft
were all land-based aircraft, in general, the combination of Type A, B, and L
aircraft formed the least compatible aircraft group.
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' TABLE 6-2. BREAKDOMN BY WUC OF MFHBF AVAILABLE FOR
FIXED WING ATRCRAFT PREDICTION EQUATION DEVELOPMENT
T Total of Total of Total of
: Type A Type B Type L TOTALS
NUCT MFHBF MFHBF M- HBF A+B+L A+B A+l
Ol J0VOY 8 19 5 32 27 13
K 11000 8 19 5 32 27 13
, 12000 8 19 5 32 27 13
13000 8 19 5 32 27 13
14000 8 19 5 32 27 13
Y 20000 1 19 0 20 20 0
N 22000 3 0 5 8 3 8
L 23000 0 15 0 15 15 0
Ry 24000 2 0 5 7 2 7
£ 27000 1 6 0 7 7 1
if 4 29000 8 19 5 32 27 13
il 41000 8 19 5 32 27 13
R 42000 8 19 5 32 27 13
i ;g% - é 44000 8 19 5 32 27 13
1y 45000 8 19 5 32 27 13
%g : 46000 8 19 5 32 27 13
, 47000 6 19 5 30 25 1
| 49000 8 19 4 31 27 12
- 51000 8 19 5 32 27 13
56000 8 19 5 32 27 13
57000 6 18 ] 25 24 7
61000 6 3 5 14 9 1
62000 3 6 5 14 9 8
¥ 63000 8 18 5 31 26 13
G 64000 8 14 5 27 22 13
ST 65000 8 17 5 30 25 13
! 66000 5 1 4 20 16 9
| 67000 4 15 4 23 19 8
; 69000 3 2 4 9 5 7
1 71000 7 18 5 30 25 12
. 72000 8 19 5 32 27 13
- 73000 5 18 4 27 23 9
z; 74000 2 15 3 20 17 5
| 75000 2 16 3 21 18 5
{ 76000 4 18 3 25 22 7
77000 ! 9 3 13 10 4
, 91000 8 19 5 32 27 13
| 93000 | 5 0 6 6 1
; 96000 4 1 5 20 15 9
3 18 1 22 21 4

; 97000
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ALRCRAFT_CHARACTERISTICS

Crew Size -- Cockpit or Total

to. of Koveablie Flt. Control Surfaces
no. oi Vertical Tails

rail {pan

' wing Ypan -. Unfolded

*

\

s
I

4o. of Wing Plus Tail falds
tiax. aireraft tength
dheelbase

“fuselage Weited Area

Wing Area

Total Wetted Area

! _ruselage Volume

Aspect Ratio

F1t. Contral Surface Ared
_Gun Weight

Ho. of Guns

prescurized Fuselage Volume
Avionics Weight Installed
Avionics Waight yninstalled
Total Generator £lectrical Power
Total FCS 'leight

Kinetic En:rgy

Fuel Capacity Internal Wing

Fuel Capacity Internal Fuselage
Fuel Capacity Max. internal
Total Fuel Capacity

No. of Internal Tanks

No. of Encines

Total Aircvaft Thrust -- Military
Max. Engire Diameter

Max, tngire Length

' specific juel Consumption

Turbine Iulet Temperalure
gmply Weight
Flight Design Weight

¢ < Max. Take-Off Wt. -- Cat. or Normal
_ Hax. Ldg. Wt. -- Arrested o~ Design

Min. Time: Sea Level to 30K Feet

' . Min. Combat Mission Time

Max. Combat Mission Time

© Max. Speed at Sea Level

Total Fuel Capacity -- Squéared

* Fuel Cap. Ext. Tanks -- Squared

PP

A
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1L b-2. LORRELATION OF In(l4F
IrS1GN/PERFORMANCE PARA

HBF) WITH FIXED WING AIRCRAFT
METERS -- WUC 11000

CORRELATION COEFFICIENTS
(Irl> .5

A B8 ASB
-.741
504 -.501
-.644
-.767 -.582
-.793  -.549
-.669 -.518
-.824  -.637
-.641  -.552
-.799  -.684
-.654 -.823 -.772
-.541  -.519
-.787 -.601
-.600
-.732  -.597
.588 .521
.662 573
-.584 -.525
-.734
-.750
-.680 -.572
-.807 -.529
-.643 -.523
-,742  -.568
-.718
-. 174
-.808 -.507
-.600
-.801 -.676
-.75%
.829
-.844
-.608
-.514
-.853 -.748
-.875 -.768
-.880 -.757
-.876 -.778
-.578
.558
571
-.811
-.559
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TABLE 6-4. CORRELATION OF In(MFHBF) WITii FIXED WING AIRCRAFT
DESTGN/PERFORMANCE PARAMETERS -- WUC 45000

CORRELATION COZFFICIENTS

- (|ri> .5)
AIRCRAFT CHARACTERISTICS A B A% A%BL
Crew Size --"Cockpit or Total ' .552
No. of Fixed Inlets .581 .558 .585
No. of Variable Inlets -.550 -.534
Max. No. of External Armament Stores .607
Tail Span -.600
No. of Wing Plus Tail Folds .607  -.745 -.559
Max. Aircraft Length -.788 -.634
Mean Aerodynamic Chord -- MAC -.605 -.575
Wheelbase -.677
Fuselage Vetted Area -.662 -.545
Wing Area -.725  -.507
Fuselage Volume -.685 -.508
F1t. Control Surface Area -.518
Gun Weight .637
No. of Guns 706
Total ECS Weight -.54)
Kinetic Energy ~.524
Fuel Capacity Internal Fuseiage -.611
Fuel Capacity Max. Internal -.513
Total Fuel Capacity -.652 -.524
No. of Internal Tanks - 717 -.642 -.559
No. of Engines -.610
Total Aircraft Thrust -- Military -.654 -.512
Afterburner Indicator -.563 -.547
Max. Engine Diameter .650
Max. Engine Length -.628 -.597
Engine Weight Installed Per Engine -.602 -.541 -.534
No. of Fan Plus Compressor Stages -.587
Empty Weight -.702 -.511
Flight Design Weight -.715  -.586
Max. Take-QOff Wt. -- Cat. or Normal -.689 -.622
Max. Ldg. Wt. -- Arrested or Design -.681 -.532
Max. Payload -.534
Bypass Ratio .607
Max. Wing Loading .747
Hax. Service Ceiling -- 100 FPM .646
Hax. Combat Mission Time .592
Max. Speed -- Mach No. -.564 -.534 -.514
EW Indicator .635
Total ¥uel Capacity -- Squared -.640
No. of Engine Parts -.607 -.587 -.574
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The anticipated probiem with two sets of prediction equations was the lack

of honogeneity within the Type A group. Few of the aircraft characteristics

1]

with intuitive appeal were strongly correlated with the MFHBF or the In{MFHB")
of the WUC's studied. It was likely, therefore, that any Type A prediction
equations wusing primarily intuitive variables would have poor predictive
ability.

The decision was made to derive one baseline MFHBF prediction equation for
each WUC using the combined data of the Type A anc Type B aircraft groups,
with the Type L aircraft data included for WUC's where only a limited amount
of MFHBF data was available. By combining the aircraft groups, a Tlarger
number of dasta points would be used to develop the prediction equations and
the form of the prediction model would be simplified. As the correlations of
the combined Type A and Type B aircraft groups were very similar to those of
the Type B aircraft, it was felt that a single prediction equation with good
predictive ability could be developed.

The general approach used to develop the fixed wing aircraft prediction
equations was similar to that used to develop the Type B aircraft prediction
equations., Using the combination of Type A, Type B, and Type L aircraft
chosen for deriving the equation, each two-digit WUC was examined with respect
to use of the natural log transformation of the MFHBF (see Section 6.2).
Through analysis of the correlation and regression results, a set of predictor
variables for each equation, was chosen from the charateristics originally
selected as candidate variables for the Type B prediction equatiuns (see
Section 6.3).

Forty baseline NMFHBF prediction equations were deve]opeﬂ for the fined
wing aircraft prediction model. Thirty-eight equations were for predicting
the baseline MFHBF for two-digit WUC subsystems and one equation .as for
predicting the baseline MFHBF of turbojet and turbofan engines, WUC's 3000
and 27000, and is identified by WUC 20000. The remaining equation, which
predicted the overall MFHBF of the aircraft, denoted WUC 00000, was developed
to validate the overall MFHBF computed by combining the two-diait wi',
predictions,

The statistical quality of the baseline WMFHBF prediction equatiuns,
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derived. for the fixed wing aircraft, was generally the same as that of the
.prediction equations derived for Type B aircraft. In a few cases, the fixed
wing aircraft prediction equation was not as good, statistically, as that
previously derived for Type & aircraft. The difference was attributed to the
Type B aircraft forming a more homigeneous set of data, than the combined Type
A and B aircraft group. As with the 1ype B equations, the set of predictor
varziables included in the prediction equations for the engine WUC's were not
as engine related as desired (see Section 6.1.2 for details).

Before finalizing the Fixed Wing Aircraft Prediction Model, some further
analysis was done to refine the baseline MFHBF prediction equations. This
analysis was required to reduce the number of predictor variables in the
prediction eguations, develop better prediction equations for certain WUC
subsystems, and insure the predictive ability of the Fixed Wing Aircraft
Prediction todel.

Most of the prediction eqguations required a reduction in the number of
predictor variables, as there were too many predictor variables relative to
the number of data points used to derive the equation, The guideline that the
rinal number of predictor variables should not be more than half the number of
aircraft used to derive the equation was used to determine the number of
deletions required. While this reduced the value of R2 below the goal of
0.90 in most cases, the reduction in the number of prediction variables was
necessary to insure that the prediction equation was not overfitting the data;
i.e., that the equation was not approaching saturation.

lo make the appropriate choices for deletion, various statistical
indicators were examined. Those variables shown to have the least predictive
ability, as indicated by the t-statistics, for both the least squares solution
and appropriate ridge solution (see Section 6.4), were omitted first. If
additional deletions were required, equations were derived using various
subsets of the remaining variables. The “best" reduced set of predictor

2's of the least squares solution,

variables was chosen by comparing the R
the R2's of the ridge solution, the size of the ridge parameter, k, the
value for the SSE, and the estimated standard deviation, o, relative to the

number of predictor variaoles in the prediction =quation.
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As a means of improving the prediction equations, selected characteristics

. were studied as candidates for interaction terms. For six of the airira’t

.
t

!

characteristics, it was found that the 1linear relationship between tne
characteristic and the WMFHBF or the In(MFHBF) was not the same for Type A and
Type B aircraft., The two distinct trends, found in the bivariate plots of
these six parameters, justified the formation of an interaction term which
could account for this categorical difference in the data (see Section 5.5 for

details).

The use of the interaction terms was restricted to those prediction
equations where a substantial improvement in the statistical quality of the

equations was realized. In developing a prediction equation which would

account for the categorical difference in parameter values, at least two
additional predictor variables were required in the equation; namely, the

© interaction term and the Type A or B indicator variable. To compensate for

——

the added variables and avoid overfitting the equation to the data, other
aircraft parameters, previously chosen as predictor variables, had to be
excluded from the equation,

Table 6-5 shows the development of the beseline MFHRF prediction eguation
for the Oxygen Systems (WUC 47000) through the refinement phase of the
analysis. Similar refinement occurred for each prediction equation developed
for the model. Equation 1 was the prediction .quation developed through the
analysis of the natural Tlog transformation and selection of predictor
variables, as discussed in Sections 6.7 and 6.3, respectively. UYhile the
number of predictor variables was less than half the number of data points
used to develop the equation, the t-statistics indicated that the Max. Thrust
to Max. Take-0ff Weight had 1little predictive ability in this equation.

.Therefore, the Max. Thrust to Max. Take-Gff Weight was omitted from the set of

predictor variables and Equation 2 was derived. As indicated by the
statistics associated with Equations 1 and 2, presented at the bottom of fable
6-5, the quality of the equation was not significantly changed by the deletion
of the Max. Thrust to Max. Take-Off Weight.

As tguation 2 included two aircraft parameters for which interactivn term.
had been formed, Equation 3 was derived to determing if the mredictiun
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TABLE 6-5. DEVELOPMENT OF FIXED WING AIRCRAFT BASELINE MFHBF
e PREDICTION EQUATION FOR THE OXYGEN SYSTEMS (Yuc 47000)

“e" pircraft ¢

In(MFHBF) = .Constant + §  bjXj

Coefficients
Characteristics bi
I ) B2 B3 B4
Crew Size -- Cockpit -.09600 -.10680 -.15047 -.08284
or Total
Pres. Fuselage Volume -.00074 -.00078 -.00085 -.00076
Max. Serv. Ceiling 01126 .01155 - -
Min, Combat Mission Time -.00046 -.00045 .0108% .00831
Total ECS Weight -.00002 -.00002 -.00023 -
Tot. Gen. Elec. Power .00001 .00002 -.00003 -.00004
Max. Combat Radius . 17469 -.00019 - -
Empty Weight -.00014 11359 -.11056 -.08576
Max. Speed -- Mach No. .09842 -.25861 -.10790 -
Max. Thrust to Max.T.0. Wt. -,28894 - - -
(Min, Combat Mission Time) - - -.32091 -.51469
X (Type A or B)
Type A or B - - -1.08384 -.766006
(Max. Speed -- Mach No.) - - . 16300 -
< {Type A or B)

Cor stant 4,40373 4,37120 6.43032 6.39195
o, »of Aircraft 25 25 25 25
o. of Predictor Variables 10 9 10 7

K .0337 .0287 .0100 .0125
RZ -- Least Squares .783 .78 .85 .839
RZ -- Ridge .754 .758 .823 .802
SSE 1.59064 1.56433 1.14352 1.28053
P . 33708 .32294 .29658 .28290
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equation for WUC 47000 could be furiner improved. The interaciion terms,

(Min., Combat Mission Time) x (Type A or B) and (Max. Speed -- Mach No.) x

ﬂ (Type A or B), along with their comion inaicator variable, Type A or B, were

added as predictor variables. To evaluate the impact of the interaction
terms, the number of predictor variables had to remain close to the number
previously used, Therefore, the Max. Service (Ceiling and the Max. Combat
Radius, the statistically least important variables in Equation 2, were
omitted. As shown by the decrease in the value of k and increase in the
Rz's, the set of predictor variables used to form Equation 3 were 1less
multicollinear and formed an equation which better fit the historical data.

An examination of the t-statistics for Equation 3 showed that the Total

'~ ECS Weight, the Max. Speed -- Mach No., and the (Max. Speed -- Mach No.) x
" (Type A or B) were not significantly contributing to the predictive ability of
- the equation. To further simplify the prediction equation, these variables
- were omitted, and Equation 4 was derived. While the fourth equation's fit to

the data was somewhat 1lessened, the substantial decrease in the number of
predictor variables was more significant than the small decrease in the
Rz's. Thus, Equation 4 was chosen as the final baseline WFHBF prediction

equation for WUC 47000.

Prior to validating the refined prediction equations' predictive ability,
those aircraft characteristics of the Design/Performance Data Base chosen as
predictor variables required examination. The values of most of the
charicteristics of notional aircraft, such as the Landing Sink Speed, were

. expected to remain within the range of the historical values (see Figure 6-1).
" For other parameters, such as the Rate of Climb at Sea Level, the historical

range, as indicated by NAVAIR, was not necessariiy representative of the
notional range of values (see Figure 6-2). 1If the notional range of values
was expected to be within the historical range, for all predictor variables of
a given baseline MFHBF prediction equation, no problem of extrapolation was
anticipated, and the equation was expected to have good predictive ability.
Wwhen notional parameter values outside the range of the historical values were
likely, those equations which included these characteristics would possibly
have difficulty predicting a reasonable value for the MFHBF.

Anticipating possible problems predicting with some of the equaiions,
alternate equations were considered. For some WUC's, equally good prediclion
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equations involving interaction terms had been derived. While other equations
had been preferred, these equations were seen as alternate equations, should
extrapolation prove to be a problem. In other cases, the aircraft
characteristics, which would involve extrapolation, were found to be highly
correlated with other aircraft characteristics, which were expected to remain
within the historical ranges of values. By substituting predictor variables,
it was felt that a reasonable alternate equation could be derived. Until the
impact of any extrapolation was reveaied during validation (see Section 7.2),
no substitutions were made.

6.1.2 Formulation of Engine Prediction Equations. The procedure followed
to develop the baseline MFHBF prediction equations for the engine WUC's
differed from that used to develop the remuining equations of the fixed wing
aircraft model. Due to the approach taken to developing the engine prediction
equations, and the importance of the MFHBF of the engines to the overall
reliability of the aircraft, WUC's 22000, 23000, and 27000 were given
particular attention.

[t was decided that the baseline MFHBF prediction equations for WUC 23000
(Turbojet Engines) and WUC 27000 (Turbofan Engines) would be derived using all
aircraft with turbojet and turbofan engines, respectively. The Type A
aircraft group included too few historical aircraft with turbojet or turbofan
engines to develop separate engine prediction equations for Type A aircraft
only.

When equations for the engine WUC's were first examined, data for only the
19 Type B aircraft were available. A single equation for predicting the MFHBF
of both turbojet and turbofan engines was developed using the available data.
The equation for turbofan and turbojet engines, denoted WUC 20000, was used to
obtain an overview of the predictive ability of the engine related
characteristics included 1in the Design/Performance pata Base. Separate
equations would be developed when the data base was expanded to include the
remaining aircraft. As all the historical Type B aircraft had turbojet or
turbofan engines, an equation for WUC 22000 was not derived at that time.

For engineering and design reasons, the MFHBF for the engine WUC's wzre




meoi ted on @ per  engine basis, instead of on an aircraft basis. The
ar-torical values included in the MFHBF Data Base were, therefore, tne "~dB<
rer enagive for each aircrait. The prediction egquation for WUC 29000 {Fcuer
lant Tnstallation) was also derived to predict the MFHBF on a per c<ngine
basis.

The results of the correlation analysis and stepwise regression analysis
for WUC 20000 and the associated candidate predictor variables were
unexpected. Few of the engine related parameters were shown to be good
predictors of the MFHBF for the turbojet and turbofan engines, The better
parameters, statistically, for predicting the MFHBF of the turbojet and
turbofan engines were either more general aircraft characteristic or
non-engine related parameters,

After analyzing many sets of possible variable combinations, a prediction
equation for WUC 20000 using Type B aircraft data was derived. This equation
was considered less than adequate based on the choice of predictor variables.
Further examination of the data was postponed until the remaining data was
avaiiable.

Prior to the development of separate preciction equations for WUC 23000
and WUC 27000, an adjustment in the WUC designations for historical WFHBF
values was made. The F-14A, A-7A, B, C, and E, which have turbofan engines,
report the appropriate subsystem failures against WUC 23000, in accordance
with the WUC Manuals. For the purpose of the study, it was felt that
development of engine prediction equations by type of engine was more
meaningful, Thus, the historical MFHBF data for the F-14A, A-7A, B, C, and E
were used to develop ihe prediction equation for WUC 27000, and not for WUC
23000.

ypon completion of the data base to include all 32 historical fixed wing
aircraft, the engine data was re-examined. The historical MFHBF for WUC 23000
and WUC 27000 included all Type A and Type B aircraft with turbojet and
turbofan engines, respectively. The historical MFHBF for WUC 22000 included
all Type A and Type L (land-based aircraft) with turboshaft engines. The Type
L aircraft were included due to the limited number of Type A aircraft with
turboshaft engines.
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The initial results of the analysis for the three WUC's were much the same
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as those obtained with Type B aircraft. The engine related characteristics of
the Design/Performance Data Base were not the best parameters, statistically,
for predicting engine reliability of historical aircraft. The few engine
characteristics with reasonably good predictive ability were not consistently
‘ important predictors for all three types of engines, As before, more general

l design and performance parameters appeared to be better predictors of the
i MFHBF of the engine WUC's.
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In an attempt to develop engine equations with more intuitive appeal, six
more engine characteristics were added to the Design/Performance Data Base. A
complete correlation analysis was done for each engine WUC. Table 6-6
summarizes the correlations found between the engine related parameters of the
data base and the MFHBF of the engine WUC's. As indicated by the size and
inconsistency of the correlation coefficients across WUC's, few or these
variables seemed to be potentially good predictors of the MFHBF for the
engines. - The additional engine characteristics did not appear any better or

more consistent in their predictive ability than the original engine
parameters.
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While sometimes related, the correlation coefficients alone did not
indicate which engine parameters were the best variables for the prediction
equations. Most of the engine characteristics having the strongest
correlation with the MFHBF of a particular engine WUC were themselves strongly
correlated. Therefore, if one engine parameter was used as a predictor
variable, adding the others did 1little to enhance the quality of the
prediction equation, Also, when used in combination with other parameters,
, the relative importance of each parameter to the predictive ability of the
equation would frequently shift.
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As the prediction equations derived for WUC 23000 and WUC 27000 were not
totally satisfactory from an intuitive viewpoint, a combined turbojet/turbofan
B engine prediction equation, denoted by WUC 20000, was derived. With the
combined data from the two sets of aircraft, many of the engine related
parameters were found to be reasonably good predictors of the MFHBF.
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78 .- Parameters

. Max. Thrust Per kngine

; dax. Engine Diameter
Max. Engine Length
: Ingine Weight Installed
"7 per Enging
" i 7lo. of Fan Plus
' Compressor Stages
. Mo. of Turbine Stages
i tax. Compression Ratio
. Specific Fuel Consumption
i\urbinp Inlel Temperature
Bypass Ratio
% ax. Thrust to Installed
" Engine Weight
i Max.Thrust or SHP to

-*Specific Thrust or SHP
s ~dax. Airflow

_*Max. Pressure Ratio

. “uel to Air Ratio

» »
~

Per Engine

&

--

.- Engine ¥eight Uninstalled

*tngine Weight Uninstalled

Correlation Coefficient

TABLE (-6. CORRELATION OF ENGINE RELATED PARAMETERS WITH
HISTORICAL NFREF OF ENGINE WUC SUBSYSTEMS FOR FIXED WING AIRCRAFT

22000 23000
450 -.054
-.745 .088
.425 -.325
-. 160 -.004
.000 .106
.000 .104
412 -.080
-.405 -.13]
.529 -.029
N/A .000
473 -.068
.469 -.044
421 -.01
.047 .014
.000 -.167
.425 047
-.053 .026

“dded to the Design/Performance Data Base
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27000

791
. 160
-.245
-.701

.569

173
.625
JA17
. 162
-. 142

.138

[}

.229

-.408
.365
.716

479
~.840

20000

-.261

.303
-.194
-.265

.303

.486
.440
-.525
:225
.596
1

.234

-.309
115
.442
.086

-.288
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The "parameters. finally chosen for the engine prediction equations of the
fixed wing aircraft model were somewhat a compromise., Those engine related
parameters displaying consistently good predictive ability were combined with
the more general aircraft characteristics showing the strongest predictive
ability. Through this approach, neither the engineering credibility nor the
statistical quality of the.equations was sacrificed.

o -

6.1.3 Formuiation™ ‘of Rotary Wing Aircraft Model. The circumstances
surrounding the formulation of the Rotary Wing Aircraft Prediction Model
greatly simplified the development of the model. As the Fixed Wing Aircraft
Prediction Model had previously been derived, the methodology used in model
development had been established. Since the eleven histc. .cal rotary wing
aircraft chosen for model development formed a smaller and more homogeneous
group of aircraft than the fixed wing aircraft, there was no reason to
consider development of more than one set of predicticn equations for
predicting the baseline MFHBF.

The general procedure followed in developing the rotary wing aircraft
prediction equations was the same as that used to develop the fixed wing
aircraft prediction equations, The selection of candidate variables for use
in each two-digit WUC equation was made as outlined in Section 6.3.
Particular attention was given to the rotary wing analogues to the fixed wing
aircraft characteristics found to be important predictor variables.
Developing equations to predict the natural log of the MFHBF versus the MFHBF
was considered, based on trends found in the bivariate plots of the MFHBF and
the design/performance parameters (see Section 6.2). The natural log
transformation was again found to improve the equations' fit to the data for
many two-digit WUC subsystems,

As an example of the development process, Table 6-7 shows the development
of the baseline MFHBF prediction equation for the Hydraulic and Pneumatic
Power (WUC 47000) to its final form. Several of the aircraft characteristics
selected as possible predictor variables were the rotary wing equivalent of
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TABLE 6-7. DEVELOPMENT OF ROTARY WING AIRCRAFT
BASTLIND WFHBF PREDICTION EQUATION FOR THE
HYDRAU_IT #N0r PREUMATIC POWER (WUC 45000)

v = Jonstant + ) bjXj

Coefficients
by
Aircraft Characteristics £Eq. | Eq. 2 £q. 3
X3 (Y=MFHBF) (Y=1R{MFABF)) (Y=RFHEBF)
1 Vert. Rate of Climb .00091 .00004 01264
Db at Sea Level -- Mil.,
No. of Main Rotor Blades 30.13800 .38092 16.62264
’ ain Rotor Disc Area -.05517 -.00141 -.03029
b “etal A/C SHP -~ Mil, .00941 .00032 .00310
) ot Tat, Power
Do max. Disc Loading 1.92650 11776 2.35658
Tail Pylon Fold -4,89751" .562887 -
Eng. Wt. Installed .00040 -.00023 -
per gngine
Constant 3.17561 3.18910 -1.11821
No. of Ai-craft 1N 1N 1
No. of Pregictor Variables 7 7 5
- K .0000 .0000 .0175
: § R4 -- Least Squares .986 .956 .986
" R¢ - Ricge .986 .956 .$50
o SSe 55.3547 L0971 193.89028
- 3 4,29553 . 18000 6.22720
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the fixed wing aircraft characteristics chosen as final predictor variables.
For example, the Total Aircraft SHP -- Mil. or Int. Power and the Max. Disc
Loading could be equated to the Total Aircraft Thrust -- Military and the Max.
Wing Loading included in the fixed wing aircraft prediction equation for WUC
45000.

Using the characteristics given in Table 6-7, Equation 1 was developed
using step-up regression. The order in which the characteristics are listed
reflects the order of selection by the step-up procedure. Since a ridge
solution was not available using step-up regression, the statistics of the
equation give the least squares value for the ridge parameter, k, and the
coefficient of determination, R2. The equation formed by these
design/performance parameters was statistically a good fit to the data, as
reflected by the value of RZ.

Equation 2 was derived to determine if a better fit to the data could be
obtained by developing an equation to predict the 1In(MFHBF), instead of the
MFHBF.  The bivariate plots of the 1In(MFHBF) versus most of the aircraft
characteristics revealed an improved linear association over the bivariate
plots involving the MFHBF. The 1In(MFHBF) version of the equation, however,
did not prove to be as good, statistically, as Equation 1. While the sum of
squares for error, SSE, and the estimated standard deviation, G, could not be
compared due to the transformation used in Equation 2, the Rz's indicated
that Equation 1 provided the better fit.

Having decided on the MFHBF version for the prediction equation, the
resuils of Lhe step-up regression for fquation 1 were further analyzed. The
Tail Pylon Fold and the Engine Weight Installed per Engine, the last two
characteristics chosen as predictor variables, were found to contribute 1little
to the predictive ability of the -equation. The addition of these
characteristics neither increased the value of Rz, nor substantially
decreased SSE. This was easily explained since the Tail Pylon Fold and the
Engine Weight Installed per Engine were highly correlated with the Number of
Main Rotor Blades and the Max. Disc Loading, respectively. Once the Numbe' of
Main Rotor Blades and the Max. Disc Loading were included in the equation, the
use of the other two characteristics as prediztor variables was mathematically

redundant,
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oo, guation 3 was derivea using only tne first five characteristics
~ = v rquation 1. As shoun by the statistics for this equation, the Rz
fr tu2 least squares solution was unchanged, indicating an equally good fit
to tne data with fewer variables, By eliminating two strongly correlated
variables, the R2 of the ridge solution remained close in size to the R2

of the least squares solution.

In general, the quality of the Baseline MFHBF Prediction Equations derived
for the rotary wing aircraft was statistically good. This was attributed to
the homogeneous group of airc.daft used to develop the equations.

As with the fixed wing aircraft, some further analysis was required prior
to finalizing the Rotary Wing Aircraft Prediction Model. Some of the
prediction equations required a reduction in the number of predictor variables
included in the equation to avoid overfitting the data. The guideline that
the final number of predictor variables should not be more than half the
number of aiicraft used to derive the equation was generally used to determine
the number of deletions required. A few prediction equations, however, were
allowed an additional predictor variable when the deletion of the variable
resulted in a significant decrease in R2. Because the smaller number of
retary wing aircraft meant fewer predictor variables per equation than for the
fixed wing aircraft, to have required the deletion of a parameter with
reasonable predictive ability, could have significantly reduced the equation's

predictive ability with notional aircraft.

Any prediction equations not having the statistical quality desired were
sufficiently improved with the substitution of parameters already contained in
the data base, Thus, no additions were made to the Design/Performance Data
Base. Interaction terms were not considered for the rotary wing equations as
distinct trends were not apparent using data from only eleven aircraft.

Prior to validating the model, those equations involving parameters for
which the notional aircraft values were likely to 1lie outside the historical
renge of values were identified. The use of notional parameter values outside
the historical range means extrapolating with the equations involving these
paranwciers, This would possibly lead to difficulty in predicting a reasonable
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value for the MFHBF of the associated two-digit WUC subsystems,

Anticipating some problems in predicting for notional aircraft, alternate
chéﬁgcteristiCS'were found. In all cases, the aircraft characteristics which
might  involve extrapelation were found to be highly correlated with other
characteristics: which were expected to have notional aircraft values within
the range of historical values. With the substitution of these
cheracteristics, a reasonable alternate equation could be derived, should
extrapolation prove to be a probiem during validation (see Section 7.2).

6.2 Transformations of the Data. The use of transformations was studied
many times in the development of the Baseline MFHBF Prediction Models.
Transformations on both the MFHBF and selected design/performance parameters

were investigated as a means of obtaining better equations for predicting the
baseline MFHBF at a two-digit WUC level. (Consideration of transformed
variables were restricted to situations where there were strong indications
that a transformation was appropriate.

It became apparent, in examining bivariate plots that fcr many two-digit
WUC's, use of a transformation on the MFHBF should be considered. The
bivariate plots of the MFHBF versus various design/performance characteristics
of the aircraft revealed a "L-shaped" curve in the plotted points. The fact
that the *“L-shaped" curve was found using the same MFHBF data with many
different aircraft characteristics was an indication that the transformation
should be performed cn the MFHBF.

The square root transformation and the natural log transformation of the
MFHBF were both examined in an attempt to improve the linearity of the data.
While some improvement was shown with the square root of the MFHBF, the
bivariate plots of the data still showed some curvature. A much stronger
linear trend in the data was seen when the natural log of the MFHBF,
In(MFHBF), was plotted against the various aircraft characteristics. This
improvement was also indicated by an increase in the absolute value of the
correlation coefficients. A comparison of Figures 6-3 and 6-4, showing the
MFH3F of WUC 14000 for fixed wing aircraft versus the Wing Sweep and the
In(:IFHBF) versus the Wing Swesp, respectively, reflects the type of improv..
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linear relationziip often seen when the natural log transformation was zpplied

Lo the MFHU-.

It was suspected, therefore, that a substantially better fit to the data
could be obtained by developing an equation to predict the In(MFHBF) instead
of the MFHBF, for many two-digit WUC's. The choice of which dependent
variable, the MFHBF or the 1in(MFHBF), was to be used in each prediction
2quation was made based on which version of the prediction equation provided
the best fit to the data, as measured by the coefficient of determination,
?2. The In(MFHBF) was chosen for those WUC's where the increase in R2 was
substantial; otherwise, the MFHBF remained as the dependent variable of the

. prediction equation.

The possible use of transformed design/performance characteristics was

' studied in only a few cases. few of the bivariate plots revealed a trend in
the data which suggested the use of a transformation. In most of the

rivariate plots, either the aircraft characteristics showed a strong linear
assuciation with the MFHBF or the In(MFHBF) for various two-digit WUC's, or
they appeared unrelated to the dependent variable.

The squared value of two design/performance parameters for fixed wing
3ircraft were used in the development of prediction equations for Type B fixed
wing aircraft. A "U-shaped" trend was found in the bivariate plots of the
fotal Fuel Capacity and the Fuel Capacity of External Tanks with the MFHBF and
In{MFHBF) for Type B aircraft. By squaring these parameters, their linear
sssociation with the dependent variables was improved and they were found to
be good predictor variables for certain WUC's. When the remaining fixed wing
sircraft were included, the squared terms were no longer good predictors for
any two-digit WUC's, and, tnerefore, were omitted from the final prediction

equations o1 the fixed wing aircraft prediction model.

6.3 Predictor " Variable Selection. Three different techniques were
jointly used in selection of the design/performance parameters to be
considered for use in the baseline MFHBF prediction equations, The selection
rocess  was an iterative procedure which occurred many times during
Cevelopment of both the fixed wing and rotary wing aircraft prediction
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models. While each prediction equation was derived in a slightly different
manner, the general routine followed in selecting predictive variables was
basically the same.

6.3.1 [Initial Selection. Engineering judgement was used to determine the
design/performance parameters which would initially be considered as possible
predictor variables for each of the two-digit WUC equations. With the
assistance of design and systems engineers, one of four levels of priority was
assigned to each characteristic of the Design/Performance Data Base., The
levels of priority were assigned to reflect the degree of influence each
aircraft characteristic was felt to have in predicting the MFHBF of each
two-digit WUC subsystem. By initiating the selection process wusing
engineering expertise, the aircraft parameters which should have no connection
with a specific WUC were eliminated, and those aircraft parameters with
intuitive appeal were given a higher priority.

Two " torms of correlation analysis were also involved in the selection of
atrcraft characteristics. First, the correlation between pairs of
design/performance parameters was derived. By examining the correlation
between the aircraft characteristics, "statistically equivalent" parameters
were determined, as well as those parameters for which the degree of linear
association was insignificant (see Section 5.4 for details). Table 6-8 and
Table 6-9 present the correlation coefficients for a selected group of fixed
wing and rotary wing aircraft characteristics, respectively. The direction
and degree of 1linear association between the aircraft characteristics was
zrucial in determining which parameters were used as predictor variables in
the equations. [In Figure 6-5, the bivariate plot of the Ming Span Folded
versus the Flight Controls Surface Area for the fixed wing aircraft data
values, is shown, [In Table 6-8, this pair of independent variables is shown
to have a correlation of 0.926.

fhe correlation coefficients between the aircraft characteristics and the
MFHBF for a given two-digit WUC were also derived. These correlations cften
provide an indication of which parameters may have good predictive ability for
the WUC. Figure 6-6 graphically dispiays the association between the MFHBF of
the Flight Conirols and the Flight Control Surface Area of tne fixed wing
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~i1 vaft. Mith an associated correlation of 0.70%, it appears that the rFi-int
ronirol Surface Area is potentially a good predictor of the MFHBF for ine
Flignt Controls (WUC 14000) for fixed wing aircraft.

In most cases the number of variables to be considered for use ia the
baseline MFHBF prediction equation for a two-digit WUC was greater than the
equation could handle mathematically, The numbter of predictor variables which
can be included in the prediction equation 1is 1limited by the number of
aircraft with MFHBF values available for the WUC subsystem. A forward
selection regression procedure was used to eliminate those variables with poor
predictive ability from further consideration (s2e Section 5.3 for details).

The forward selecticn, or step-up, procedure provided valuable information
concerning the final selection of predictor variables for the equation. The
presence of multicollinearities became apparent, based on the choice of
variables made for the equation by the step-up regression procedure, and the
effect each variable had on the size and sign of other coefficients, as each
variable was added to the equation. The homogeneity of the data and the
adequacy of the engineering choices for predictor variables were indicated by
the number of variables required to achieve various values of R2 for each

equation,

6.3.2 Refinement, As the prediction equations were further refined, the
use of engineering judgement, correlation analysis, and step-up regression
ware again employed. The role each of these techniques played in the
subsequent selection of predictor variables differed from their role in the

initial selection process.

Correlution analysis was used to analyze step-up regression results.
“xamination of pairwise correlations alone did not detect all
rglticoilinearities in the data. However, examination of the correlation
wvefficients, along with the order in which the aircraft parameters were
selected, would often indicate whether the use of all or some of the highly
rorrelated parameters had a positive effect on the quality of & prediction

+quation,
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If two aircraft parameters were highly correlated, one paraneter was
included early in the forward selectior process, and the other parameter was
among the last chosen, the wuse of both aircraft characteristics was
mathematically redundant. If a redundancy was implied by using both
parameters as predictor variables, and if engineering/design considerations
confirmed the relationship, one of the parameters was eliminated. The
inclusion of both as predictor variables would have increased the degree of
muiticollinearity in the data used to develop the prediction equation,

The choice of which aircraft characteristic to eliminate was based on
engineering judgement. The characteristic with more intuitive appeal for the
WUC subsystem being considered remained in the equation., For example, as
shown in Table 6-8, the number of Variable Inlets and the Max. Speed -- Mach
No. for fixed wing aircraft have a correlation of 0.922. Statistically, these
characteristics are considered to be equivalent. While the Number of Variable
Inlets might be the more appropriate of the two as a predictor variable of the
MFBHF ~for WUC 14000 (Flight Controls), the Max. Speed -- Mach No. might be
more appropriate for WUC 29000 (Power Plant Installation),

Engineering judgemert was also involved in considering the addition of
parameters to the Design/Performance pData Base, The initial step-up
regression results indicated the general adequacy of the data base parameters
as predictor variables. For some WUC's, the characteristics available in the
data base did not produce a statistically good equation for predicting the
MFHBF. Other aircraft parameters considered potentially important for design
and engineering reasons were added to the Design/Performance Data Base for use
with these WUC's.

The step-up regression procedure was used to analyze the impact of the
addition and deletion of parameters from consideration as possible predictor
variables for a two-digit WUC prediction equation. The regression results
revealed which aircraft characteristics were consistent]y‘good predictors of
the MFHBF of a given two-digit WUC. Many parameters were found to have good
predictive ability only when combined with certain other characteristics to
form the prediction equation. These results also indicated whether the
parameters added or deleted from consideration were statistically good choices.
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Vareugh the forward selection procedure, an upper limit on the nuwber of
coatt parameters reguired to form a statistically good prediction sevetion
©each WUC was establisned,  This maximum nunbor was determined by exawining
“he results as each aircraft parameter was chosen as a predictor variable for
¢ 2 equation., The point at which the increase in R2 and the decrease in SSE
nas minimal with the addition of another variable was the determining factor
“~ estabiishing an upper 1imit on the number of predictor variables needed in

.. 2 equation,

.. 6.4 Estimation of Prediction Equation Coefficients. Estimates of the

coefficients for the baseline MFHBF prediction equations and equations derived

. the final stages of model development were primarily determined by the

LFesence of multicollinear data. Certain guidelines were developed so that
usistency would be established in the choice of estimates used.

}f the Variance Inflation Factors (VIF's) did not indicate the presence of
< olticollinearities in the data used for development of the equation, the
ieast squares estimates for the coefficients were used. When multicollinear
© ita was present, ridge estimates were used to offset the effect of the

multicollinearity and provide more stable estimates.

To arrive at a set of ridge estimates, a choice of the parameter k had to

: made. To insure the proper choice was made, both the k-value determined by

“the rule associated with the maximum VIF and k-value computed from the least
"~quares solution were examined (see Section 5.6 for details),

In the development of some of the prediction equations, the computed
~value was considerably larger than the value derived by the VIF rule. This
immediately indicated some lack of homogeneity in the data. Therefore, the

} omputed k-value was the clear choice to ensure that the coefficients used
Cuere sufficiently stable., Hopefully, the size of the computed k-value was not
;o large as to cause a drastic decrease in R2 or increase in SSE.

U

In most cases, the computed k-value was only slightly larger than that

erived by the VIF rule. While the difference between the two values was

insignificant, the computed k-value was again used to avoid an unanticipated
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sensitivity to the use of extrapolated data; i.e., the mere stable the

coefficient, the better the chance for a "good" prediction with extrapolated
data.

On occasion, the computed k-value was found to be smaller than required to
meet the guidelines of having all VIF values less than or equal to 10. This
was primarily due to the small number of predictor variables in the equation
relative to the number of aircraft being used to derive their associated
l{t coefficients. In such situations, the k-value determined by the maximum VIF
rule was used, The computed k-value would not have sufficiently reduced the
effects of the multicollinear data; namely, coefficient estimates with
inflated variance values.
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7. MODEL VAUIDATION

In the model validation phase, the adequacy of the models, the sensitivity
f the medels to the data bases, and the accuracy of the final baseline MFHBF |

" rediction equations were examined. Because of the large number of equations
in the Baseline Reliability Prediction Models and the variety of validation -
| echniques used, certain analyses were limited to only a selected set of ‘
_orediction equations, The prediction equations for WUC's 11000 (Airframe), $
| 3000 (Landing Gear), 41000 (Air Conditioning/Pressurization/Ice Control), and ‘

53000 (UHF Communications) were examined for both fixed wing and rotary wing
ircraft, The other fixed wing aircraft equation examined was for WUC 27000 ' 1
IfTurbofan Engines), while the additional rotary wing aircraft equation was for

i JC 22000 (Turboshaft Engines).

N

These ten prediction equations were selected in order that (1) tie
' ifferent data backgrounds involved in equation development were represented,
wd (2) the WUC's provided a wide range of functional areas of the aircraft.
| or instance, with the fixed wing aircraft, the prediction equation for WUC
‘27000 was derived using only seven aircraft data points and the prediction
juation for WUC 63000 was derived using both land and carrier-based
aircraft. While the failure rate reported for WUC 11000 and WUC 13000 wéuld
2 major contributors to the overall MFHBF of fixed wing and rotary wing

sircraft, the failure rate reported for WUC 63000 would have less impact.

Ty e

—-as e o

) R R S R B R Rt I r M maT

7.1 Technical Approach. Several procedures were used in validating the
Baseline Reliability Prediction Models. Those techniques which validated the
rediction equations themselves were restricted to the five fixesd wing and
tive rotary wing equations identified above, while thpse techniques which

. 1lidated overall models involved all equations.

One of the techniques for validating the prediction equations consisted of
awparing the data base or "historical" values for the 1In(MFHBF) and/or the
“HBF against the predicted values. As mentioned in Section 5.2, the sum of
f luares for error provided an overall measure of the differences between the

vistorical or true values and predicted values. However, this did
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not rule out the possibility of an extreme diffarence between the historical
and predicted values for a given aircraft. The purpose of examining the two

sets of values was to determine if any such extreme differences existed.

Exanination of the standardized residuals is a technique frequently used
for both verifying the distributional assumptions made in the analysis and
determining the adequary of the prediction For the

equations described in Section 5.1,

equations. set of

P
(PN ) B.X,

.+ €., for i=1, ... n
J .lJ 1’ 0 ] 3 b}

J=1
the following assumptions are generally made in regression analysis:

The Yi.s used in the analysis constitutes a random sample.
The error terms, ei's, are statistically independent.

The ei's are normally distributed.

The ei's have means of zero.

oW N o

The si's have constant variance, 02.

Y.-Y.
i i
Given these assumptions, the standardized residuals, e, = F=—————=—
Ty Var(Y;-Y.)

are normally distributed with zero mean and unit variance. Using plots of the
cumulative frequency versus the standardized residuals, i.e., "normal plofs",

and the predicted values derived from each equation versus the standardized

residuals, the assumptions of normality and homoscedasticity (constant

variance), respectively, were assessed.

In the normal plots, the standardized residuals were graphed on a normal
prebability distribufion grid.
line, if the

The pleotted points appro, ~ited a straight
assumption was satisfied. Any
nonnormality could have been due to the nec
historical values or a lack of fit to the data.

normality indication of

for a transformation on the

If the assumption of constant variance held, the variability in the plots
of the predicted values against the standardized residuals was fairly

uniform. That is, a uniform band could havz been drawn such that the plotted

2



wdnt s oould Tie within the region, If a systematic change in the piotied
s . was  detected, then the prediction equation was statist-ceily
megegiuate,  This inadequacy could have been handled with an appropricte

tyans ormation on the historical values for the MFHBF.

pata-splitting was not used in validation due to the number of aircraft
ased in development of the model. Such techniques are traditionally reserved
for large data sets. Instead, the technique of omitting individual aircraft
from the data base and deriving adjusted coefficients for the prediction
equations was employed to check the sensitivity of the coefficients.

Ideally, an adjusted equation would have been obtained for the omission of
each aircraft used in development of the baseline prediction equation. Even
in restricting the use of this procedure to the ten prediction equations of
interest, a total of 172 sets of adjusted coefficients would have been
derived. Therefore, only four aircraft omissions for each of the ten
Llwo-digit WUC prediction equations were considered. In each case, the
aireraft associated with the maximum MFHBF, minimum MFHBF, maximum residual
value, and minimum residuai value were omitted from the data base, one at a
time, and adjusted coefficients derived. These four data values are usually
the most influential in determining the estimated coefficient values.

No statistical procedure exists for analyzing the adjusted coefficients,
Whether or not a prediction equation was acceptable, based on the results of
the "leave-one-out" technique, was primarily a matter of judgement., While
some shift in coefficierts was expected, if the equation was stable, no
radical change 1in the coefficients, RZ, SSE, or the ridge parameter, K,
should have occurred. A large change implied the prediction equation was
sensitive to the MFHBF and parameter values of the historical aircraft.

Te validate the uverall models, the MFHBF for each fixed wing and rotary
wing anrcraft used in model development were predicted at the two-digit WUC
subsystem level, using the equations of the Baseline Reliability Prediction
Yodels. The predicted MFHBF values for each two-digit WUC were then compared
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to their corvesponding historical values. The predicted MFHBF values for the
aircraft, obtained from the equation for the overall reliability and by
combining the predicted values for the two-digit WUC subsystems, were compared
te their respective historical MFHBF values for the aircraft. Through this
procedure, the relative accuracy of the prediction equations for historicai
aircraft, and the adequacy of the models in detecting changes in configuration
were examined.

Since the baseline MFHBF prediction equations will be used with notional
aircraft design/performance parameter values, whether or not the model had
reasonably good extrapolation properties was a crucial indication of the
model's predictive ability. To examine the quality of the baseline MFHBF
predictions using extrapolated data, the prediction equations were provided to
NAVAIR. NAVAIR used these equations to predict the baseline MFHBF values for
notional aircraft designs of the Sea Based Air Master Study (SBAMS) Aircraft
Alternatives Definition Tash. NAVAIR applied the prediction model to 40 of
the candidate SBAMS fixed wing aircraft designs and to four of the candidate
SBAMS rotary wing aircraft designs. Approximations were wused for those
design/performance parameter values not readily available in the fo-mat
required for use of the equations. A comparison wa< performed, within NAVAIR,
of the models' predicted baseline MFHBF /or each two-digit WUC subsystem
against the fleet 3-M MFHBF values initially used as a NAVAIR Baseline for the
SBAMS aircraft estimates. :

7.2 Results. Through results of the validation phase, the predictive
ability of the Baseline Reliability Prediction Models was determined. The
predictive ability was measured by the adequacy, sensitivity, and accuracy
with which the fixed wing and rotary wing prediction models predicted the
reliability of historical and notional aircraft, and the individual prediction
equations predicted at the two-digit WUC subsystem level. Since the ten
prediction equalions chosen for validation involved a wide cross-section of
two-digit WUC subsystems and combination of aircraft, their results wera2
considered representative of a:l prediction equations.

Examination of the predicted versus historical values for the teq

prediction equations revealed no statistically significant differences in tn»
a0 sets of values. Grapns 3f tne values predicted from the equation: v:- .
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vieristorical values used to derive tine eguoticrs are shown in Figures 7-1
ey -¢. For those equations predicting the InI\Fh8F), a graph involving tne
ingti HBF) values, as well as a graph of the irhdf values, are presented. In
cach graph, both the individual points and the overall scatter were founa to

reflect normal variation in the values.

While the diffeirence between the historical and predicted values appeared
to be extreme for selected aircraft in the graphs of WYc 41000 and WUC 63000
for fixed wing aircraft, only two aircraft had a difference greater than two
standard deviations in each case. Under the assumption of normality, this was
'not statistically improbable, given the number of aircraft used to derive the

aquations.

As indicsted by the normal plots given in Figures 7-3 and 7-4, the
| normality ascumption appeared to be well substantiated in all but two cases.
Cvxcepl in normal plots of WUC 41000 and WUC 63000 for rotary wing aircraft,
. .he plotted points tended to form a straight line. Thus, the form of the
associated prediction equations was considered to be statistically adequate;

.e., additional predictor variables were not needed in the prediction

equations,

The points in the 1ormal plots of WUC 41000 and WUC 63000 for rotary wing
ircraft more closely approximated two lines instead of one. Since less than
0 aircraft were used to derive these equations, it was difficult to determine
*t the data was, in fact, not normal. As & Tlack of normality would have
. uplied the need for additional variables in the prediction equation, the two
prediction equations were left in their existing form. The addéition of
. editor variables, causing the equation to overfit the data, would have had
a3 wore uegative effect on the predictive ability of‘ the equation than a

I Jssible lack of normality in the data.
.
Tne plots of the predicted value against the standardized residuals did

‘.ot reflect any significant departure from the assumption of constant
ariance. As shown by the graphs in Figures 7-5 and 7-6, no systematic change
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L, in the plotted values was detected. Thus, the puceiing IWFHBF prediction
R . . .
: nquat icns were considered statistically adequate witn ri:ipect to the form of

! . .
b the mathematical expressions,

g A
. .

-
—

The results of the "leave-one-out" validation procedure are presented in
p

i

Tables 7-1 ana 7-2. A comparison of the coefficients and statistics was made
Lo determine the baseline MFHBF prediction equations' sensitivity to the
data. None of the adjusted coefficients for WUC's 11000, 13000, 41000, and
53000 for fixed wing aircraft, and WUC's 13000 and 41000 for rotary wing
aircraft appezcred to deviate significantly from their baseline prediction

equation coefficients.

While the remaining eguations were not found to be sensitive to the data,
some adjusted coefficients for WUC 27000 for fixed wing aircraft and WUC's
11000, 22000, and 63000 for rotary wing aircraft refiected a greater change.
Fhis was primarily due to the smaller number of aircraft used to derive these

prediction equations, The omission of a single aircraft decreased the size of
the data base between 9% and 14%, For these equations, only one set of
adjusted coefficients, associated with the omission of an individual aircraft,
varied considerably from the respective baseline coefficients. Thus, the
relationship between the MFHBF of the two-digit WUC subsystem and thé set of
predictor variables reflected in the baseline prediction equation was felt to

e —— g e s e

be stable.

The validation of the models revealed no significant shortcomings in the
predictions made for the historizal aircraft at the two-digil WUC level or at
the aircraft level. Tables 7-3 through 7-8 present the results fo- three
{ired wing and three rotary wing aircraft used in model development. In each
ase, predicted values were computed only for those WUC's applicable to the
qiven aircraft. A prediction of the MFHBF for an aircraft consisting of the 3
indicated two-digit WUC supsystems was obtained by mathematically combining
tnee predicted MFHBF values for the subsystems. In all cases, this predicted
velue was close to the historical value. The overall aircraft prediction
vnuation (WUC 00000), developed for use in validating notional &ircraft
predistions, also sho.ed good predictive ability with historical air-craft.
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NO . WuC

1 00000
2 11000
3 12000
4 13000
5 14000
6 27000
7 29000
8 41000
9 42000
10 44000
- 11 45000
12 46000
13 47000
14 49000
15 51000
16 56000
17 57000
18 63000
19 64000
20 65000
21 660C0
22 67000
23 71000
24 72000
25 73000
26 74000
27 75000
28 76000
29 91000
30 96300
31 97000
AIRCRAFT

PREDICTED

MFHBF

10,054
39.365
12.955
20.422
37.840
50.645
65.569
16.275
20,193
34.616
32.622
80.797
106.567
18.948
67.069
52.956
38.278
154,050
89.667
1533.576
97,200
61.538
264658
16.305
46,743
35.848
60.636
255.093
3017.173
2969.561
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TABLE 7-3. PREDICTION OF HISTORICAL FIXED WING AIRCRAFT
RELIABILITY -- A-7E

HISTORICAL

MFHBF

R T I I I T TSI LTI I I I L

e it e G & - — . - S > e Thu W Gt o - G Ve e Bt WEP T EeT Y e S T A A A s P

12,090
35.920
10.900
24,570
35.9190
42,090
50,790
24,380
21,170
33.640
42.790
116,570
145,630
15.220
363.870
22,760
19.320
564,570
83.490
3033.700
381.510
25.960
46,610
6.230
53.080
23.600
50,220
235.100
4127.820
2962,320

e e e s o . A —— ¥ A ——— Tt S S T St o S T o S i . e o S B T > G g i S et P T
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vt i e




P

PRSI

ND . WUC

1 00000
2 11000
3 12000
4 13000
5 14000
b 23000
7 29000
8 41000
9 42000
10 44000
11 45000
12 46000
13 47000
14 49000
15 51000
16 56000
17 57000
18 63000
16 65000
20 66000
21 57000
22 71000
23 72000
24 73000
25 76000
26 77000
27 91000
28 97000
ATRCRAFT

PREDICTED
MFHBF

{ABLE 7-4. PREDICTION OF HISTORICAL FIXED WING AIRCRAFT
RELIABILITY -- RF-8G

HISTORICAL
HWFHBF

i I I I T T T T

e e M s e B e TS A Gee W e G e G M T e AT S W A S M G G e AV BT SR SAm K LD S T B ATE W e S B DA W 930 T s SID S e

« 795 .807
9.269 10.300
264308 354360
8.771 7.620
19.700 13.790C
27.233 22.630
35,636 274140
38.979 28.310
13.906 8.000
19.388 24,170
224049 17.570
27,711 284,710
87.696 72.390
1064116 83.220
15,460 9.270
80.058 113.920
22.927 12.610
224445 21.250
71,440 36,380
70i.169 523.500
121.674 251.760
2T.149 16.070
384442 28,250
89.792 159.750
38.453 33.0¢0
7+.433 10.810
1690673 201-’920
26964127 1387.200
346 .808
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'y
N
'.’l ¢
?; } TABLE 7-5. PREDICTION OF HISTORICAL FIXED WING AIRCRAFT
iR ? RELIABILITY -- S-3A
e
1|
%‘w !
'*5* if PREDICTED HISTORICAL
ST ND. Wuc MFHBF MFHBF
"Zé } ey e EE  E L
R E ] iE
’%t 1 1 00000 1,201 1,134
“C“' E ————————————————————————————————————————————————————————
%‘ i 2 11000 10.341 12.960
#, b 3 12000 59.646 79.140
g 4 13000 15,736 15.880
‘ 5 14000 23.528 27.920
‘ 6 24000 69.353 69.550
7 27000 364734 364640
8 29000 32.129 41.020
9 41,00 31.530 44,280
10 42000 24.808 31.420
T 11 44000 22,917 21.090
12 45000 51.893 70.270
13 46000 56,486 78.700
14 47000 187.158 1864590
15 49000 664392 62.880
16 51000 17.301 264400
17 56000 £6.398 964120
18 57000 54,442 354940
19 61000 92,460 103.910
e 20 63000 464,965 744440
A 21 64C00 554553 21,810
A 22 £5000 75.118 65.630
i 21 66000 1134.577 1144.720
W 24 67000 146,098 2424450
e 25 69000 1244915 301.300
7% 26 71000 30,969 524360
I3 27 72000 19.710 21.280
X 28 73000 27.28¢C 5.120
S 29 76000 1e02.318 1153.470
e 30 75000 182,232 143.460
il 11 76000 5.567 1284020
il v ! 32 91000 159,660 1534900
fl 4 33 96000 657,263 1010.57C
‘ e 27000 2109.25¢# 1283,080
AIPCRAFT 1.053 1.165
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TABLE 7-6.

Wuc

AIRCRAFT

PREDICTED

MFHBF

L]

12,731
10.248
6.035
284503
52.201
11.781
10.734%
413.588
11,459
14.873
41.334
48,991
12¢.823
21,157
73.198
16.159
54.116
63.503
62,055
654337
68.764
452.591
25.932
107.900
1152.971
752.639
784.813
554.350

PREDICTION OF HISTORICAL ROTARY WING
AIRCRAFT RELIABILITY -~ CH-53D

HISTORICAL

MFHBF

e . 8 s ot s e vt . S

20.850
11.680
8.970
5.910
27.790
“6.540
11.490
10,450
402,550
11.580
15.280
43.920
50,750
90.140
20.130
60.090
15.580
524750
63.110
50,140
53,920
99.670
380.390
23.980
101.630
1247.880
760,290
702.760
6584140
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TABLE 7-7. PREDICTION OF HISTORICAL ROTARY WING
AIRCRAFT RELIABILITY -~ HH-46A

PREDICTED HISTORICAL
NO, Wuc MFHBF MFHBF
T I I R L R e s s SIS LITIIIE

1 00000 871 864
2 11000 4,974 4,820
3 12000 27.327 254040
4 13000 18,019 19.920
5 14000 15.683 154810
6 15000 6.410 64290
7 22000 17.554 16,900
R 24000 57.794 574730
TR 9 26000 164545 16,230
- 10 29000 24.638 22.450
. 11 41000 140,455 143,270
- i 12 42000 15.832 13.450
. i 13 44000 18.267 17.350
- 14 45000 21.914 16.860
ft‘ L 15 46000 78.215 62.330
: I 16 49000 104,498 2374950
B0 17 51000 17.567 14,510
8 L 18 56000 227.913 233,100
1l ! 19 57000 264109 21,110
d 1. 20 61000 417.391 428.020
A 21 62000 3744121 380,060
; % r 22 63000 44,834 424620
SRR 23 64000 48,756 40,540
il <f 24 65000 183.227 2604610
. 25 71000 29.523 27.980
kI 26 72000 76.086 69.630
RO N 27 91000 477.562 314,530
* ’ 28 96000 344,936 354,100
, } 29 97000 19424371 21044920
A ATRCRAFT 913 .866
[ :g’
i
1]
4 t
¥
\ﬁ. —3
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TABLE 7-8. PREDICTION OF HISTORICAL ROTARY WING
AIRCRAFT RELIABILITY -- SH-3A 1
)
PREDICTED HISTORICAL
NG, WUC MFHBF MFHBF =
ARk bR kR R E ok kR Ak E kR E bk ke ke ¢
1 00000 «857 .851
2 11000 4,816 5,260 1
3 12000 37.170 39.410 g
4 13000 10,382 10,130 i
5 14000 36,322 40,140 ]
6 15000 9,163 9.860 g
7 22000 15,229 16,310 ;
8 26000 18,102 19,710 t
9 29000 24,298 30,820 4
10 41000 267.757 281,170 A
11 42000 13,150 16,450
12 44000 19.417 20,890 T
13 45000 21.637 22.900 C
16 46000 74,433 65.910 h
15 49000 33,801 38.180
16 51000 244659 23.480 :
17 54000 310.825 318.330 Y
18 56000 131.679 128.350 i
19 57060 19.758 17.280 |
20 61000 124,171 138.360 ¢
21 62000 121.761 119,860 j
22 63000 41.173 45.060
23 64000 38.634 35,540 d
24 65000 168.233 163.940 1 -
25 67000 4864570 452,440 i
26 71000 27.963 27.670 %
27 72000 31,690 39,250 ,
28 73000 17.849 7.660 :
29 74000 118,522 118.240 1
30 75000 118.538 114,090 §
31 91000 219,621 209,240 :
32 97000 1848.547 1773.550 {
AIRCRAFT «854 .846
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For most two-digit WUC's of a given aircraft, the predicted MFHBF were in
reasonable agreement with the historical values. Those two-digit WUC
predictions which differed considerably from the historical values were for
WUC subsystems having large values for the MFHBF. Thus, the impact on the
overall MFHBF of the aircraft was minimal.

The validation of the models' predictive ability for notional aircraft,
performed by NAVAIR, led to some changes in the baseline MFHBF prediction
equations of the two models. A comparison between the predicted baseline
MFHBF values obtained from the equation and the NAVAIR baseline for the SBAMS
aircraft estimates showed reasonable agreement, within expected uncertainty,
for most two-digit WUC subsystems. Those predicted values found to differ
significantly from the NAVAIR estimates, which incorporated the 3-M MFHBF
values for the F-14A, A-6E, S-3A, E-2C, C-1A, C-2A, KA-6D, and AV-8A, were the
result of extrapolating beyond the range of values of historical aircraft
characteristics. As the ability to extrapolate was crucial to the use of the

model with--notional aircraft, various equations were adjusted.

To improve the ability to predict with extrapolated data, alternative
equations were chosen for those two-digit WUC subsystems with unreasonable
predicted values. In some cases, alternative equations identified during the
refinement phase of model development were used by NAVAIR to arrive at more
reasonable baseline MFHBF predicted values. In the remaining situations,

predictor variables causing the extrapolation were replaced with other
variables to form an equation with reasonable predictive ability for notional
aircraft. Through the substitution of equations or piedictor variables, the
adverse effects of the extrapolation were minimized, and the final Baseline
MFHBF Prediction Models were formed.
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TABLE A-1. MINIMUM AND MAXIMUM WMFHBF VS TWO-DIGIT WUC
FOR FIXED WING AIRCRAFT
L MFHBF
JULY 76 -- JUNE 78 JULY 78 -- JUNE 79
e HIN MAX MIN A |

00000 0.39 2.42 0.41 1.50
11000 4,68 21.70 3.20 16.31
12000 17.62 205.11 19.17 198.13
13000 5.30 19.37 5.35 20.65
14000 8.78 66.61 8.52 32.94
20000 15.72 73.28 14.41 64.08
22000 14.84 59.86 13.96 242.36
23000 20.10 56.44 20.92 64.08
24000 62.46 73.07 73.75 181.76
27000 15.72 73.28 14.41 53.86
29000 12.73 135.70 10.24 146.10
41000 11.57 137.88 13.98 124.57
42000 5.04 31.42 6.18 27.17
44000 8.83 36.51 9.26 28.35
45000 9.79 119.19 10.10 127.30
46000 9.76 85.10 8.37 101.99
47000 20.46 186.59 12.45 178.69
49000 19.11 298.99 12.87 208.81
51000 7.73 47.08 10.16 34.89
56000 14.97 363.87 13.21 392.53
57000 12.61 127.59 13.00 139.50
53000 51.83 9187.33 - -

61000 18.59 122.15 20.12 138.68
62000 30.96 5211.05 26.32 3809.75
63000 16.58 130.40 14.09 136.32
64000 19.86 1216.50 15.99 1209.38
65000 29.38 217.50 28.95 331.86
66000 182.42 3033.70 270.20 2984.50
67000 5.22 1132.91 5.48 986.24
69000 5.51 301.30 23.69 672.67
71000 10.94 288.89 12.18 172.77
72000 2.69 121.99 2.66 126.02
73000 2.72 159.79 2.77 506.33
74000 2.52 1153.47 2.85 777.65
75000 19.54 156.71 18.81 263.9}
;6000 2.32 198.43 2.31 306.88
21000 2.19 5014.29 2.99 9849.00
21J00 36.64 588.20 35.13 626.86
43000 81.43 283.35 54.25 243.91
Yoyl 201.74 4127.82 240.08 5651.67
47000 269.00 6680.67 395,07 6091.69
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TABLE A-2. MINIMUM AND MAXIMUM MFHBF VS TWO-DIGIT WUC
FOR ROTARY WING AIRCRAFT
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MFHBF

JULY 76 -- JUNE 78 JULY 78 -- JUNE 79
WC MW MAX MIN MAX
00000 0.76 0.98 0.58 0.93
11000 4.39 6.52 2.31 5.77
12000 20.85 44.83 19.77 43.23
13000 8.91 19.92 7.14 19.16
14000 8.97 46.31 8.61 45.50
15000 5.91 11.47 5.06 11.20
22000 10.54 30.17 10.85 33.94
24000 46.54 65.37 53.27 108.33
26000 9.28 19.84 9.06 18.50
29000 10.45 30.82 8.49 28.99
41000 103.29 402.55 104.68 606.95
42000 11.42 19.74 6.64 16.39
44000 14.14 21.23 12.56 28.21
45000 16.86 84.15 14.00 101.26
46000 12.52 128.72 18.52 157.31
49000 25.94 320.95 17.47 331.94
51000 14.51 35.80 14.63 45.35
54000 108.58 318.33 108.10 629.13
56000 57.85 238.86 53.27 143.19
57000 13.80 48.31 13.54 52.06
61000 52.75 428.02 64.72 468.39
62000 63.11 380.06 52.47 1521.38
63000 25.83 85.23 22.44 72.72
64000 29.61 101.20 24.91 111.33
65000 27.20 260.61 28.07 158.79
67000 380.39 1020.92 267.35 708.59
71000 20.67 45.34 21.54 46.32
72000 23.40 108.99 20.65 94.97
73000 6.62 51.03 7.11 88.89
74000 81.58 137.37 70.29 123.70
75000 75.31 5322.86 39.68 3360.00
76000 310.51 3568.00 247.40 2404.17
91000 209.24 1021.10 91.59 857.07
96000 354.10 1579.40 400.45 5412.00
97000 758.53 10523.75 882.46 4263.00
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1 ! ESTIMATED DESIGN/PERFORMANCE
r ?‘ AIRCRAFT PARAMETERS
o
‘;; 5 Fixed Wing
s,
I Y AV-8A, F-8J Fuselage Wetted Ares
)’%fi 3 AV-8A Fuselage Volume
?“-ii ; KC-130F, F-4J Max. Speed -- Mach Number
i) i; F-4n Date of 1st Flight - Prototype
% R A1l Aircraft Wing Wetted Area
el ATl Adfrcraft Total Wetted Ares
ji 4 C-1A, E-18B, RF-48 Min. Time: Sea Level to 20K Ft.
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? l ! TABLE A-6. GENERAL NOTES
i FIXED AND ROTARY WING AIRCRAFT

i Most of the design/performance parameters are standard terms discussed in
: i MIL-C-5011A, MIL-STD-1374A, and SD-24K, Volumes 1 and 2. To insure that
broper values are used in the prediction equations of the two models, the

‘ ‘011owing explanations and definitions are provided. Reference Tables A-8 and
A-9 for a complete 1ist of design/performance parameters.

Fixed Wing Aircraft

0 Type A or B:

A binary indicator parameter wused to permit <categorical
differences between aircraft to be accounted for. For a Type A
aircraft, this parameter is set equal to "0" (zero), and for a
Type B aircraft is set equal to "1" (one). Type B aircraft
include fighter, attack, vreconnaissance (derivatives of
fighter/attack), and electronic warfare; Type A is all other
aircraft.

0 Kinetic Energy (multi. of 100,000):
The (Maximum Landing Weight in Lbs) times the (Landing Sink
Speed -- Limit in Ft/sec)?, i.e., KE = ( Wt. in Lbs.) times
(Speed in Ft./Sec.)®. Then KE is divided by 100,000 prior to
use in a prediction'equation. This is a modified definition and
should not be confused with the standard definition in a physics
text. Example -- (25,000 Lbs) times (22.0 Ft/Sec)®
= (25,000 Lbs) times (484.0 Ft%/sec?)
= 12,100,000.0 Lbs-Ft2/Sec’

Then  (12,100,000.0 Lbs-Ft%/Sec?) divided by 100,000.
- 121.0 Lbs-Fté/sec?

0 . Date of 1st Flight -- Prototype,
Date of 1st Flight -- Series:
Coded values equal to the number of months since January 1,
1950; i.e., January 1950 has the value of "1", February 1950
has the value of "2", ..., December 1950 is "12", Qecember
1951 is "24", etc.
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TABLE A-6 (Cont.). GENERAL NOTES
FIXED AND ROTARY WING AIRCRAFT

Crew Size -- Cockpit or Total:
"Cockpit" crew size applies to Type B fixed wing aircraft; and
"Total" crew size applies to Type A fixed wing aircraft.

Number of Movable Flight Control Surfaces:
Includes flaps, spoilers, ailerons, speedbrake, slats, rudders,
etc.

Number of External Store Stations:
The number of external attachment points for munitions.

Flight Control Surface Area:
Sum of the areas of the flaps spoilers, ailerons, speedbrake,
ailerons, slats, rudders, etc.

Wing Wetted Area:
Value obtained by solving for wing wetted area in the expression

Wing Wetted Area
Int. Wing Fuel Cap.

Fuselage Wetted Area
[nternal Fuel Cap.

Total Wetted Area:
The sum of fuselage wetted area and wing wetted area.

Max. Rate of Climb at Sea Level:
The maximum rate of climb calculated at military/intermediate
power settings for turbofan and turbojet engines; at normal
power settings for turboprop and turboshaft engines.

Min. Time: Sea Level to 30K Ft.:
Minimum time calculated at military/intermediate for turbofans
and turbojets, or normal power settings for turboprop and
turboshaft engines.
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TABLE A-6 (Cont.). GENERAL KOTES
FIXED AND ROTARY WING AIRCRAFT

0 Total Generator Elec. Power:
Total electrical power supplied by all aircraft generators
operating at rated power levels.

0 Empty Weight:

A configuration for design purposes, as defined in detail model
specifications. Does not include crew, fuel, oil, armament,
cargo, bombs, and disposable or special equipment.

0 Max. T.0. Weight -- Cat. or Normal:
Maximum take-off weight is the greatest weight for take-off
established by Technical Orders, design requirements, or other
specific recommendations of the procuring agency.

0 Bypass Ratio:
The fan duct air flow divided by the core ai flow.

0 Max. Speed -- Mach No.: -
Highest Mach Number that can be obtained across all design
missionsg,

0 . Afterburner Indicator,
Recce. Indicator,
EW Indicator,
A/C Carrier or Land Based:
Binary indicator parameters used to permit categorical
differences between aircraft to be accounted for.

v I light Design Weight:
Wieight at which specified flight structural design requirements
are met or are required to be met.

0 viax. Speed at Sea Level:

Maximum speed obtainable at Sea Level across all design missions.
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X *3 TABLE A-6 (Cont.). GENERAL NOTES
; ?‘: FIXED AND ROTARY WING AIRCRAFT
i %»’ 0 . (Max. Rate of Climb) x (Type A or B),
4 (Max. Speed -- Mach No.) x (Type A or B),
’ %ﬁ (Max. Speed at Sea Level) x (Type A or B),
1. (Min. Combat Mission Time) x (Type A or B),
1 (Avionics Wt. Instailed) x (Type A or B),
i ; (Max. Wing Loading) x (Type A or B):
i1 i‘ These parameters are called interaction terms and are formed
% .i by the product of an indicator parameter (i.e., Type A or B)
;é E . as it applies to a given aircraft and a design/performance
; % gf parameter., See Section 5.5 and 6.1.1 of Volume Il for a more
ian j ’ detailed explanation.
1 {' 0 Number of Engines:
g; The number of primary engines for aircraft of conventional
K design, and the number of primary 1lift/cruise engines for
zg aircraft designs having primary 1lift/cruise engines plus
f auxiliary 1ift engines. The auxiliary 1ift engines must be
3 accounted for and predicted separately.
3
0 Total Aircraft Thrust -- Military:
) The sum of the rated thrust for each primary engine (e.q.,
. lift/cruise) at military or intermediate power setting.
‘ 0  viax. No. of Ext. Arm., Stores:
: Maximum number of munitions that can be carried externally by
: the aircraft. For example, the A-7B has 6 weapons pylons and
-i each pylon can carry a maximum of 3 munitions. Therefore, 18 is

the maximum number of armament stores.

0 Landing Sink Speed -- Limit:
The ultimate sink speed for which the aircraft is designed.
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8B A-6 (Cont.). GENZRAL NOTES
FIXED AND ROTARY WING AIRCRAFT

Total Aircraft Thrust -- Military,

Maximum Thrust per Engine,

Max. Thrust to Installed Engine Weight,

Max. Thrust to Max. Take-Off Weight,

Max. Thrust to Max. Landing Weight,

Military Thrust to Design Weight:
Horsepower figures for aircraft with turboprop, turboshaft,
or reciprocating engines were converted to thrust using

_ 300 HP

F+ = “wpR

Max. Payload

Max. Service Ceiling,

Max. Combat Radius,

Max. Combat Mission Time,

Max. Speed at Sea Level,

Max. Wing Loading: )
The maximum values across all design missions excluding the
ferry mission

Min. Time: Sea Level to 30K Ft.,

Min. Combat Mission Time,

Min. Stall Speed -- Approach Power,

Min. Landing Distance -- Ground Roll,

Min. Time: Sea Level to 20K Ft:
The minimum values across all design missions excluding the
ferry mission

Ldg. Wt. -- Arrested or Design:

The maximum arrested 1landing weight if the aircraft is
carrier-based; the maximum design landing weight if the aircraft
is land-based
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"TABLE A-6 (Cont.). GENCRAL NOTES
FIXED AND ROTARY WING AIRCRAFT

Rotary Wing Aircraft

Empty Weight:
A configuration for design purposes, as defined in detail model
specifications. Does not include crew, fuel, oil, armament,
cargo, bombs, and disposable or special equipment,

Max. Take-0ff or Landing Weight:
The data available for data base development consistently showed
the two parameters to be equal "in value. If a situation
develops where the values are different, the recommended
approach is to use the larger value.

Crew Size -- Total:
— The total number of crew members for which the aircraft was
designed, i.e., cockpit crew plus all other personnel normally
assigned to the aircraft.

Ho, of Troops:
The number of troops that can be accommodated/carried by an
aircraft having a primary mission of marine assault,

Ho. of External Launch Points:
The number of external attachment points for munitions with the
exception of flares,

Max. No. £xternal Armament Stores:

The maximum number of droppable ordnance items carried
externally which may be accommodated by the aircraft.
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TABLE A-6 (Cont.). G<RZRAL NOTES
FIXED AND ROTARY WING AIRCRAFT

Ho. of External Torpedo Store Stations:
The number of external attachment points which can accommodate

torpedos., '

No. of Internal Sonobuoy Stores:
The total number of individual sonobuoys carried internally by

an aircraft.

Tail Pylon Fold:
A parameter whose value is "1 if the notional aircraft has a
tail pylon fold and "0" if the aircraft does not have a folding
tail,

. Date of 1st F1t. -- Series,

. Date of 1st F1t. -- Prototype,

. Date of 1st Flt. -- Service,
Coded values equal to the number of months since January 1,
1950; i.e., January 1950 has the value of "1", February 1950
has the value of "2", ... December 1950 is "12", December

1951 is "24", etc.

Tokal Aircraft SHP -- Mil. or Int. Power:
The product of the number of propulsion engines and the Military
or intermediate shaft horsepower per engine.

Hilitary or Int. SHP per Engine:
The SHP rating of a single engine operated at military or
intermediate power setting.

ifo. of Mission Variants:
The number of different missions the aircraft is equipped to
perform, The missions include anti-submarine warfare (ASW),
marine assault (MA), vertical onboard delivery (VOD), and search
and rescue (SAR).
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TABLE A-6 (Cont.). GENERAL NOTES
FIXED AND ROTARY WING AIRCRAFT

0 Total Rotor Disc Area (Sweep) -- Main + Tail:
The area swept by one revolution of a main rotor blade plus the
area swept by one revolution of a tail rotor blade.

) Main Rotor Disc Area (Sweep):
The area swept by one revolution of a main rotor blade.

0 Main Rotor Blade Area (Total):
The sum of the area projected by each main rotor blade.

0 Auxiliary Power ynit:

-
PN

A binary indicator parameter used to permit differences between

aircraft having or not having an auxiliary power unit to be
. - accounted for.

- N

0 Total Generator Electrical Power:
Total electrical power supplied by all aircraft generators
s operating at rated power levels,

% ' ) . Max. Disc loading,
' Max. Rate of Climb -- Normal,
‘ Max. Service Ceiling,
. . Max. Speed at Sea Level,
Max. Combat Radius,

HE S TR

Max. Combat Range:
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The maximum values across all design missions excluding the
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o ferry mission,
2 " [N

t

0 MA [ndicator:

A binary indicator parameter used to permit differences between

T 3 i)
Al T e
e L
n

aircraft having or not having marine assault as the primary
mission to be accounted for. [f the notional aircraft's primary
mission is marine assault the parameter has the value of "1,
othe~wise it has a value of "¢,
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TABLE A-7. OMISSIONS AND SUBSTITUTIONS OF
DESIGN/PERFORMANCE PARAMETERS

The following remarks reference all entries in the Design/Performance Data
B3ses for which omissions or substitutions were required.

Fixed Wing Aircraft

0 . Turbine Inlet Temperature,
Number of Turbine Stages,

LESE S e e L L Pt | g e A L

Number of Fan plus Compressor Stages:
Data values were omitted for the E-1B and C-1A as these

parameters are not applicable to reciprocating engines.
0 Specific Fuel Consumption:
pata values were not available for the E-1B and C-1A. 1
0 Max. Take-Off Weight:
For the KC-130F, KC-130R, P-3A, P-3B, and P-3C, the Max. Take-Off
Weight (Normal) was wused in place of Max. Take-Off Weight
(Catapult).
0 Max. Landing Weight:
For the KC-130F, KC-130R, P-3A, P-3B, and P-3C, the Max. Llanding
Weight (Design) was wused in place of Max. Landing Weight
(Arrested).
) . Min, Time: Sea Level to 20K Ft.,
Hin., Time: Sea Level to 30K Ft.:
For the KC-130R the times associated with the mission for which

the rate of climb at sea level is maximum were used instead of
the true minimum time; for all other aircraft the same mission
provided both the minimum time and maximum rate of climb.
) Bypass Ratio:
Data Values were omitted for the C-1A, C-2A, €£-1B, E-2B, E-2C,
KC-130F, KC-130R, P-3A, P-3B, and P-3C as this does not apply to
aircraft with turboprop and reciprocating engines.
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e TABLE A-7 (Cont.). OMISSIONS AND SUBTITUTIONS OF
¥
& A i: DESIGMN/PERFORMANCE PARAMETERS
s
g{i & o  Max. Combat Radius: :
sl }55 Since a ferry mission was associated with the maximum combat .

- —
e

radius given for the A-6E, the next Tlargest radius vaiue was
entered in the data file,

-

0 Number of Engine Parts:

O, i A!‘c&« E&- R
PR ErI

13 of the 32 aircraft are missing data values; these values were
unobtainable from the engine manufacturer.
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‘; Rotary Wing Aircraft
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No omissions or substitutions.
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LIST OF ACRONYMS AND SYM3OLS
L :, A Attack
A AAN Air-To-Air Warfare
] gg l AEM Aircraft Early Warning
1B ;7‘ Arr, Arrested Landing
SR BN ASUV Anti-Surface Warfare
v I ASM Antisubmarine Warfare
‘“} boo A/C Aircraft
i ?Q Cat. Catapult
i I CoD Carrier Onboard Delivery
D e e CTOL Conventional Takeoff or Landing
by ECS Environmental Control System
Lo EW Electronic Warfare
P F Fighter
T FPM Feet Per Minute
HELO Helicopter
Inst Installed
i Int. Intermediate
i k Ridge Parameter
ENE SN KVA Kilovolt-Ampere
: ‘fi ! In{MFHBF) Natural Log of MFHBF
] ¢ MA Marine Assault
| oam MFHBF Mean Flight Hours Between Failures
: Mil. 7 Military
' NATOPS Naval Air Training and Operating Procedures Standardization
¢ PSF Pounds Per Square Foot
}‘ r Correlation Coefficient
e R2 Coefficient of Determination
oo Recce Reconnaissancz
.- SAC Standard Aircraft Characteristics
i SAR Search and Rescue
v i SBAMS Sea Based Air Master Study
- S.L. Sea Level .
|- E SSE Sum of Squares of Error §
LB SSR Sum of Squares Due to Regression !
A STOL Short Takeoff or Landing !
A STOVL Short Takeoff and Vertical Landing ;
am TKR Tanker i
" TYPE A Carrier Based Aircraft -- ASH/ASUM, AEW, COD, Tanker, Etc. ]
P TYPE B Carrier Based Aircraft -- Fighter, Attack, Reconnaissance,
i Electronic Warfare
R TYPE L Land-Based Aircraft -- Patrol ASW, Tanker
e Uninst Uninstalled
K VIF Variance Inflation Factor
1 e VoD Vertical Onboard Delivery
e V/STOL Vertical/Short Takeoff or Landing
SN el Wuc Work Unit Code
1 s 3M Maintenance and Material Management System
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