Ba Al Aia-Ais dia Ata dte 204 070 S-h AR RtA BLELS A A il Al Sl Sinl ek Sal Bek Sai Saib SRR e R L

- €
NAVAL POSTGRADUATE SGHOOL

Te)

(0)

(o) . .
o Monterey, Galifornia
< Ml ok CORY
o

<

pDTIC

~LECTE
MAY 2 9 1987

| THESIS

COST ESTIMATING RELATIONSHIPS FOR
FIGHTER AIRCRAET
by
o Hong, Won Pyo
2
£
e March 1987
)
o
E:;C.
e Thesis Advisor Michael G. Sovereign
5

Approved for public release; distribution is unlimited.

v, . @ ¥
2%t

* .
kY
-
-
.‘.
L
-y
-
-

R a

v,

q -
! 'Vv‘ D R ‘}‘.. :'. - x p’, ‘!p",-:.,-",-‘ '-__\._-\-x\‘;\-‘.\}'-',)',-\__'.-_\ ..\‘_ .. ".‘.:.._-.__:...-»._.-.;*. .................................................. ‘_‘-._‘.. ‘‘‘‘‘‘‘ L W .‘.','
T T G T O o S v o o S A s S



T e, e —

Dl

Z @
Ogm*""

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



ke Mud dva a-S ol Ba s A d O Lo D ala das Sei kas Mat das feiata-obd s aRE ad R ooV it auit Rii i8R0

Saraed & 2ol fude st aoh Bal bad i balodahyafie tkavikin ok Rt il dht

A58 o7

SECLRITY CLASS FICATION OF Tw'S§ PAGE

REPORT DOCUMENTATION PAGE

1y REPORT SECURITY CLASSIFICATION b RESTRICTIVE MARKINGS
23 SECURITY CLASSIFICATION AUTHO (1Y 3 D'STRIBUTION7AVAILABILITY OF REPORT
Approved for public release;
2b DECLASSIFICATION ' DOWNGRADING SCHEDULE Distribution is unlimited
3 PEREORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NJUMBER(S)
a4 NAME OF PERFORMING ORGANIZATION 60 OFFICE SYMBOL |72 NAME OF MONITORING ORGANIZATION
(If applicadis) |
Naval Postyraduate School w3 Naval Postgraduate School \
6¢ ADDRESS (Cify Stare. and 2iP Code) b ADORESS (City. State. and ZIP Code)
Monterey, California 93943-5000 Monterev, California 33943-5000
82 NAME OF FUNDING / SPONSORING 8b QFFICE SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
CRGANIZATION (iIf applicable)
8¢ ADDRESS (City. State and 2IP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROLECT TasK WORK _NIT
ELEMENT NO  |NO NO ACCESS ON NO

'tOTTUE (include Security Classification)

COST ESTIMATING RELATIONSHIP FOR FIGHTER AIRCRAFT

: 2 PERSONAL AUTHOR(S)
HONG, Won Pyo

1y ¥R OF REPORT 'In T ME COVERED 14 DATE OF REORT (Year Month Day) |'S PacC: ¢ J_N!
. Master's Thesis sROM_tO0 1987 March 60

6 SUFAINENTARY NOTAT'ON

r__' (OSAT CO0ES 18 SUBIECT "EAMS (Continue On reverse f necessary and «dentify by bdicch number)
e GROUP $uB.GROUP Cost Estimating Relationshins, Fighter Aircraft,
Price-Level , Cost-Quantity, Nrdinary Least
I Squares (OQLS) FEstimation

"3 LBSTRACT (Continue On reverse «f necessary and identify by block number)

° This thesls presents Cost Estimating Relationships (CERs) for
fijnter aircraft. Since the fijhter aircraft is one of the most
imnortant tactical weapon systems, it is very useful to establish C7IRs
solely for fijnter aircraft. Usinj the public data on 'J.S. fighter
aircrait, Ordinary Least Squares(0OLS) 1s used as the primary statistical
met.aod of estaolishing CiERs. he data collection techniques and adjust-
aents used are discussed, and sianle and nultinle linear reqgressions are
Jerformed on various combinations of the explanatory variable. Tais
thesls tnen snows that CERs based on new fighter aircraft data are nwore

. reliaoie than vhose based on new and old fighter aircraft data, v
. - 7< - "“‘ { =
. ’ o . s ' .
rd s -

L1 39,7 C% avALABILTY OF ABSTAACT 21 ABSTRACY SECURITY CLASSIFICA TION

£ wciassseounimirgd [ same as aer Qo1 .sE8S Unclassified
coa natSE OF RESPONS BLE %OV OUAL 115 TELEPRONE (Include Area Code) |22 Cib (: S1\By)

Hichgel C. Soverciin 108-r4h-2nld 5733
(s]0] 'ORM"’,.Q‘VA. 8} APRegtcn ~ayde it o lu. sutted SECURITY TLASYFCAT o0 W g Pali

Allgtrer @G LONt 870 SDIOIetE
1

\’ I SRR L e _ B O A K P TSI @ ‘~'~‘ ‘4- Clatttd ‘;‘;;;:
i, BT L S LAY DS S e NS \"\l_'-:’."-f"d' .;'.mm...r- Y 9%

-L‘s-.(.‘.n-l'.n_- A 2 A

PP S-Lw\‘, M&g‘ RPN ‘.\mﬁ"p.w



Wﬁmmn.-n- W T N W T W W PR T W ST P T TR TR T A T

;

La )

oL

Approved for public release; distribution is unlimited.

Cost Estimating Relationships for Fighter Aircraft

by

Hong. Won Pyo
Major, Korean Air Force
B.S., Korean Air Force Academy, 1977

Submutted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OPERATIONS RESEARCH

from the

NAVAL POSTGRADUATE SCHOOL
March 1987

o e ao e s a o e & a Ak bt AUS A b atd et d ALl ath atd A alheal

L
[ 4
Author 7g {M
long, Ywon Pvo t
S ( ’ \
Approved by: /k“‘i ﬁ"’

Michael G. Sovereign, Thesis :\%or

.0 :
'} /.’" o ~— \
8 Dan C. Boger, Scggnd Reader

P. Purdue, Chairman,
Department of Operations Research

e T M e LN

Dean of Information and Policy Scie

2
---------- b 0y W CET g e Cu o (A Q%8BT T
, Wy )r“'.%..\:.'-"- ."," '-.."ﬁi’hﬁ‘ \‘_._' *I,#J"".' (R ¥




TS A = A T VT TV VY AT T e G e .t o
YT TN Y M TR ST LM LT L LT T TR 1 T W (RIS WA TR L TM T W T LW M T T T WL W W VW LT WL TR I L O T L e T e T T e = S

ABSTRACT

This thesis presents Cost Estimating Relationships (CERs) for fighter aircraft.
Since the fighter aircraft is one of the mwost important tactical weapon svstems, it is
very useful to establish CERs solely for fighter aircraft. Using the public data on U.S.
fighter aircraft, Ordinary Least Squares (OLS) is used as the primaryv statistical method
cf establishing CERs. The data collection techniques and adjustments used are
discussed, and simple and multiplc linear regressions are performed on various
combinations of the explanatory variables. This thesis then shows that CERs based on

new fighter aircraft data are more reliable than those based on new and old fighter
aircraft data.
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I. INTRODUCTION

A parametric cost estimate has been defined as an estimate which predicts cost
by means of explanatory variables such as performance characteristics, physical
characteristics, and characteristics relevant to the development process, as derived from
experience on logically related svsiems [Ref. 1@ p.72]. It is based on the assumption
that the past is somehow a reliable guide to the future, which means the estimation
captures the relationship between past experience and future application.

The cost estimation of mulitary hardware uses ¢xperience on existing equipment
to predict the cost ol next-generation weapons. Traditionally, acquisition of next-
generation weapons requires substantial costs.  In the past, however, cost was not
alwavs a mejor consideration in choosing the weapons. To save money in the long-run
and operate within a tighter budget. costs must be rehiably estimated during
requirements formulation in Jetermining which weapon provides the best value in
fullitling mission needs.

Cost Estimating Relationships (CERs) are mathematical equations which relate
svstem costs as a function of various explinatory varables. Thev are most generally
denived through statistical regression analysis of historical cost data. The construction
and use of CERs forms the foundation for making independent parametric cost

esumates [Ref. 20 p.2)

A.  THESIS OBJECTIVE

Developing new CLRs for fighter aircraft is the major objective of this thess. In
fact, there are several cost esumating methods and CERs for aircraft. This thesis will
discuss  the statisucal approachs and the CLERs for fighrer wreraft only using

explanatory variables such as thrust, weight, ete.

Lins thesis also has objectives related to the goal of developing new CERs. They

.':rl

:-.\ JATC

l‘\

s Iy To research currently developed CLRs based on histonical data. There are
.'; many CERs which were developed in previous periods. They may be used by
AN an eyperienced analyst and study of them will be helptul to develop new
}‘;: CELRs.
%
¥
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2)  To present data collection and adjustment approaches. Collecting the right
data and adjusting the collected data are required in order to develop CERs.
Data imperfections are frequently encountered difficulties in weapon sustem
cost estimation.

3)  To apply alternative statistical methods. CERs that use explanatory variables
are relied upon to predict the cost at a high level of aggregation. The
statistical tecnniques can be used in a variety of situations, but not for all
situations. They will vary according to the purpose of the studv and the
information available.

4)  To apply CERs. By using newly developed CERs, it mav be possible to
predict the costs of fighter aircraft. Alsa, it may be possibie to estimate the

costs of international fighter aircraft from this CER.

B. WHY DO THIS?

Korca (South) knows the miserv of war as a result of the Korean War
(1930-1953) and wishes to live in peace forever. FHowever, North Korea is a belligerent
communist country. Therefore, as a deterrent to an all-out war, Korea has to have
high defense capabilities.  Maintenance of a strong defense force 1s one of the most
reliable wavs to keep the peace.

Ownership of superior weapon svstems is one of the best methods of maintaining
strong Jefenses.  Fighter aircraft are one of the most powerful weapon svstems
Jdeveloped lor modern warlare.  However, fighter wircraft acquisition is extremely
expensive. Since excessive spending tor defense will check national development, the
choice between svstems must be seriously considered.

Korea is sull a developing country and is currently one of the major weapon
umporting couatnes.  Nevertheless, the econonue growth oif Korea is worthy of close
attentton. Koreu's economy has been growing at an increasing rate for more than
twenty vears. As a result, Korea s now changing from a weapon imporung country to
a weapon producing country.

At this ume, it could be meanmngtul to develop new CLRs for fighter wrcratt.
CLRs are based on readily availuble explunatory vanables, so they allow the deaision
maker 1o evaiuaie the cost impact of future devgns and make trade-ofls accordingly.
After acguisition, the potential use of these C1LRs sull exists. They mav be used as
validated CERS the nent tme. However, since the earlier CERs are out of date i that

they did not mnclude tae newest data, developing new CLRs 1s necessan,

Y



XK Korea's particular interests regarding fighter aircraft are weight, speed, and
ne) electronic equipment. As a defense force. fighter aircraft mwust be sufficiently
lightweight that thev can be used quickly to react against attacking aircraft. However,
as interceptors, fighter aircraft have to have high speed capability and superior
electronic equipment in order to intercept targets. Therefore, fighter aircraft must be
lightweight, vet be able to reach speeds of at least mach 2.0, and carrv the newest
superior electronic equipment. Fighter aircraft such as the F-16 or F-18, for example,

are the most suitable types for Korea.

C. ORGANIZATION

Chapter Il introduces some of the CERs that have becn developed for aircraft.
Chapter [I1 deals with the data collection and adjustment. Chapter 1V concerns the
statistical approach and includes a discussion of the ordinary least-squares method as a
regression technique. Chapter V deals with the analvsis of the established models and
includes a description of the prediction analyvsis which estimates the costs of an
international fighter aircraft from the CERs of U.S. fighter aircrafi. Finally, Chapter

V1 oflers conclusions regarding the interpretation of selected CERG.
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II. PRIOR FIGHTER AIRCRAFT CERs

As implied earlier, CERs are based on historical data. These CERs are no better
than the data on which the CERs are based. Therefore, reviewing some of developed
methods and models may have a beneficial effect on developing new CERs.

Many organizations have developed cost models, and different techniques have
been emploved. Through the vears the Rand Corporation has organized and updated
the Department of Defense (DOD) data base for airframe costs, identifving the
defictencies and correcting them where possible, mainly in support of Air Force
sponsored rescarch efforts.

"A Computer Model for Estimating Development and Procurement Costs of
Aireraft (DAPCA-LH, which was published in 1976, is one of Rand’s aircraft airframe
cost models [Ref. 3. It is based on a sample of twenty-five U.S. military aircraft
including fighter, attack, bomber, and cargo aircraft. The model uses CERSs to estimate
the develepmen: and procurement costs of two major flvitvay subsvstems of the
arrcraft: arrframe and engines.  Avionics costs are included in the model but are not
denved parametrically. These costs, however, do not quite constitute the total svstem
cost of the aircralt.

Table 1 shows the CLERs used in DAPCA-IIL. Theyv are based on the cost of
total production giantity of 260 units including prototvpe aircraft. For those wireraft
whose total production quantity 1s less than 200 units, the cost-quuntity relationship or
learning curve 1s used n arder to obtain a value at that quanuty. CERs used in the
model are based on log-linear regressions {theyv are shown in the power form). The

nuwjor explanatory varables are wrframe unit weight and maximum speed at the best

altitude. Addionally, the tume of first light in calendar quarters after 1942 1s found to

L)
»Te "

be a sienuficunt explanatory vanable for recurring manufactunng labor and matertals,

1!-‘-, i

and improves the statistical propeities ol the equation. Thus, equanons with and

X
P2 e

without the time vanuble were considered separately.  Also. the dummy vanable

LI I
R,
¢

PR
% u

destgnates whether cargo or noncargo wireralt were used for flight test cost.

0y

Costs are provided 1n seven categories: total engmeenny hours, total tooliny
hours, nonrecurning manufacturine labor heurs, recurnny manutucturing labor hours,
nonrecurnny mantlacturiyg matertal coste recurnng manutactunng nateral costs, and

farht test costs. Al costs ased i the model are i constant 1973 dollars.
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TABLE 1
SELECTED CERS FROM THE DAPCA-III MODEL

E 20.032 - W0-6636 . g0.9871 , 200-(b+ 1). Qb+l . 1076

T
ML\R = 0.62397 - WO-6883 . g1.2109.. 4o-6

\'““R = 1188.5 10.8306 , 50.5464 . T-0.47ll . 200-(b+ 1), Qb+l + 1076
MMy g = 0.03061d - WO-7240 . 19240 . 16

\l\dk = 93.J09 \\,’0.8121 0 50.6951 c T0.4744 . 200-(b+‘ 1), Qb+1 5 10-6
MMp = 191.85« W1:8600. g0.8126 . 30)-(b+ 1) Qb+ 1 15

FT = 153.25 ¢ \VO.7095 5 50.5336 . QFT0.7160 3 Dv-l.5570 . 10-6

ALK \\70.6214 R 50.5323 . 200-(b+ 1) . Qb+l . 10-6

where:

E = total engineering hours (millions)

T = total tooling hours (nmullions)

ML\ p = nonrecurring manufacturing labor hours (imillions)

MLgp = recurring manufacturing labor hours (mullions)

MM\ g = nonrecurring manufacturing materials cost (millions of 1975 dollars)
MMp = recurring manufacturing materials cost (millions of 1975 dollars)

FT = flight test cost (millions of 1975 dollars)

W = airframe unit weight (Ib)

S = maximum speed at best altitude (kts)

Q = airframe quantity

b
T = ume of first flight (calendar quarters after 1942 = 4 * linput daie ~ 1942.75} )

exponent cuirsponding to cumulative average learning curve slope

Q7 = number of flight test aircraft

DV = dummy variable (1 for noncargo, 2 for cargo aircraft)

several diflerent tvpes of military awrcraft. A cost model based on a

parametric cost model for fighter aircraft only [Ref 4J.

DAPCA-IIT 1s a meaningful model for use as a long-range planning tool for
normal. full scale preduction programs. However, the model is based on a sample of
more

homogencous data sample is the result of the work of J. Large. It presents a
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Large’s “A Comparison of Cost Models for Fighter Aircraft”, which was
published in 1977, is another of Rand's aircraft cost models and is referred to as tie
Large model [Ref. 4]. It derives CERs to estimate the fighter aircraft cost onlv. There
are two types of CERs in the model. One is derived from a sample of seventeen U.S.
nulitary fighter aircraft only, while the other is derived from a sample of thirtv-one
different types of aircraft. The larger sample fighter aircraft data includes several older
fighter aircraft as well as new fighter aircraft.

Table 2 shows the CERs based on a sample of fighter aircraft only. They are
based on cumulative total production quantity of 100 units. Like DAPCA-III, the
most reliable explanatory variables are airframe unit weight and maximum speed.
Additonally, the model afforded an opportunity to exanmine an explanatory variable
that was thought to have special applicahility to fighter aircraft. [t is referred to as the

specific power (P) and represented as

(static thrust}max speed)

P = 0.003069 X
combat weight
Both speed and specific power were considered separately along with weight and other
variables in the regression analyvses, for comparison purposes.

Costs are provided in seven different categories: cumulative total engineering
hours, cumulative total tooling hours, development support cost, flight test cost,
cumulative recurring manufacturing hours, cumulative recurring manufacturing
materials cost, and cumuiative recurring quality control hours. Then. in order to
accommodate the less detailed older data, two of the cost categories in DAPCA-II --
nonrecurring labor and materials-- are combined into a single category, development
support.  All costs used in the model are in constant 1973 dollars.

The Large model, as a model based on fighter aircraft only, compares the CERs
tor fighter aircraft with the CERs for difterent types of aircraft, and with the CERs
used in DAPCA-IIL. However. since the model was published in earlier times, the cost
information for older aircraft are less reliable than for later aircraft, and the
development and production experience of these earlier aircraft are not considered an
appropriate indicator of the future. Furthermore. as in DAPCA-HI, CERs used m the
mode! make use of subsvstem characteristics in order to estimate the costs of airframe,

engines, ete. Fheretore, it would be desirable to develop new CERs which are based on

recent aircralt data and make use of overal! aircraft characteristes.,
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TABLE 2
SELECTED CERS FROM THE LARGE MODEL

EIOO = (.000015 - W‘l.l-t 3 S’~39
Ejgo = 0.0276 wl24. p0.72
Tigg = 00383+ W0.657 . ¢0.760
= 3.754 - WO.715 . p0.446
Ty = 4754+ W o5
ML, = 0.097 - W0l . g0.306

100
ML o = 0.878 + W0-986. p0.246

100

MM, = 0.0011 - w108 . gl.11
,\[.\1100 = (0.404 « W23 . p0.367

DS = 0.00632+ Wh17. §0.63 . prAlL10
DS = 0.037- wh13. p0-33. pr098
FT = 0.00104 + W0-63 . gl.14 . pp 1.2
FT = 1.053 + W0-72. pO.7L. FrAlL16
QC,gp = 0.00029 - wo-ed | gl.3s

QC,gq = 0.0321 - W08 . p0-57

where:

E|go = cumulative total engineering hours at 100 aircraft (thousands)

T oo = cumulative total tooling hour at 100 aircrafi (thousands)

.\IL100 = cumulative recurring manufacturing labor hour at 100 aircraft (thousands)
MM
DS
FT

QC, 4o = cumulative recurring quality control hours at 100 aircraft (thousands)

jop = cumulative recurring materials cost at 100 aircraft (thousands of 1973 dollars)

development support cost (thousands of 1973 dollars)

flight test cost (thousanas of 1973 dollars)

W = airframe unit weight (Ib)
$ = maximum speed (kts)
P = speafic power (hp Ib)

FTA = number of flight test aircralt

"Cost Esumating Relationships for Tactical Combat Aircraft”, which was
published by IDA (Institute for Defense Analvses) in 1984, is one of the most current
cost models for tactical combat aircraft and is referred to as the 1DA model [Rell 5] It

1s based on a sample of twentv-six LS. nubitary aircrafe fighter, attack, bomber
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aircraft. etc. However, seven fighter and attack aircraft are used to develop the CERs
for RDT&E (Research, Development, Test and Engineering) cost, and fourteen fighter
and attack aircraft for procurement cost.

Table 3 shows CERs used in the IDA model. They are developed to estimate the
RDT&E and procurement costs of fighter and attack aircraft. To develop the CERs,
overall aircraft characteristics are used, and this is one of the main features of the
model. CERs used in the model are based on log-linear regressions. Total production
quantity of 400 units is selected as the quantity to obtain the costs for the regression.
The major explanatory variables are DCPR (Defense Contractor’s Planning Report)
weight, thrust DCPR weight, maximum specd at best altitude and 10C (Initial
Operational Capability) date. DCPR weight is derived from empty weight by use of
the relationships indicated in Table 3.

Costs are provided in two categories: total RDT&E cost and cumulative average
flvawayv cost. All costs used in the IDA model are in FY 1985 TOA (Total
Obligational Authority) dollars. A cumulative average learning curve slope of 0.92 is

used to adjust the aircraft cost data [Ref. 3: p.3j.
TABLE 3
SELECTED CCRS FROM IDA MODEL
RD = 218+ 1070« DCPR>9 « (THRUST DCPR)'7 + (1.0239)10C-78
FLY = 0.194 « (DCPR 10000963+ (§p 100)0-760 « (1 0341 OC-78

where:
i RD = total RDT&E cost (mullions)

; FLY = cumulative average flvaway cost of 400 aircraft (mullions)

P |

y 3y
[4

; THIRUST = total maximum thrust at sea level (Ib)

il " e

SP = maximum speed at best altitude (kts)

;"‘:‘ [OC = iniual operational capability date tlast twe digits of calendar vear)
,',{\ DCPR = aircraft Defense Contractor's Planning Report weight (1b)

E DCPR = 0.0913 « (EWHHTT for EW - 30000

:3':: DCPR = 0.236 - W) for 1o000 € 1W< S0000

i DEPR = 1326 EWM ™ for TW - Joono

LW = areralt empty weight «lb)
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- R R N T L A RS e e e b T
R g s 3 R S o A e A 5 T A VoA AN AT I et T SV A e A AL A

4



o T TERYORE TP U 1R Y W T BT YRS P TR TS T TR TP Y WY ST WY AT W TY SR WY RCTY WY W WO WY WY MUY T T W YV UM WO N N e W

“
f
"

Table 4 shows the summarized characteristics of the three modzls. Since each
model has its own purpose, the characteristics are different for each model. However,
it is very interesting that the predicted costs from each model are fairly similar. Table

5 compares the predicted F-16 costs for these three models.

TABIF 4
THE CHARACTERISTICS OF THREE MODELS

MODEL DAPCA-III Large IDA
published
year 1976 1977 1984
sampled

aircraft several types fighter only fighter, attack

sample

size 25 17, 31 7, 14

costs of

CERs subsystem subsystem overall system

major weight, speed,| weight, speed,| weight, speed,

variables| time of first specific power| thrust-weight
flight, dummy ratio, IOC date

baseline

guantity cumulative 200| cumulative 100| cumulative 400

units of |

cost l 1975 dollars 1973 dollars 1985 dollars

The predicted costs of DAPCA-III and Large models came from summing up all
of their subsyvstem costs. The last page of Large provides a good comparison between
the DAPCA-IIT model and Large model of F-16 cost estimates for 100 aircraft. The
estimates range from 8.867 to 10.336 nullion dollars, with the total flvaway cost by the
[DA model being 9.401 million dollars. The actual total flvawayv cost of an I'-10 for
1o aircrait 1s 9.0641 million dollars according to the "US Military Aircraft Cost
[landbook” [Ref. 6: p.IV-337]. So. the predicted cost from the [DA model 18 a better
prediction than the costs given by the other models. There may be several reasons for
this result. One of them s that the DAPCA-IIT and Large models were published
carhier than the IDA model. Also, 1t may be that CERs based on the overall mircraft

svetem are better than CERs hased on the subsystems.
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TABLE §
COMPARISON OF PREDICTED F-16 COSTS FOR THREE MODLLS

DAPCA-III model Large model IDA model

fighter only 31-

several
with without with with types RDT&E flyaway
time time power speed alrcraft| cost cost

9.839 10.356 10.004 8.867 10. 232 1293.082 9.401

note :

1. Costs are based on the total production quantity of 100 units

tJ

. All costs are in constant 1981 dollars (millions)

Tod

. For price-level adjustments, price indices in Appendix B were used

. Actual cost of an F-10:A 1s 9.041 nullion dollars [Ref. 6: p.I1V-337]

P 5%
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III. DATA COLLECTION AND ADJUSTMENTS

CERs are generally obtained from the statistical analysis of historical data. Data
must be collected in order to develop CERs and then adjusted for validity and
reliability. Acquisition of data is the process of identifving, searching out, obtaining,
veriiving. and recording the specific information that is of value to the analyst.

The inital step in developing CERSs is identifving the aircraft of interest from the
many types of aircraft such as fighters, bombers, cargo carriers, reconnaissance aircraft,
helicopters, ete. However, this thesis presents the CERs for f{ighter aircraft only. The

aircraft data used has been collected and adjusted from unclassified sources.

A. DATA COLLECTION

Developing reliable CERs, especially for a mulitary application, is very diflicult at
best. Consequently there are many problemss with the CERs used for nulitary
hardware. The most significant problem with data collection on a military svstem is to
obtain complete information from unclassified documents.  This has led to data
anomalies in weapon svstem cost estimation.

Early data have not been svstematically processed and stored which makes the
historical information of little value. In an attempt to alleviate this data collection
problem, the Contractor Information Report (CIR) Program was established by the
Department of Defense (DOD) in 1966. This reporting svstem was designed to collect
costs and related data on major contracts for aircraft and nussile and space programs.
The CIR was enlarged to cover the other arcas of defense contracting with the
implementation of the Contractor Cost Data Reporting Svstem (CCDR)Y. The CCDR
coilects  contractor wcosts and related data needed to  satisiyocost  estumating
requirements.  In recent vears, The Analvucal Science Corporation (TASC), with the
assistance of Management Consulung and Research, Inc. (MCR), has been compiling
data and analvzing the cost versus the eflectiveness of tactical arreraft produced sice
1930,

While cellecting  data, the levels of accuracy and aggregation should be
constdered in order to develop new CLRs. There are two basic categories of datu:
arreraft phyvsical and performance parameters and cost. The sample for this thesis

consisted of the followimyg arreraft:

[N
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F-JE F-14A F-Sol’ r-104C

F-6A F-13A F-$9D F-105D
F-SE F-16A F-100D F-106A
F-9F F-18A F-101B F-111A
F-11A F-84F F-102A

The model developed in this thesis is based on this sample of nineteen U.S.
fighter aircraft. Since the purpose of this thesis is to provide fighter-based CERs, onlv
fighter aircraft data were collected. The parametric data for fighter aircraft were
obtained from references 7 to 11 however, Jane's Al the World's Aircraft was used
primarilv. Most of the earlier CERs were out of date in that they did not include
aircraft introduced into the armed forces in the 1970's and 1980°s, such as the [-14,
F-13. F-16 and F-18. However, the data used in this thesis includes the newest fighter
arreraft. In order to obtain reliable CERs, all the aircraft included in this thesis had
initial flight dates following 1930. Only one aircraft has been selected from each design
of fighter aircraft in order to decrease potentiai multicollinearity in the data sample.

The cost data were obtained from the "US Military Aircraft Cost Handbook”
[Ref. 6]. They are based on a cumulative total production quantity of 100 units, so the
costs presented in Appendix A are the cumulative average total flvawayv costs. All
costs used in this thesis are in constant 1981 dollars.

The following definitions were developed and used as a basis for determining
what adjustments would have to be made to the data. Thev are:

Iy Weight : maximum take-oft gross weight (1b)
2 Thrust : tot:} maximum engine thrust (1b)
3} Speed : maximum speed at best altitude (Kts)
4y Year : vear of initial operational capability
5y Cost: cumulative Average Costs (CAC) of 100 units for total flvaway cost in

constant 1981 dollars (nullions)

Like the DA model. overail aircraft characteristics are used 1 order to estumate
the fighter aireraft costs. The mejor varables for airframe cost are maximum speed at
best alutude, maximum take-ofl gross weight and imual operational capability vear.
Some cther vanables relating to aireralt characteristies (eog., wing span, nanimum
thrust, thrust-weight ratio, ete) were tried and evaluated but generally were found not

10 be significant. Appendin A shows the total data base used in this thess,
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B. DATA ADJUSTMENT

The distortion of the sample observations used in generating CERs is another
significant problem encountered with military hardware. The major distortion occuring
1s data normalization. Information collected and reported should be adjusted using
standardized procedures such as provided by the Cost Accounting Standards Board
which establishes consistency in accounting practices among government contractors.
Standardization has an important effect upon the ability of DOD contracting personnel
to cvaluate proposals and better determine allocation and allowability of costs.
Additionally, when using data for different purposes, it is necessary to make different
adjustments in the data. The two most common adjustments are price-level and cost-

quanuty adjustments.

I. Price-Level Adjustments

In order to compare the cost of an old system to the cost of a new svstem, the
cost figures must be adjusted to constant dollars. Adjustments are made by means of’ a
price index constructed from a time-series of data in which one vear is sclected as the
base and the value for that vear expressed as 100. The other vears are then expressed
as percentages of this base.

Total Obligational Authority (TO:\) dollars in a vear (then-vear dollurs) are
the amounts budgeted in a specific fiscal vear. The conversion of TOA dollurs to
constant dollars 1s accomplished by dividing TOA by a composite index [Ref. 6:
p-111-3]). Mathematically, the relationship can be expressed as

TOA

Constant Dollars = — x 100
composite index

Appendix B shows the deflators index and composite indices used by the
nulitary services (e.g., Army, Navy, Air Foree). The composite indices are based on
the Office of the Assistant Secretary of Defense (OASD). Comptroller, deflator for
major commodity procurement and service outluy profiles. The tables are based on
Fiscal Year (FY) 1981 and all index numbers are related to T YSI constant dollars. So

the composite indices are used to normalize wircraft procurement costs of the respective

services mnto Y8 constant Jdollars. Mulupheation by 100 18 required since the imdey s

expressed oy o pereentage.
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As an example of price-level adjustiment, calculating the total cost of the F-16
is represented. According to the Large model, the total cost of an F-16 from the
fighter sample using specific power is 4.84 mullion i constant 1973 dollars. The
composite index of 1973 is 48.38 [Ref. 4: p.15]. Therefore, we can calculate the

constant 1981 dollars from the values, that is

4.84

Constant 1981 Dollars = ———
48.3

x 100

10.004  (mullions)

2. Cost-Quantity Adjustments

Learning curves, as cost-quantity relationships, are used in order to develop
consistent measures of costs. The basis of learning curve theory is that each time the
total quantity of items produced doubles, the cost per item is reduced to a constant
percentage of its previous cost. So if the average cost of producing all 200 units is 90
percent of the average cost of producing the first 100 units, the process [ollows a 90
percent cumulative average learning curve.

The cost-quanuty relationships are represented using regression analvsis

techniques assuming the following functional form:

C = Cl ‘n®  or InC) = !n(Cl) + b In(n)

n

where:

In = the natural logarithm function

C, = cumulative average cost for quantity n
n = cunulative production yuantity

C, = the cost of the first tnit produced

b = the exponent relited to the slope of the learning curve

The slope, S, 15 related to b as

. b InfS)
5= or b= ——
Ini 2)

where:

iy . .

S = slope evpressed as a decimal

s':-'

Y .
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Therefore, the cocllicient b means that when cumulative production doubles,

cuinulaiive average costs decreas: ov 3 percent.

As an example of cost-quantity adjustment, calculating the total flvaway cost
of the F-0A is represented. The cumulative average cost of 230 aircraft is 3.584 million
dollars and 408 aircraft is 3.051 million dollars [Ref. 6: p.IV-278]. So. based upon these
two poimnts the learning curve slope can be plotted at about 0.84. s implied carlier,
the equation which calculates the cost of n aircraft from the cost of the first unit

produced is expressed as

= (C, - b
Cn (,l n
where:

nS)
b o= —
i)
Thereifore,
in(h.54)
h o= —_—
In{2)
= =231
— ¢ .21 C2518
Cozp = €7 230

C, * (0.25d0d)
Thus,
3.584
' 0.23404
I'rom this value it is possible to calculate the cumulative average cost of 100 aircralt of
the F-¢.\. The costis
3584

<0.28154
C g = ————n s Jtuyi-=?
160 023404

4419 (nuthon dollars)

The costs used n this thesis are Cumulative Average Cost 1CAC) tor quanuty

of 1o upats. Pach fighter has o ditferent learning curve with a umque slope
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IV. STATISTICAL APPROACH

CERs are developed from the historical cost of svstems and the explanatory
variables of those svsteras. Therefore, some variables which are logically and
theoretically related to cost have to be selected in order to develop reliable CERs. An
important characteristic of reliable CERs is that the relationship between cost and
explanatory variables must be direct and obvious.

Regression analvsis can be applied as a statistical technique to develop CERs
from the historical cost and parametric data. Regression analvsis s primarily
concerned with the determination of the equation of a line or curve which will predict
how the dependeat variable will vary with respect to some independent variables.
Therelore, regression analvsis will estimate the coeflicients of the equation (c.g.,
intercept and slopes) and infer the rchability and significance of the results of the
estimate.  (Johnston's Econometric Methods [Ref. 12] is the source of all facts and
derivations shown in this chapter.)

Generally, there are two tvpes of linear regression models, simple and multple.
The difterence between these two models is the number of variables in the equation.
The simple linear regression model has only two variables, while the muluple linear

regression model has more than two variables.

A.  SIMPLE LINEAR REGRESSION

The equatien used i simple linear regression has two variables, cost and an
explanatory variable. This means tnat the cost 1s expressed as a hinear function of an
evplanatory vanable. Thus, as an example of the simple linear regression model, the

mnedr refationshup s
vea+ P+

where:

Vo= the dependent fcost) vanable

v = the independent reaplanatory) variable
¢ = themtereept of the hne

the slope of the hine

A
L]
LAY
=
]

U o= 2rror term between the actual cost and expected cost of s
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Additionally, the log-linzar regression model is verv [requently used as another
method of expressing the hnecar model. The log-linear equation results trom taking

logarithms of both sides of the linear equation, and is written as
vl Bt o In(v) =a + Prin(x) + u

Thus, this equation graphs as a hinear relationship when plotted in terms of in(x) and
In(v).

There are sore assuriptions made with regards to the error term. ‘{The first
assumption is that the error term is normally distributed with zero mean and variance

.
6=, that 1«
u ~ N0, g%

The second assumption is that the errer tern for different x values ore independent and

Wderraall distributed.

1. Least-Squares Estimation
As imphed carlier, the simple linear regression model has some unknown
parameters: d. f, and 6°. lhose unkrown parameters have to be estimated :n order to
establish CERs. The least-squares 1s the most frequently used method for estmating
the unknown parameters.
By using the simple hnear regression model the actual cost of the svstem 1s
indicated by

YEoar By oty

where v, is the actual cost of the ith observation. Then, any straight line drawn
through the <catter of data pomts may he regarded as an estimate of the hypothesized
relationshup v = @+~ Bx o= u. A straight hne ts indicated by
,’ .
Vo= o iny
. 2 P . J
where voandicates the value of the e tany given value of .
I'he prinuple of the leastesquares s that the unknown parameters are selected

to nuninise the sum ol squared resadualss This nuninuzation s expressed o

- hl
nun et

L]
H

U nder this prinaple. the Gnki 0 parameters are determined as

-
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The difference between the actual cost and the expected cost is defined as the residuals

winch is written as

§ TN TN TN T @* by

where e; is the residual of the ith observation. Also, under the minimization principle,

. a o 9 . o
the unbiased estimatnar for 6- 15 determined as

R
. Te-
S- = 1
n—2

The following are some properties of the least-squares. First, the expected
values of the parameters a and b are exactly same as the values of ¢ and B. It is

indicated by
Flaj=a and FEfb] =P

Thus, a and b, as the least-squares estimators :n a simple linear regression model, are
unbiased esumators for @ and P. Secondly, the least-squares esumators have the
minimum variances among ail linear unbiased estimators. A» a result, the least-squares
estimators tor a and b are called the best lincar unbiased estimators [Ref. 13 p.d73).
The minimum variances property s the major reason why least-squares is so frequently
emploved 1 esumating unknown parameters.

By using the least-squares, some simple hinear regression models are obtained.
Then, the log-lincar funcuion can be selected as the best simple hnear model. An

example 13
o - 1 M1 5 - -
C=o0172-783%0 o IneCy = I 172 = 1230 Inc
Lud rewrnte the model as
C = =1."60 - {237
where:

N C = total thvaway cost of fighter arrcralt in constant 198 dollars snnllionsy

I = totad manunum engiie thrust 6
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2. The Correlation ( cefficient

The selected model must be examined in order to determine the reliability or

accuracy of that equation. There are several statistical measures that can indicate the

~ ~ . ' oru b
goodness of fit of the equation in describing data. R“ is the most commonly used

‘é}'}t measure of the goodness of fit and is defined as the coeflicient of determination which
) ')\\ 3 . o0 . s
B comes {rom squares of the correlation coeflicient (R). The computing of R~ is as
.‘, i puting
N
R {ollows:
ot ]
AN R? = Explained sum of squares
e gl - N
B Total sum of squares
e .
» A NI v
_ =y =Y)
C= )
N Z(y-Y)
(A
e ,
: ﬁ“ Residual sum of squares
;’3 _ Total sum ot squares
e )
Kot 1 EEk
Fos = - =)
] .‘..:.I_: :( \ = \l .)-
LI
b 3 . . ~ . . . . 0
-’.s R- is the proportion of the total deviation which can be explained by the regression
“.._1 model, and corresponds to all data points which lie on the regression line. The highest
‘ ‘ . -~ 2 . - .
\ ' possible value of R= is 1.00 and the lowest is 0.00.
A Y - . : .
e The value of R- from the log-linear regression model above is
N
'-‘0.: R" 0.7007
S c = 0./04
o
A which is a relatively low value. It means that thrust alone does not explain all of the
"
‘;‘_:{,' variance in the cost data. [t also means that the log-linear model above does not fit
oty R . . 5 . .
".‘m the data well. Usually, there exists two ways to increase R~ to a relativelvy high value.
: ) They are:
AR e . . . . . .
':-:,\ 1) To add some other variables into that equation. Adding variables may explain
Wil the rematning vanance. This will be discussed in Section B below.
Y &
el 2y To find other equations. If the simple linear regression model does not fit the

Jata well, then muitiple binear regression models with other variables may tit

the data better.
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3. Statistical Inference
As implied earlier, the hypothesized relationship between the dependent

variable (v) and independent variable (x) may be indicated by
v=qa + Bx +u

where u is an error term. Under this relationship. the least-squares method produces

unbiased estimators a and b. Thus, the outcomes of a least-squares regression line is

}_i... = a + bx

Standard statistical techniques can be applied to the least-squares result to test for
significance and to make inferences about reliabilitv and accuracy in a probabilistic

sense.

a. l-test
It is necessary to test the relationship between v and X. This is done by
establishing the null hypothesis that v and X are not related to each other, and the

alternative hypothesis that v and x are related to each other:
Hy: B=0

H p=zo

78
These hvpotheses are the most frequently used, and are referred to as testing the

signilicance of x. By a sinular development, tests on the intercept are
a=20

! azo

%
The test that 1s commonly used for this purpose i1s known us tne t-test

because the tests on the « and P are based on the t distribution. It tollows then that:

a - a

= — o~ yn-2)

J ‘ 5

W

e

b =P
t, = —_— o~ (n-2)
S
! b
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where:

Sa = the standard error of a
MR
=S 1
v/ T2
Sb = the standard error of b

S

(—

\/ 2 (‘(l - i)l
S = the standard error of regression

,
Ye-

-] 2

v N ™ 2¢

If the sample t statistic is numerically greater than the preselected critical
value of t, we accept the alternative hypothesis and conclude that x plays a significant
role in the determination of v. The following values result from the least-squares

regression line based on the data in Appendix A. They are

a = = L7604
b = 1.230396
= 0.380718

Since n=19, from the t distribution with 17 degrees of freedom.

to.02sl 17y = 2.110

Thus, the intercept is significantly different from zero since

t, = [ =3000] = 3000 > 2110
Also, the slope is significant since
e th = 6309~ 2110
b
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b. Confidence Interval
Examining the confidence intervals for ¢ and P is another way to test the
significance of the unbiased estimators a and b. Since a confidence interval which
includes zero is equivalent to accepting the null hypothesis that the true value of the
parameter is zero, an interval which does not include zero is equivalent to rejecting the
null hvpothesis.

Generally, 100(1 = p) percent confidence intervals for ¢ and P arc indicated

by
Cl(u)=a:i:tp2~5a
I(B)=b:trp2-Sb

where Sa and Sb are the standard errors of a and b.

A 935 percent conlfidence interval for ¢ is then
Cliay = = 1.700 £ (2.110 X 0.587)
or =0.522 to —2998
Also, a 95 percent confidence interval for P is
CIPy = 1.230 £ (2.110X0.195)
or 0189 to 1642

Therefore, the fact that the confidence intervals for @ and B do not include zero means
that the null hypotheses are rejected, and the unbiased estimators ¢ and b are

statistically significant.

c. F-test
The analysis of variance (ANOVA) test 16 merely a sgnificance test on i
performed in another way, and is referred to as the F-test. The | ostatsue s the ratio
of the mean square due to X over the residual mean square. Thus, it s indicated by
0y -_—n
b=« Zin= X

I = = ~ liln=2
Tetin—2)
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The significence of x is thus tested by examing whether the sample F exceeds the
appropriate critical value of F taken from the upper tail of the F distribution.
Therefore, the test procedure is that if the value of F is greater than the value of F(I,
n=2), then reject Hy: p = 0.

Usually, the F-test will be applied extensively in multiple linear regression
models. However. in simple linear regression models, the F variable with (1.K) degrees
of freedom is the square of a t value with Kk degrees of freedom. The relationship
between the t and F distributions can be explained with the correlation coeflicient, R*.
Itis

JW
v
—

[ 9]

The ANOVA for the least-squares regression line based on the {9

observations in Appendix A is as follows:

! Degrees of Sum of Mean
| Source | freedom square square

!
t Thrust 1 11.238766 11.238766
| Residual 17 4. 799673 0.282334 |
| Total 18 16. 038440 ‘
|

Since n=19, using the I distribution with 1 and 17 degrees of freedom,
Fogstl17) = 4451

The sample [ statisuc is

11.239
= ——— = 39507 » 443
0.282

Thus, H, B = 0 rejected. Tt means that the intercept is not zero.
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B. MULTIPLE LINEAR REGRESSION

In the previous section, the linear relationship between cost and thrust was
examined as a simple linear regression model. It was selected as the best model using
two variables, and the relationship was represented with log-linear function. However,
its low R? means that using a model with onlv one independent variable, thrust, cannot
fit the situation well. Therefore, some other models which have more than cne
independent variables have to be examined.

Multiple linear regression models have more than one independent variable.
Thus, the vector of sample observations on the dependent variable (Y), mayv be
expressed as a linear combination of the sample observations on the independent
variables (NX) and the vector of the error term (u). An example of the hvpothesized

multiple lincar regression model is represented as

Y= BNy PNy e+ BX

where:
Y = the vector for dependent (cost) variable
X, = the unit vector for an intercept

.\'i = the vector for independent variables (i = 1)
P, = unknown parameters
u = the vector of error terms

Lach vector is a column vector of n elements. The multiple linear regression model

may also be expressed in matrix form as

Y=Xp+u

&

where Y and u are n X | matrices, X is a n Xk matrix, and f is a K X | matrix.

.‘-\."- ’

Like the simple linear regression model, there are some assumptions made for the
multiple hinear regression model. They are:
Iy The u vector has a muluvunate normal distnbution, with cach u distrtbution

. . h .
wving a zero mean vector and the same variance vector (6°). That s
u~ N, e h

where |1y the idenuty matrnix.
A N s g nonstochastic matry and s rank s k. That s

]

piN) = A

T e e S L e N o e L e e e e L
T A SR AN RS NI L AL S Mo e




{riwmn WU TRRCTUW ™ W TR IR W W YW TV WS WU TN PG VTP T Y W T T SV WO W W W W WO WO WL W WL R T SRR TS ramy e R TR R ey e e e e

1. Ordinary Least-Squares (OLS) Estimation
As implied earlier, the hvpothesized multiple linear regression model and a

vector of the straight line are indicated by
Y=Xp+u
YY" = Xb

where b is k element vector. Thus, a vector of errors or residuals can be delined as
e=Y = Xb

The principle of the least-squares is that b is selected to minimize the sum of

the squared residuals. e’e. Under this principle, b is deternined as

b

(NNOIXNY

B+ (NXNyixXu
Then the variance-covariance matrix of the OLS estimators is
var(b) = c':(X'.‘{)'1

where the elements on the main diagonal of this matrix give the sampling variances of
the corresponding elements of b, and the ofl-diagonal terms give the sampling
covariinees.

Since the expected value of b is exactly the sume as the value of B, the OLS

estimators are linear unbiased estimators. This is indicated by
Elb] = B

Also, since the OLS estimators have the minimum sampling variances among all of the
lincar unbiased estumators, b is the best hinear unbiased estimator (b.l.u.e). Using the

OLS. two equations are selected as the best models. They are

(jl(} = =T0L635 = 02]15W = 0 350Y

C, = = 394618 = 0.0SSW + 2013Y

vy where:
bl W o= (mavmum take-ofl gross weighty 1000
::#:_'_ Y = vear of il operational capabthty

a,_ﬁ
Fal b
0
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The former model is based on the 19 data points in Appendix A, while the
latter is based on only 6 data points. However, the 6 data points used in the latter
model have an initial operational capability vear ot 1965 or after. It means that the
latter model is based on the relatively new aircraft data. Thus, the 6 data points
contained in the latter model arc

F-4E F-14A F-15A
F-16A F-18A F-111A

2. The Correlation Coefficient
The correlation coeflicient is the most commonly used measure of the

goodness of fit. Then, the multiple correlation coefficient for the k-variable is defined
as

R2 Explained sum of squares

Total sum of squares

Residual sum of squares

Total sum of squares

ee
Y'AY

where:

A=1l-=-((mv

I = identuty matnx

t = a column vector of n units

Y'AY = the sum of squared deviations in Y

. - S . . .
I'he value of R= from the selected multiple regression model based on the 19

observations 1s

.

.

»

0
.I.C'

" = o= 07N

o R 19 1T304

-'.': . . . . .
m" Although this s a shighty higher value than that of the sumple regression medel. the
s value s sull reletively low. Tt means that the weight and vear do not explan all of the

LY
.
o
[

varianee in the cost data, and the model does not fit the Jata well.
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3 . . .
However, the value of R* from the selected multiple regression model based
on the 6 observations is

R = 0.9441

This is a relatively high and good value, thus the weight and vear variables fit the 6 .
data points.

A
AR AP
el Al N Sy &

~ 9 . -~ TP . N .
The value of R~ adjusted for degrees of freedom is useful when comparing -

different numbers of independent variables, and is referred as the adjusted R%. The
adjusted R* is defined as

R : e’z (n-k)
Y'AY (n-1)

Thus, the values of adjusted R? for the selected simple and multiple regression models
are

R® = 0.6831
R, = 0.7192
R~ = 0.9068

-y ~ . - o 3
I'herefore. comparing the results of the adjusted R= shows that they are almost same as
. h
those of R-. [
3. Statistical Inference
The characteristices of the muluple lincar regression models were already

mentioned at the beginning of this chapter. According to them, b is indicated by

3

. .
. l'.‘l

b~ NB. e N'Nrh

'.-A'z »

Then, the variance of error term, as an estimator of 6=, is defined as

and S 1s a standard error of the regression.
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a. t-test
Since b is the estimated coeflicient matrix of X, b, is the estimated
~ . s o . o o o . 02 o
coeflicient of X, in the OLS regression. b is distributed independently of S=. Thus the

t-test of the multiple linear regression is determined as

b. = B
t= —t—ont ~ tin—k)
StV
where a. denotes the ith clement on the principal diagonal of (X'X)yL.
Hypotheses are established about B, where the null hypothesis is 11, : B =
0 and the alternative hypothesis is H, : B = 0. Then, the t statistics of the selected

multiple linear models are as follows:

[ ]
| Model | Based on 19 obs. Based on 6 obs.

l Intercept -2.879 -6.185

! Weight 3.535 7.088

' Year 2. 864 5.194

If n = 19, from the t-distribution with 16 degrees ol freedom,

= 31
Uy gas( 10) = 2120

and i'n = 0, with 3 degrees of freedom,

th.oasl ) = 3182

Thus, since all of the t staustics based on the selected models are greater than therr
critical values, the coetlicients are not sero.
b. Confidence Interval
The 1000l = p) percent confidence mtervals for the coeflictents ot Weight

tNLand Year (X)) are indicated by

Clpyr = by £ 1,08,
CLfy = b, = s " Sy

where S, and S, are standard errors of b, and b

‘e
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The following values are indicated in the lecast-squares regression lines

based on the data in Appendix A. They are as follows:

Model Based on 19 obs. Based on 6 obs.
b2 0.215 0. 688
b3 0.358 2.013
S2 0.061 0. 097
S3 0.125 0. 325

Thus, the 95 percent confidence intervals for B, and B, based on the 19 observations

are

CEPB,) = 0.215 £ (2.120 X 0.061)
or 0.086 to 0.343

CI(BJ) = 0,358 & (2.120 x0.125
or 0.093 to 0.623

Also, the confidence intervals based on the 6 obscrvations are
Cl(B,) = 0.688 £ (3.182 X 0.097)

or 0.379 o 0.997
Cl(f;) = 2.013 £ (3.182%0.325)

or 0.979 to 3.047

Therefore. the fact that all of the confidence intervals do not include zero means that

b, and b, based on the 19 and 6 observations are statistically significant.

¢. F-test
The t-test i1s usuallv used to test the significance of a single coetlicient.
However, when added to the function of the t-test, the F-test can be used to test the
agniticance of the complete regression and the significance ot a subset of coellicients.
Thus, the F-test of the muluple hoear regression will be a very usctul and powertu tool

for testing the independent vanables, X
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In order to test the elements of P, the linear hypothesis is established as
Rp=r

where R is @ Xk matrix with rank q, and r is a q element vector. Therefore, if the

linear hyvpothesis is true, the following is obtained
(Rb=r) ~ N(0, 6°R(X'X)'R)
Thus, the F statistic under the linear hypothesis is

(Rb=)[RIX'N)'RTHRb=1) g

ce(n—Kk)

~ Flqn—~k

In order to test the joint significance of Weight (X,) and Year(X,), the null

hypothesis is established as

Then. the I statiste for this hypothesis can be indicated by

Explained sum of squares (k=1)

Residual sum of squares (n—Kk)

(YAY=¢er(k=1

¢cein—k)

Thus, the I statistuic based on the 19 observations is

SI0.264 (3= 1)
209490 (19 —=3)

24053
Since n= 19, {rom the I' distribution with 2 and 1o degrees of treedom,

216) =

‘ae

* Ty LY b
098! b = 2403

B. = B, = 0isrejected. [t means that even though the cample R

Theretore. H

numernically low, the model 8 sigmificant.
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Also, the [ statistic based on the 6 observations is

00204 (3-1)

17.773 (6°

—

)
<4
]
O
tn
tn
tJ
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Thus. H, : B. = P, = 0s also rejected. This model is therefore significant with a

. . 3
numerically high R-.




L Loh bas aai bag Sog oo bog aoh aoh hode s Aad Mo i Sad Bl s

L A ol e o e £h e bo R bl A avh il oi i alo Biis Ak gl Bl ol atscadih RAA Aid gt al

V. ANALYSIS OF THE MODELS

The reliable CERs will accurately predict the costs of systeris, provided they are
suitable for that particular system. Thus, in order to establish reliable CERs, the
previous chapter demonstrated use of regression methods on the simple and muluple
lincar regression models performed on various combination of the explanatory
variables contained in Appendix . Then, some models were selected as desirable for
predicting costs of fighter aircraft using least-squares estimation.  However, many
alternative models  were discarded because of statistical problems.  Appendix €
lustrates use of simple and multiple lincar regression models for various combinations
of the explanatory variables.

For sclecung reliable models, approximately 1000 models were cstimated.

Moders were evaluated using from one to ecight explanatory variables. The summary of

these models 1s presented below:

! 19 observations | 6 observations :

. - 1
|

1 ~ 3 See Appendix C ‘
variables .

& ~ 5 ! Statistically unsatisfactory f

variables ! !

6 ~ 8 Statistically No f

variables unsatisfactory | report

Then, in order to check how the models it the data, the selected models were
evaluated with several statistical measures: the coetlicient of determination (R), the
adjusted coetlicient of deternunauen (R, standard error (SEL U statistics 11,
wonlidence mtervals (Chand T ostatistios o1 However, since no single stutistic van be
« meanmgiul indication of the models  apphicabihity . the modelsy’ statistics must be
looked at together. Tuable 6 shows a summary of the cost estimating medels developed.
Phe table ncludes the selected equations, the resaits of the statstical measures, and the

correlation matrnices of the esunated coethicents o order to wid mm analiang the

o

>
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TABLE 6
SUMMARY OF COST ESTIMATING MODELS

A. Simple linear regression model based on 19 observations
In(Cy = Ing0.172) + 1.230 * In(T)

R? = 0.7007 R? = 0.6831 SE = 0.531
t(b1y = =3.000 t(b2) = 6.309
Cltb2) = 0.189 to !.642
F = 39.807
CORRELATION MATRIX CF ESTIMATES
INTERCEP LPWR
INTZRCEP 1.0000 -0.9782
LPWR -0.9782 1.0000
B. Multipie linear regression model based on 19 observations
C = =701.635 + 0.215W + 0.358Y
R® = 0.7504 R = 0.7192 SE = 4.104
bty = =2.879 t(b2) = 3.535 t(b3) = 2.864
Cl(b2) = 0.086 to 0.343 Cl(b3) = 0.093 to 0.623
F = 24.053
CORRELATION MATRIX OF ESTIMATES
INTERCEP WT YEAR
INTERCEP 1.0000 0. 5662 -1.00C0
WT 0.5662 1.0000 -0.5721
YEAR -1.0000 -0.5731 1.0000C
C. Multiple linear regression mode! based on 6 observations
C = =3994.618 + 0.685W + 2.013Y
R* = 0.941 R* = 0.9068 SE = 243
ubl)y = —6.185 db2y) = 7.088 by = 6.194
Clib2y = 0.379 to 0.997 Clthb3) = 0979 1o 3.047
b= 25337
CORRELATION MATRIX OF ESTIMATES
INTERCEP WT YEAR
INTERCEP 1. 0000 -0.8239 -1.C000
WT -0.8239 1.C000 0.8209
YEAR -1.0C00 0.8209 1. 0000

(]




Additionally, characteristics other than statistical measures should be considered
in analyzing the models. Some of them are:

1) The signs and the magnitudes. Usually, cost is expected to increase with
thrust and weight. Additionally, since the new aircraft contain modular
avionics which are easily updated (e.g.. radar, electronic equipments, ctc.), the
cost of the new aircraft is expected to increase with vear of initial operational
capabilitv.  Therefore, the developed models containing the positive

coefhicients for thrust, weight, and vear make sense.

2)  The constant term. The developed multiple linear regression models contained
large negative constant terms. This means that the developed multiple linear
regression models would not be valid over the full range of possible values of
the independent variables.

3y The correlation matrix. The correlation matrices are included in the table to

aid in deternuning the multicollinearities that mayv exist between the various
independent variables in the models.

Table 6 shows that all of the t statistics are greater than their critical values, and
the confidence intersals do net include zero. This means that all of the unbiased
estimators of the developed models are significantly different from zero. Furthermore,
since all of the [ statistics are greater than their critical values, the developed models
are significant.

However, the multiple lincar regression model based on 6 observations which has
an initial operational capability vear following 1963 contains desirable values of the
coetlicient of determination (R7), 0.9441, and the coeflicient of determination adjusted
for degrees of freedom (R7). 0.9068. This indicates that the cquation based on 6
observations {its the data well because the dependent variables, weight and vear,
explain the variance in the cost data.

Also, Table 6 shows that the multple lincar regression models based on 19
observations contains a large value of standard error (SE) which is a measure of the
dispersion of the data and relates to the prediction intervals. Tt indicates that the
multiple inear regression model based on 19 observations does not have the desirable
prediction ntervals. Therefore, the mwluple hinear regression model ba.ed on ¢

observations 1s seiccted as a desirable fighter wircratt CER.
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Initially, the data base contained a large number of international fighter aircraft,
but many observations were eliminated because of insuthicient information. As such,
only 19 observations were chosen. Since models using 19 observations were
statisticallv unsatisfactorv, a small subset of 6 observations was selected from the
original 19. Then, the Chow test [Ref. 12: p.207-225] was performed on models with 6
observations and related with the other 13 observations (i.e.. comparisons were made
to determine if both data sets came (rom the same population of fighter aircraft).
Appendix D shows the test results which indicates that the two groups of data are not
from the same population. The 6 cbservations are representative of current fighter
aircratt, and should provide the best estimates of future fighter aircraft costs.

Since the purpose of CERs is to estimate the cost of systems, by substituting the
parameters of the proposed system into the CERs, it will be possible to estimate the
cost of the svstem. There are two kinds of prediction: a point prediction and an
interval prediction. If the obtained equation fits the data well, then a good prediction
will be possible. However, it is very unlikely that the point prediction will be realized.
Therefore, a prediction interval should be constructed in order to describe the
uncertainty of the estimates.

Point prediction is obtained by substituting the values of dependent variables into
the selected equation.  As umplied earlier, the sclected multiple linear regression model

based on 0 observatons is

C, = —39940618 + 0.688W + 2.013Y

Thus, since the value of weight (W) and vear (Y) of the F-16A are 35.4 and 1978, the

selected regression equation gives the point estimate of an F-16A as follows:

C

l

=3994.618 + 0.688(35.4) + 2.013(1978)
11.917

6

Also, the following formula 1s used to construct a [00(1 = p) percent prediction

interval (PD for the pont estimate. It includes the standard error (SE) and indicates as

P

‘o
4 4

follows:

.'

A3 L

i PL= N7 ST S RINNTIRS

K . . . o P g S o
where Y, is the pont forecast, N is the matrix of data base with the first column of

units, and R 1s the vector of proposed svstem’s parameters.
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Therefore, a 93 percent prediction interval for F-10A based on 6 observations 1s

Y, = 11917
tgoasl3) = 3.182
SE = 2.434

70402. 8289 -8.7208 -35.4297
(X'x)"1 = -8.7208 0.0016 0.0044
-35.4297 0.0044 0.0178

R(X'X)IR" = 0.519

Thus,
PI = 11917 £ 2.120 - (2.434) * J1.519
= 11917 £ 6.300
or 5.557 to 18.277

Up to this point we have seen some reasons to believe that the multiple linear
regression model based on 6 observations will give a better estimate of fighter aircraft
than more broadly based models. However, in order to aid in comparing the selected
models. Table 7 shows a summary of the cost predictions. It includes the cost
predictions of F-10A and F-18A.

As a result, the table verifies that the multiple linear regression model based on 6
observations gives a better estimate than those of the other models. This means that,
since the 6 observations are new fighter aircraft with a initial operational capability
vear following 1963, a model based on new aircraft data may correctly predict the cost

of a new fighter aircraft.

The cost used in this thesis is cumulative average costs of 100 units for total

r

A A A

flvaway cost in 1981 nullions of dollars.
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TABLE 7

SUMMARY OF COST PREDICTiONS

F-16A F-18A
Actual cost 9. 641 23.968
e Sig 9.025 12.231
oin
S, 19 14.527 17.853
Mg 11.917 23. 444
S Sy9 2.841~28.691 3.800~39.370
rediction
ot | Mg 4.145~24. 909 7.817~27.889
ntervals
Mg 5.557~18.277| 13.860~33. 128
where:
S,y = simple linear regression model based on 19 observations

M g = multiple lincar regression model based on 19 observations

M

6
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multiple linear regression niodel based on 6 observations
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V1. CONCLUSION

This thesis presented a regression model of a CER for fighter aircraft. It is based
on 19 fighter aircraft because the major objective of this thesis is developing CERs for
fighter aircraft only.

As implied carlier, there are many CERs for aircraft. They are verv useful for
developing new CERs but are different from each other. The differences mostly
depend upon the aircraft types, the included aircraft data, and the statistical methods
used. However, even though thev are different from each other. their results are
similar.  This means that since the purpose of CERs is to provide a reasonable cost
estimation of svstems, theyv give similar estimates of a particular aircraft.

As a result of this thesis, a multiple linear regression model based on 6
observations is selected as the best model to estimate the costs of fighter aircralt.
Then, 1t is a very meaningful result because the 6 observations are new fighter aircraft
with an initial operational capability vear following 1965. There mav be several reasons
for this result such a+ the limited data base of the model or the applied statistical
methods. But the most reasonable cause of the result is the characteristics of the data.
Traditionally, every new fighter aircraft requires large development costs. Also, it
includes developed svstemis such as radar, clectronic equipments, armament systems,
ete. Undoubtedly, those svstems are very expensive. However, those charactenstics
usually were not considered as the explanatory variables. This means that a model
based on cld technology may incorrectly estimate the cost of a new svstem contaiping
advanced technology. Therefore, in order to estimate the costs of modern or futurs
fighter aircraft, CERs should be based on new aircralt data.

There were some ditliculties in developing CERs for fighter aircraft. The data
problem was the first and most ditlicult problem. Suflicient numbers of observations
can support the distribution assumptions and reduce the standard error. Thus, CERs
based on suflicient numbers ol observations mav give better conlidence or prediction
mtervals because these are functions of the standard error. However, since the fighter

arreralt data used in this thesis were very hmuted, it caused quite @ wide standard error

i

and wide confidence or prediction mtertals.
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Simularly, accuracy of the data is very important. Inaccurate data is worthless
because it cannot lead to reliable CERs. Thus, under such conditions, it is verv hard
to expect accurate estimates. I[However, some explanatory variables of new fighter
aircraft data were classified such as the maximum speed of F-1SA. But, the selected
models were not very good CERs.

Additionally, as a statistical method, OLS has some problems. OLS is almost
exclusively the selected regression technique. It is based on the assumptions that the
error term is normally distributed, and the estimates are selected to minimize the sum
of the squared deviations of actual cost observations from their estimates. However,
OLS as a regression method is quite sensitive to outlving observations. If the data
base includes some unusual observations then it tends ro give a poor result. Thus,
there 1s a tendency to discard those observations that seem to lie outside a normal
trend line in order to remove a possible bias in the estimating equation.

Finaliv, further studv and developments of CERS for fighter aircraft should
consider the following:

1} Use accurate and suflicient data. The purpose of this study is to get reliable
CERs which gives an accurate cost estimate of the svstems. This 1s possible
by using accurate data. Furthermore, suflicient data can reduce the standard
error so that it gives accurate confidence and prediction intervals, because they
depend upon the standard error.

2y Use alternate methods. OLS is the most irequently used estimating technigue
for CERs, but it is not a perfect technique by itself. Thus, it is needed to
support and compare the established CERs, but alternate methods, such as

generalized least squares or least absolute value regression, will also do that.

Additonally, in order to esumate the costs of modern or future systems, 1t 1s
important also to suggest that the new data should be added to the model and old ones

<<

removed. That enables the model to be kept updated and restricted to fighter wircralt

with sinular characteristics.

R

L ol e e . i




APPENDIX A
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APPENDIX C
SIMPLE AND MULTIPLE LINEAR REGRESSION MODELS

1) Models with 3 variables

! . . |PROB| PROB PROB PROB PRCB

l VAR DATA| FUNCTION R- > > > > >

|

‘ 19 linear 0.69/0.01| 0.29 0.73 0.09 0.46

]g an " obs.| loglinear;0.73|0.01| 0.38 0.45 0.24 0.25

'thrus

'weight 6 linear 0.50/0.64| 0.95 0.43 0.85 0.64

| obs. ! loglinear|0.54(0.60| 0.66 0.34 0.80 O.47

t i

1 19 | linear '0.68/0.01] 0.33 0.27 0.04 0.99

g an . obs. ! loglinear!0.70]0.01| 0.52 0.77 0.06 0.76

‘thrus '

. speed 6 | linear 0.87/0.19/ 0.21 0.10 0.22 0.12
obs.! loglinear C.77|0.32} 0.25 0.20 0.41 0.20

{ ! i ]

' ! 19 | linear 10.71/0.01! 0.10 0.23 0.01 0.23

'g an t‘obs. logllnear10.70§0.01‘ 0.30 0.89 0.01 0G.76

' thrus , . |

' ser | linear |0.65/0.47( 0.88 0.47 Q.73 0.37

! ' obs. ! loglinear'0.55:0.59, 0.73 0.56 0.84 0.46
1 ' ’

' |19 linear 0.75:/0.01| 0.06 0.07 0.15 0.06

‘g an t'obs. loglinear 0.7210.01| 0.40 0.78 0.01 0.4l

1rust |

| year } 6 | linear 0.8050.28‘ 0.19 0.13 92.64 0.19

{ obs. ! loglinear 0.85,0.211 0.12 0.11 0.68 0.12

! ! |

| t | ! l
|19 | linear 10.68:0.01 0.81 0.63 0.C2 0.68

span t'obs.' loglinear |0.73/0.01} 0.38 0.45 0.01 0.25

thrust, ‘

£/ 6 | linear 0.53 0.61§ 0.60 0.39 0.71 0.58 |
‘obs. | loglinear 0.54 0.59| 0.65 0.34 0.59 0.47 |

| i |

| | 19 | linear 10.63 0.01| 0.55 0.99 0.15 0.67

spanhtjobs.! loglineari0.70,0.01, 0.53 0.41 0.05 0.67

wel | i

spegd ' 6  linear 0.67 0.44! 0.42 0.40 0.93 0.40
obs. | loglinear 0.69 0.42: 0.47 ©.30 0.67 0.4l
119 linear :0.68j0.01? 0.51 0.50 0.01 ¢C.15

spanh obs.  loglinear 0.72.0.0i1 0.47 0.06 0.01 .32

welight

ser” 6 linear 0.2 0.50° 0.91 0.69 0.95 0.49
ops loglinear 0.%9 0.5% 0.77 0.47 0.64 0.0l
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3) Models with 1 variable

. , |PROB PROB PROB
VAR' |DATA| FUNCTION | R- > > >
F |ty | |ty
19 linear 0.27|0.02 0.39 0.02
jobs. | loglinear|0.10/0.20 0. 47 0.20
span
P linear 0.42)0.17 0.95 0.17
obs. | loglinear|0.37|0.20 0.58 0.20
| 19 linear 0.65|0.01 0.43 0.01
obs. | loglinear;0.70/(0.01 0.01 0.01
thrust )
linear 0.15/0.45 0. 80 0. 45
obs. | loglinear|0.16(0. 44 0. 85 0. 44
19 linear 0.62|0.01 0.19 0.01
) obs. | loglinear|0.64;0.01 0.01 0.01
weight
6 linear 0.23/0. 34 0. 64 0.34
obs.| loglinear!|0.16|0. 43 0.96 0.43
19 linear 0.41(0.01 0.29 0.01
obs. | loglinear|0.55,0.01 0.01 0.01
speed )
linear 0.010.89 0. 48 0.90
| obs.| loglinear|0.01|0. 84 0.70 0.84
i
| 19 linear 0.01!0.72 0.19 0.72
i obs. | loglinear|0.01|0.76 0.01 0.76
ser
| linear 0.3610.20 Q.58 0. 20
i obs.j loglinear|0.31/0.25 0.01 0. 25
r | {
2 | 19 | linear 0.56(0.01 0.01 0.01
| iobs. | loglineur|0.49/0.01 0.01 0.01
ear |
iy | 6 | linear 0.01/0.87 0.88 0.87
, lobs. | loglinear!0.03|0.76 0.76 0.76
1 :
: i 19 | lirear |0.17/0.08 0. 80 0.08
lt/ Iobs.‘f loglinear|0.30|0.01 0.01 0.01
1 ‘
| 6 | linear 0.0310.73 0.21 0.73 !
lobs. | loglinear!0.02 0.78 0.01 0.78 |
S0
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3) Models with 1 variable

, |PROB PROB PROB
VAR' |DATA| FUNCTION | R- > > >
F | £ | £
19 linear 0.27]0.02 0.39 0.02
obs. | loglinear|0.100.20 0. 47 0.20
span
P linear 0.42)0.17 0. 95 0.17
obs. | loglinear!0.37|0.20 0.58 0.20
| 19 linear 0.65(0.01 0. 43 0.01
obs. | loglinear 0.70{0.01 0.01 0.01
thrust )
linear 0.15]0. 45 0. 80 0. 45
obs. | loglinear|0.16,0. 44 0. 85 0. 44
19 linear 0.62)0.01 0. 19 0.01
_ obs. | loglinear|0.640.01 0.01 0.01
weight )
6 linear 0.23]0.34 0. 64 0.34
obs. | loglinear|0.16(0C. 43 0.96 0.43
19 linear 0.41(0.01 0. 29 0.01
obs. | loglinear|0.55,0.01 0.01 0.01
speed ,
6 linear 0.01:0.89 0. 48 0.90
} obs. | loglinear|0.01]|0.84 0.70 0.84
| 1
| 19 | linear ]0.01!0.72 0.19 0.72
i lobs. logllnear|0.01 0.76 0.01 0.76
| ser
6 linear 0.36|0. 20 Q.58 0.20
| obs. | loglinear|0.31(0.25 0.01 0. 25
f | I
| ' 19 | linear |0.56/0.01 0.01 0.01
i cbs loglineur|0.49/0.01 0.01 0.01
ear
M " 6 linear |0.01(0.87 0.88 0.87
k lobs. | loglinear!0.03/0.76 0.76 0.76
| ; ]
, 19| linear 0.170.08 0.80 0.08
ny jobs. | loglinear 0.30/0.01 0.01 0.01 '
W ‘ | |
| 6 | linear 0.0310.73 0.21 0.73
‘obs. | loglinear 0.02,0.78 0.01 0.78
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APPENDIX D
CHOW TEST

H, : The models based on 6 and 13 observations came from the same population.

‘ model 1 model 2 model 3
number of
observations 6 13 19
(n)
number of
parameters 3 3 3
(k)
residual sum
of squares 17.7728 78. 0055 269. 49
| ?RSS

(RSS; = (RSS, + RSS,))n = 2k)
F = - 2 ~ F(k.n,-2k)
(RSS, + RSS,)K) :

Thus,

(206949 = (17.7728 + 78.0055)(19 — 6)
(17.7728 + 78.0035)(3)

= 7.859

Then, the criucal value is

Foost3 03 = 3415 < 7.859
Therefore, the null hypothesis that the model based on 6 and 13 observations came

from the same population 1s rejected.
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