R-3255-AF

Aircraft Airframe
Cost Estimating
Relationships

Study Approach and Conclusions
R. W. Hess, H. P. Romanoff

December 1987

) RA N D . "P:RD.IECT AR FORCE




The research reported here was sponscred by the United States
Air Force under Contract F49620-86-C-0008. Further information
may be obtained from the Long Range Planning and Doctrine
Division, Directorate of Plans, Hq USAF.

Library of Congress Cataloging in Publication Data

Hess, Ronald Wayne.
Aircraft sirframe cost estimating relationships.

“Project Air Force report prepared for the
United States Air Force.”
“December 1987."
Bibliography: p.
“R-3255-AF.
1. United States. Air Force—Procurement.
2. Airplanes, Military—United States—Prices.
3. Airframea—Prices. . Romanoff, H. P.
II. United States. Air Force. I{I. RAND Corporation.
IV. Title.
UG1123. H47 1987 358.4'1621270973 87-28382
ISBN 0-8330-0810-2

The RAND Publication Seriea: The Report is the principal
publication documenting and trensmitting RAND’s major
research findings and final research resuits. The RAND Note
reports other outputs of sponsored research for general
distribution. Publications of The RAND Corperation do nat
necessarily reflect the opinions or policies of the sponsors of

RAND research.

Published by The RAND Cerporation
1700 Main Street, P.O. Box 2138, Santa Monica, CA 90406-2138



R-3255-AF

Aircraft Airframe
Cost Estimating
Relationships

Study Approach and Conclusions
R.W. Hess, H. P. Romanoff

December 1987

A Project AIR FORCE report
prepared for the
United States Air Force

RAND

Approved for public release; distribution unlimited






PREFACE

This report documents the derivation of a set of equations suitable
for estimating the acquisition costs of aircraft airframes in the absence
of detailed design and manufacturing information. In bread form, this
research updates and extends the cost estimating relationships (CERs)
published in RAND Report R-1693-1-PA&E, Parametric Equations for
Estimating Aircraft Airframe Costs, by J. P. Large et al., February 1976,
and used in the RAND aircraft cost model, DAPCA, described in
R-1854-PR, A4 Computer Model for Estimating Development and Pro-
curement Costs of Aircraft (DAPCA-III), by H. E. Boren, March 1976.
However, it also draws on a number of other studies—RAND and
non-RAND—for ideas on how the accuracy and reliability of airframe
CERs might be improved.

In the current effort, the A-10, F-15, F-16, F-18, F-101, and S-3 have
been added to the estimating sample;* the explanatory power of vari-
ables describing program structure and airframe construction charac-
teristics is investigated; and the utility of dividing the estimating sam-
ple into subsamples representing major differences in aircraft type (eg.,
fighter, bomber/transport, and attack aircraft) is examined. Addi-
tionally, for the fighter subsample, the possible benefit of incorporating
an objective technology measure into the equations is investigated.

To address the issue of sample homogeneity, each of the subsamples,
as well as the full sample, had to be investigated in detail, with the
ultimate goal of developing a representative set of CERs for each. This
report summatizes the results of these individual analyses. Detailed
results are available in a series of four companion RAND Notes:

Aircraft Airframe Cost Estimating Relationships: Al Mission
Types, N-2283/1-AF, by R. W. Hess and H. P. Romanoff,
December 1987.

Atrcraft  Airframe  Cost  Estimating Relationships:  Fighters,
N-2283/2-AF, by R. W. Hess and H. P. Romanoff, December
1987, '

1Also, the F-86, F-89, and F3D, which were dropped from the previous estimating .- '

sample (DAPCA-III), were reintroduced.

ifi
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Afreraft Airframe Cost Estimating Relationships: Bombers and
Transports, N-2283/3-AF, by R. W. Hess and H. P. Romanoff,
December 1987.

Aifreraft Airframe Cost Estimating Relationships: Attack Aircraft,
N-2283/4-AF, by R. W. Hess and H. P. Romanoff, December
1987.

This research was undertaken as part of the Project AIR FORCE
project entitled “Cost Analysis Methods for Air Force Systems,” which
has since been superseded by “Air Force Resource and Financial
Management Issues for the 1980s” in RAND’s Resource Management
Program.

While this report was in préparation, Lt. Col. H. P. Romanoff,
USAF, was on duty in the System Sciences Department of The RAND
Corporation. At present, he is with the Directorate of Advanced Pro-
grams in the Office of the Assistant Secretary of the Air Force for
Acquisition.



SUMMARY

This report presents generalized equations for estimating the
development and production cosis of aircraft airframes. It provides
separate cost-estimating relationships (CERs} for engineering, tooling,
manufacturing labor, and quality-control hours; manufacturing
material, development support, and flight-test cost; and total program
cost. The CERs, expressed in the form of exponential equations, were
derived by multiple least-squares regression analysis. They were
derived from a database consisting of 34 military aircraft with first
flight dates ranging from 1948 to 1978. Most of the aircraft technical
data were obtained from either original engineering documents such as
manufacturers’ performance substantiation reports, or from official Air
Force and Navy documents. The cost data were obtained from the air-
frame manufacturers, either directly from their records or indirectly
through standard Department of Defense reports such as the Contrac-
tor Cost Data Reporting system.

The equation set that we feel will most accurately reflect the range
of estimating situations likely to be encountered in the future utilizes
empty weight and speed as the basic size/performance variable combi-
nation. It is based on a subsample of the full sample consisting of 13
post-1960 aircraft. We concluded that the more limited post-1960
experience would be a better guide to the future than the cumulative
34-aircraft experience dating back to 1948,

Empty weights for the post-1360 sample aircraft range from under
10,000 Ib to over 300,000 Ib, while speeds range from 400 kn to over
1,260 kn. The standard errors of estimate of the CERs in the recom-
mended set vary significantly. Four of the CERs {tooling, manufactur-
ing labor, manufacturing material, and total program cost) have stan-
dard errors of about 0.30! {—26, +35 percent), while three (engineering,
development support, and flight test) have standard errors of about
0.50 (—39, +65 percent) or more. None of the equations meets our
standard-error-of-estimate goal of 0.18 {—16, +20 percent). On the
other hand, the lowest standard errors of estimate in the set are associ-
ated with tooling, labor, and material--elements that typically account
for 856 to 70 percent of total program cost at an aircraft production
quantity of 100.

1Al standard errors of estimaie are originally expressed in logarithmic form; .-

equivalent percentages of corresponding hour or dollar values are provided in
parentheses.
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The ultimate test of the set’s usefulness will be its accuracy for
estimating the cost of future aircraft, Unfertunately (from an estimat-
ing point of view), dramatic changes are taking place in airframe
materials (e.g., more extensive use of composites), design concepts (e.g.,
to increase fuel efficiency and to reduce radar cross section), resources
devoted to system integration (e.g., integration of increasingly sophisti-
cated electronics and armament into the airframe), and manufacturing
technigues (e.g., utilization of computers and robots). And although we
do not have the data to demonstrate it, we believe that the net effect of
these changes will be to increase unit costs. In other words, we see lit-
tle danger that the recommended equation set will overestimate the
costs of future aircraft.

In addition to the basic objective of developing an updated set of air-
frame CERs, this study also examined in some detail the following pos-
sibilities for improving CER accuracy:

¢ Stratifying the full estimating sample into subsamples
representing major differences in aircraft type.

¢ Incorporating variables describing program structure and air-
frame construction characteristics into the CERa.

s For the fighter aircraft only, incorporating an objective technol-
ogy index into the equations.

We examined subsamples of aircraft categorized by mission
designation—fighter, bomber/transport, and attack-—to evaluate the
effects of stratification, and we concluded that this approach offers no
particular advantage. In fact, we were not able to identify any accept-
able estimating relationships for either the bomber/transport or the
attack aircraft subsamples. For the fighter subsample, the equation set
that we felt was most likely to be representative of future fighter pro-
grams consisted of a series of simple weight-scaling relationships that
were visually fit to the subset of post-1960 fighters (F-4, F-111, F-14,
F-15, F-16, and F-18). In general, this set of equations will produce
higher estimates than the all-mission-type equation set for relatively
tight, “slow” fighters? (e.g., the F-16 and ¥-18) and lower estimates for
relatively heavy, fast fighters (e.g., the F-4, F-111, F-14, and F-15).
However, we found that the fighter equation set was only slightly more
accurate overall than the all-mission-type set, despite its much more
concentrated focus.

We concluded that incorporating variables describing program struc-
ture and airframe construction characteristics (at least as we have

defined them) does not improve the overall quality of the equation sets. .-

?Under Mach 2.
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Although variables characterizing the level of system integration were
frequently found to be statistically significant, they did not, as a rule,
result in any substantial improvement in the quality of the equations.
In most cases, the equations incorporating such variables did not pro-
duce results that we viewed as credible. Moreover, even in those few
instances where the equations did produce credible results, the reduc-
tion in the standard error of estimate was never more than two or
three percentage points.

Finally, attempts to incorporate an objective technology index into
the fighter cost estimating relationships were unsuccessful.
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I. INTRODUCTION

Parametric models for estimating aircraft airframe acquisition costs
have been used extensively in advanced planning studies and contrac-
tor proposal validation. These models are designed to be used when
little is known about an aircraft design or when a readily applied va-
lidity and consistency check of detailed cost estimates! is necessary.
They require inputs that {a} will provide relatively accurate results, (b}
are logically related to cost, and (c) can easily be projected before
actual design and development information is available. Their purpose
is to generate estimates that include the costs of program delays,
engineering changes, data requirements, and all kinds of phenomena
that occur in a normal aircraft program.

Since 1966, RAND has developed three parametric airframe cost
models.? These models have been characterized by (a) easily aobtain-
able size and performance inputs (weight and speed), (b) the estimation
of costs at the total airframe level, and (c) the utilization of heterc-
geneous aircraft samples. They have usually been updated when
enough additional aircraft data points have become available to suggest
possible changes in the equations. In the present model, the A-10,
F-15, F-16, F-18, F-101, and $-3 have been added tc the full estimating
sample”

Analysts at several other companies have also attempted to develop
more accurate parametric models. Some of these projects are listed in
Table 1.

The models in Table 1 vary somewhat with respeci to specific pur-
pose, level of detail, and sample size and type.! Consequently, before
undertaking this update of the RAND airframe equations, we reviewed
each model reference document for potential means of improving accu-
racy, Three possibilities emerged from this review:

o Use of a more homogeneous sample such as a single mission
type (e.g., fighter, bomber, transport, or attack aircraft).

"Yxamples of this latter application include the Independent Cost Analysis {ICA)
prepared as part of the Defense Systems Acquizilion Review Council {(DSARC) process,
and government analyses of contractor cost proposals during source selections,

*See Refa. I, 2, and 3.

3In addition, the F-86, F-89, and F3D, which were dropped frem the previous estimat-
ing sample (that of DAPCA-IIT}, were reintroduced. ) L

44 critique of the RAND, PRC, Noah, and SAI models is given in Kef. 11
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Tahle 1

CONTRACTOR EFFORTS TO IMPROVE PARAMETRIC
COST ESTIMATING MODELS

Developer Sponsor  Year Ref.
Planning Research Corporation (PRCy  0OSD 1987 4
J. Watson Noah Associates Navy 19713 5
J. Watson Noah Associates Navy 1977 5
Science Applications, Inc. (SAT) NASA 1977 7
General Dynamics {Convair) AF 1875 8
General Dynamics {Convair) AF 1977 2
Grounman Alreraft Al 1978 10

* Incorporation of an objective technology index into the cost
estimating relationships ({CERs).

s Incorporation of construction and program characteristics into
the CERs (e.g., wing type, internal density, contractor experi-
ence, type of development program).

We investigated each of these approaches to determine its potential
utility for developing a set® of equations for estimating airframe costs.
The rationale for each approach is discussed below.

POSSIBLE APPROACHES FOR IMPROVING
MODEL ACCURACY

Sample Homogeneity

Other things being equal, it is clearly preferable to work with a
homogeneous sample rather than one that contains diverse and
perhaps misleading data points. The difficulty in developing such a
sample for military aircraft arises in defining sets of characteristics
that are capable of classifying these aircraft in terms that bear some
rational relationship to cost. This study was based on a fairly straight-
forward method for stratification, mission designation (i.e., attack,
bomber/transport, and fighter). Generally speaking, fighters tend to be
smaller, faster, and more maneuverable than cther types of mission atr-
craft. Attack aircraft, on the other hand, tend to be larger, slower, and
less maneuverable, because of greater emphasis on range/payload per-
formance. Finally, bomber/transport aircraft tend tc be the largest,
slowest, and least maneuverable of the aircraft types.

54 set encompasses the following cost elements: engineering, tooling, manufacturing
labor, manufacturing material, development support, flight test, and guality control.
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This type of classification does result in anomalies. For example, a
fighter may be larger than a bomber (F-l11 airframe unit weight
exceeds B-58 airframe unit weight), and a bomber may be faster than a
fighter (B-58 speed exceeds F-102 speed). Furthermore, the missions
of two aircraft with the same designation can be quite dissimilar; for
example, while the primary mission of most fighters is air-to-air, the
primary mission of some, such as the F-105 and F-111, is air-to-ground,
which may in fact make them more akin to attack aircraft than
fighters. Unfortunately, these definitional difficulties are not easily
rectified {the more restrictive, or pure, the definition, the smaller the
sample size). They are noted here only to illustrate that such problems
do exist.

Technology Index

Previous RAND analyses have suggested that the relative accuracy
of acquisition cost and schedule estimates made at the beginning of
major weapon system development programs is at least partially influ-
enced by the degree of technological advance being sought.® As a first
step toward a better understanding of this relationship, a technique
was developed for objectively quantifying the technological state of the
art of one particular type of system, aircraft turbine engines.” Subse-
quent analysis established a functional relationship between the tech-
nology embodied in engine designs and their acquisition costs, resulting
in improved CERs for aircraft turbine engines.?

More Ttecent work has attempted to quantify the technological
change in U.8. jet fighter aircraft.” An expression was developed that
related the time of appearance of an aircraft design to its level of per-
formance, which is interpreted as a measure of its level of technological
sophistication.'” The expression, which includes specific power, the
Breguet range factor, sustained load factor, fuel fraction, and a
carrier-capability designator, is illustrated in Fig. 1, where:

The vertical axis measures the first flight date calculated by inserting
aireraft performance parameters in the technology equation and the
herizontal axis measures the actual first flight date for each aircraft.
The distribution of the 25 data points about the 45 degree line

6Sae Refs. 12 and 13.
"See Ref. 14.
8Sege Refs. 15 and 16.
9Gee Ref. 17

Wi addition to the technology index itself, another benefit of the technology study te . -
this analysis was the identification of several individual explanatory variables which had
not previcusly been tested for significance in airframe cost equations.
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Fig. 1—Multivariate technology trend for new fighter designs )
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provides one measure of how well the equation fits the data sample.
Points plotted above the 45 degree line represent aircraft that flew
garlier than the date predicted by the equation, and the converse
holds for points plotted below the line. The magnitude and sign of
the residual of the technology equation determine where a particular
aircraft point falls relative to the 45 degree trend line, with the resi-
dual representing all the unquantifiable factors that influence when
the first flight of an aircraft occurs, including technological factors
not covered by the independent variable paramster set, scheduling
decisions, Congressional and service funding decisions, development
philascphy, ete. Accordingly, one should interpret the results from
the equation only as a gross indication of average technological
trends in fighter aircraft development, remembering that other fac-
tors can alzo influence the time at which a particular level of technol-
ogy becomes available.! '

This index was developed only for fighters. Consequently, this
approach was tested only with the fighter subsample.

Program/Construction Characteristics

The developers of the previous RAND airframe cost model con-
cluded: “It may be time for a change in direction. . . . [The] use of a
parametric model implies a belief that all programs will have neither
more nor less than their share of problems, yet we know that some
programs are plagued with problems that are not a function of aircraft
characteristics. It might be produective to examine the influence of
what might be called program characteristics on program cost.”"?

Following this recommendation, we investigated several program
variables, including the maximum tooling capability, currency of con-
tractor experience with similar airframes, engine status {new or “off-
the-shelf” engine), degree of weapon system integration {emphasis on
sophisticated fire control systems and missiles rather than guns), and
the type of development program (prototype or concurrent}. This
study in no way represents an exhaustive examination of the program
variables, however. We were unable to consider such things as the
effect of schedule c¢n cost, the financial condition of the contractor,
local economic conditions, and possible complementarities among the
various development and production processes.

Additionally, as a result of suggestions by individuals within the air-
craft industry, we investigated several variables related primarily to
airframe construction, including the design ultimate load factor, wing
type, structural efficiency, internal density, and carrier capability.

URef 17, p. 27.
12582 Ref. 3, p. 53.
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REPORT ORGANIZATION

Section IT describes the study data elements—the aircraft in the
estimating sample, the cost categories for which estimating relation-
ships are being developed, and the potential explanatory variables.
Section Il provides an overview of how the cost data and aircraft
characteristics vary by mission type and over time. Section IV sum-
marizes the general approach, including a discussion of the variable
combinations sclected for analysis and the statistical methods
employed. Sections V, VI, VII, and VIII present results of the analyses
of the full estimating sample, the fighter subsample, the
bomber/transport subsample, and the attack aircraft subsample,
respectively. Section IX summarizes the main findings of the study
and suggests possible future courses of action.

Appendix A contains cost-element definitions and cost/airframe unit
weight plots, and Appendix B contains explanatory variable definitions
and values. Appendix C summarizes the most recent set of RAND-
developed airframe CERs (DAPCA-III). Finally, Appendix D provides
typical cost-quantity slopes and labor costs that are suggested for use
with the recommended set of CERs.



II. DATA ELEMENTS

ESTIMATING SAMPLE

The full estimating sample consists of the following 34 “new-
design” aircraft:!

First Flight ) First Flight

Model Date Model Date?
A-3 1953 F-4 1861
A-d 1954 F-14 1970
A5 1958 F-15 1972
A-6 1960 F-16 1976
AT 1965 - F-18 1978
A-10 1974 F-86 1048
B-52 1954 F-89 1950
B-58 1957 F-100 1953
B/RB-66 1954 F-101 1954
C-5 1965 F-102 1955
C-130 1935 F-104 1956
C-133 1956 Fal0s 1956
KC-135 1957 F.106 1956
C-141 1963 F-111 1967
FaD 1950 5-3 1972
FiH 1955 T-38 1959
F4h 1954 T-39 1960

Approximately two-thirds of the aircraft in the sample first flew
prior to 1960, and roughly half first flew prior to 1957 (i.e., more than
30 vears ago).

'The classification of an aireraft as new or derivative is not an entirely objective pro-
cedure. For example, although the F-102A program laid the groundwork for the F-1064,
the F-106A is classified as a new design in the database because, in contrast to the
F-1024, 1t had a new engine, relocated air intakes, variable-geometry air inlets, a modi-
fied vertical stabilizer, and markedly hetter performance (Ref. 17, p. 14].

“The first flight dates presented i thiz report reflect the first flight date of the ver-
sion that was most representative of the aircraft that was Lo become operational. These
dates thus reflect the first flight date of the developmental aircraft. not earlier experi-
mental or prototype aireraft, Thus, although the F-4A aircraft first flew in May 1938,
the first flight date of the F-4B aircraft is presented. Similarly, even though the ¥F-17,

the antecedent of the F-18, first flew in May 1974, the first flight date of the F-184 air- .’ ’

craft is presented.

=1
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The attack subsample consists of the aircraft with mission code A
plus the 8-3.2 The fighter subsample encompasses all mission code F
aircraft. The bomber/transport subsample consists of aircraft with
missiocn codes B and C plus the KC-135. The twe trainer aircraft {the
T-38 and T-39)} are not included in any subsample.

DEPENDENT VARIABLES

Costs are dealt with at both the total program level! and at the
major cost-element level (engineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and guality
control).? Generally, estimating at the total program level is best
suited to long-tange planning studies where little detail is required.
The major-cost-element approach, on the other hand, is best suited io
situations where some insight into why a program is going to cost a
certain amount is required, or where informed adjustments need to be
made based on special aircraft characteristics. Despite these differ-
ences in typical applications, however, past RAND analyses {as well as
this one) have shown that the two approaches are essentially
equivalent in terms of their accuracy.

Costs are not examined in terms of nonrecurring and recurring
because for the older aircraft in the sample, original records were not
kept in this way, and any such separation at this time would be arbi-
trary.®

Engineering, tooling, manufacturing lahor, and quality control are
estimated in terms of man-hours rather than dollars, for two reasons:
{1) it avoids having to make adjustments for annual price changes, and
(2) it permits comparison of real differences in labor requirements.’
Manufacturing material, development support, and flight test de not

*Some question may be raised concerning the inclusion of the 5-3 in the attack sub-
sample. However, in terms of weight, speed, cimh rate, and ultimate load factor, it is
within the range of the mission code A aireraft. Furthermore, it has the capability to be
used in an attack (for torpedos and depih bombs), possessing a relatively steep maximum
dive angle. Because of these features, its inclusion in the attack sample was felt
APPTOPTIALE.

‘Total program costs are “normalized” values and not the actual reported dollar
amounts, Le., the dellar amounts for engineering, tooling, manufacturing labor, snd qual-
ity control have been determined by applving fully burdened, industry-average labor
rates te the hours reported for each category.

SCoat-elernent definitions are provided in Appendix A.

SRef. 3, p. 8.

"The major limitation of the man-hours approach is that it does not account for

differences in overhead rates. Consequently, differences in such things as capital/labor .-

ratios cannot be addressed.
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lend themselves to this approach and were therefore estimated in dol-
lars.

EXPLANATORY VARIABLES

During the formulation stage of this study, many characteristics
were considered as potential explanatory variables. However, to be
among the characteristics that were considered for inclusion in the
CERs {Table 2), a variable had to meet the following requirements:

1. It had to be logically related to cost, that is, a rationale had to
be constructed that would explain why cost should be influ-
enced by the variable.®

2. It had to be “readily available” in the early stages of aircraft
conceptualization.

3, It had to have an available historical record.”

The rationales for considering or not considering suggested explana-
tory variables are explained below. Variable definitions are provided in
Appendix B.

Size

Weight and wetted area are logical variables to be tested for signifi-
cance because they are indexes of size, and, all other things being
equal, a large airframe should cost more than a smaller one. Airframe
unit weight consists primarily of structural items and, of all weight
measures, would seem to most closely represent what the airframe
manufacturer is directly responsible for designing and preducing.
Empty weight includes not only the structure but also the engines and
mission eguipment and thus would also seem to capture what the air-
frame manufacturer is responsible for integrating and installing.

5This requirement is intended to be a middle ground hetween two extremes. One
extreme woutd require the development of an in-depth, step-by-step explanation of why a
particular characteristic should affect cost, prior to any statistical analysis. This
approach would require following a typical airfrape from drawing board to final assem-
bly, showing how the characteristic of interest impacts cost at each “step” along the way.
The other extreme would not require any & priori rationale but would use statistical
analysis to establish explanatory variables and then be concerned with developing the
rationale. Cur approach required the establishment of an intuitive rationale for each
putential explanatory variable prior to any statistical analysis, which was then used as a
tool for final variable selection.

1n the context of this study, an available record was one that was currently available.- "

within RAND. External data collection {or this study was extremely limited.
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Table 2
POTENTIAL EXPLANATORY VARIABLES"

All . Bombér/

Variable Afrcraft Fighter Attack Transport
Size
Airframe unit weight (ATW) X X X X
Empty weight (EW} X X X X
Wetted area X X X X

Technical /performance factors

Maximum speed X X X X
Speed class p4 X X X
Specific power X
Viaximum specific energy X
Climb rate X X X X
Maximum sustained load factor X
Thrust-to-weight ratio X
Breguet range factor X
Useful load fraction X X X X
Predicted first flight date

{technology index) X
Predicted first flight date

{compesite performance) b

Construction
Dresign ultirnate load factor X X X X
Structural efficiency factor X
Carrier capability designator X ® X X
Engine location designator X X X X
Wing type x X N X
Ratio of wing area to wetted area x .4 X X
Ratio of (EW-AUW)/AUW X X X X
Ratio of avionics weight to AUW ¥ X X X
Number of black boxes X X X X
Program

Numher of test aircraft X X .8 x
Maximum tooling capability X X X b8
New engine designator X X X X
Contractor experience designator X X x X
Weapon systern designator X
Program type designator X X X x

*Blanks indicate that not all explanatory variables are applicable to all
aireraft samples. In some instances, certain characleristics are not mean-
ingful for certamin aircraft types, eg. specific power is not particularty
relevant when describing bomber/transport aireraft. In other cases, the
effort required to collect or calculate the appropriate values was beyond the
scope of this study. For example, the Breguet range factor was readily
available anly for fighter aircraft, and calculating it for the other aircrafi
types would have been a major underiaking.
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Gross weight and combat weight were not teasted becouse they include
items (e.g., erdnance, fuel, crew) which, while clearly considered during
the development stage, are not within the airframe manufacturer’s
responsibility for design, fabrication, or installation. The connection
between cost and gross weight/combat weight would thus be less strong
than that between cost and airframe unit weight/empty weight, Other
size variables such as wingspan and fuseloge length were not considered
because, individually, they are not representative of the entire airframe.

Technical/Performance Factors

Generally speaking, improvements in performance capability (speed,
acceleration, maneuverability, range/payload, etc.) are associated with
greater airframe complexity. For example, as speed approaches Mach
1, the effects of compressibility necessitate more sophisticated aero-
dynamic and structural design (e.g., swept wings); as speed increases
bevond Mach 1, wings generally become thinner; as speed approaches
Mach 2, more complex variable-cross-section engine air inlets are nor-
mally used for efficient operation; and at Mach 2.5, materials such as
titanium are needed, since the strength of aluminum alloys decreases at
the elevated temperatures encountered at higher speeds. Speed alone,
however, ignores the problems associated with packaging high speed in
a small, lightweight airframe. Consequently, specific power (fighters
only) is the chosen parameter, because it normalizes for size.

Maximum specific energy (fighters only), an important parameter in
energy-maneuverability theory, collectively deseribes the speed and
altitude performance of fighter aircraft. The sea-level rate of climb
indicates the specific excess power an aircraft has availeble to climb or
change velocity and hence provides a measure of acceleration capabil-
ity.

The maximum sustained lpad factor (fighters only) and the thrusi-
to-weight ratio (fighters only) were selecied to characterize aircraft
maneuverability, Generally speaking, increased maneuverability is
associated with increased airframe “strength.”

Differences in the range/payload capability are reflected in the Bre-
guet range factor (fighters only) and useful load fraction. The range
factor measures how well fuel energy is translated into range by the
airframe’s serodynamics as well as the propulsion system. The wusefud
load fraction provides a gross measure of an aircraft’s ability to carry
fuel and payload. .

The predicted first flight date (fighters only) is viewed, first, as an |
indicator of the technological sophistication of the airframe, and”
second, as a composite performance variable. As an indicator of -
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technological sophistication, it complements other performance vari-
ables, and as a composite performance variable, it substitutes for cther
performance variables. However, in either case, the impact on cost
should be the same: higher levels of technologicel sophistication or
performance should result in higher cost.*

The lfi-te-drag ratio was not considered, since no hypothesis
explaining a logical relation to cost could be developed. However, it
does significantly influence range and is incorporated into the Breguet
range factor. Ceiling was not considered, because the vast majority of
aircraft in the sample are capable of altitudes in excess of 40,000 ft,
and further differences are usually attributable to the engine rather
than the airframe.

Construction

This group of explanatory variables is used to account for differ-
ences in how airframes are constructed. The design ultimate load factor
(the maximum load factor to which the airframe is designed) can be
viewed as a measure of airframe “strength.” The structural efficiency
factor (fighters only), defined as the ratio of structural weight to the
product of the design ultimate load factor and stress design weight, is
used tc quantify differences in materials and design/fabrication tech-
nology. Presumebly, improvements in materials and design/fabrication
techniques should produce lower structural efficiency factors. Since
they are more difficuit to achieve, lower structural efficiency factors
should result in higher costs than higher structural efficiency factors.

The carrier-capability designator is intended to separate aircraft
designed for carrier operation (i.e., those having catapult takeoff,
arresting-gear landing, wing fold, and additional corrasion problems)
from those that are not. The engine location designator Indicates
whether an aircraft’s engines are embedded in the fuselage or located
in nacelles under the wing. It is felt that the process of designing and
integrating an engine into a fuselage {e.g., tailoring the inlet airflow,
routing cables and hydraulic lines around the engine) is more difficult
than that of placing the engine in a nacelle under the wing.

The next two variables deal with wing construction. Wing {ype
reflects the perceived complexity of alternative wing configurations—
straight, swept, delta, and variable sweep. The ratio of wing area to
wetted area is used to account for the observation that wing structure is

WSinee the predicted first flight date and actual first flight date are highly correlated

by construction (i.e., they are essentially equivalent), the possibility exists that when the .-

prediceed fivst flight date is entered into a cost equation it might actually be capturing a
time trend that is unrelated to technology (e.g., changes in procurement policy).
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normally less expensive per pound than fuselage or empennage struc-
ture.’l Consequently, everything else being equal, aircraft with larger
ratios of wing area to wetted area should be less expensive than aircraft
with smaller ratios.

The two weight ratios—empty weight minus airframe unit weight to
airframe unit weight [(EW-AUW)/AUW] and avionics weight to air-
frame unit weight [AV/AUW]—are used to account for the difficulty of
integrating and installing nonstructural items within the airframe.
Weights are used as proxies for volume, since volumes could not be
cbtained. Empty weight less airframe unit weight accounts for the
welght of the engine(s) and mission equipment, while avionics weight is
limited to the electronics group.

Like the ratio of avionics weight to airframe unit weight, the number
of black boxes also attempts to account for the difficulty of integrating
and installing electronics inte an airframe. However, it does not cap-
ture the relative difficulty of packaging particularly well, especially
when applied to a sample containing both large and small aircraft. A
black box is loosely defined as an electronic component or unit {usually
with an identifiable AN designation'> or manufacturer part number)
which provides a communication, navigation, identification, fire con-
trol, electronic countermeasures (ECM}, or data processing function.
Excluded are instruments, electromechanical components, intercoms,
emergency transmitters, chaff dispensers, cameras, and electronics
located in pods. Differences in the level of technology embodied in
black boxes are not accounted for, nor is the fact that the level of black
box aggregation varies from aircraft to aircraft. For example, a cen-
tralized aircraft and weapon control unit (such as the MG-10 on the
F-102) may subsume several functions identified separately on other
aircraft. Furthermore, since an aircraft’s avionics suite is constantly
changing, even during initial production runs, it is very difficult to
select a “representative” suite. This analysis has used the suite appear-
ing on the first production version of the aircraft as a hasis for deter-
mining the number of black boxes. The numbers of black boxes by air-
craft and by date of first flight are shown in Table 3, which also shows
an apparent pre-1960/post-1960 break in the guantity of black boxes
for the attack, transport, and fighter mission types.

An additional half-dozen or so construction-related variables were
not considered, for a variety of reasons. Wing loading and aspect ratio
were not considered because reasonable hypotheses relating them to

I3ce Ref. 18.
250 AN (Army-Navy) designation indicates that an electronic item has been classi-.-"
fied in accordance with the Joint Electronics Type Designation System.
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Tahble 3
NUMRBERS OF BLACK BOXES

Year of Numbers of
First Black

Alrcraft. Flight Boxes

Attack Aircraft
A-3 1453 )
A4 1954 &
A-B 1858 13
A-G 196} P
A-T 1965 19
5-3 1972 3
A-10 1974 14

Bomber/Transport Aircraft

B-52 1954 24
B/RB-66 1934 —
B-58 1957 26
C-130 1955 17
C-133 1856 18
KC-13a 1957 18
C-141 1963 26
C-5 1968 27

Fighter Aircraft
F-86 1948 4
FaD 1930 a
F-89 1950 9
F-100 [953 51
F4D 1954 9
F-11 19534 o
FiH 1955 5
F-102 1955 9
F-104 1956 6
F-105 1906 11
F-106 1956 12
¥-4 1961 14
F-111 1967 18
F-14 1970 21
F-15 1972 24
F-18 1976 —
r-18 1978 —

Other Aircraft
T-38 1958 i

T-39 1960 10
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cost could not be developed. Wing taper,’® the ratia of wing thickness
to wing chord'? maximum dynamic pressure in the flight envelope, and
part count were not considered because historical values for these vari-
ables were not readily available. Furthermore, part count was not felt
to be a variable for which a value could be accurately estimated in the
concept-formulation stage. The maximum [ift coefficient'® in combat
configuration was not considered because efforts to measure this
parameter uniformly were stymied by inconsistent definitions among
aircraft of what constitutes the maximum usable lift coefficient condi-
tion (e.g., inconsistent definitions of controllability under various con-
ditions of buffet). The maximum lift coefficient in a landing or takeoff
configuration was investigated indirectly through the use of a variable
that distinguishes between land-based aircraft and carrier-capable air-
craft; the latter generally place greater emphasis on developing high lift
at low speed.

Finally, even though we know that cirframe materials utilization
varies significantly from aireraft to aircraft (see Table 4), the develop-
ment of a meaningful materials index was beyond the scope of this
study., Such an index would require, for each aireraft, not only the
material distribution (e.g., aluminum, titanium, steel, composite) and
form (sheet, plate, forging), but also the relative finished part costs at
the time the aircraft was manufactured. Furthermore, the required
data are readily available for only a few of the most recent aircraft.'®

Program

Unlike the first three groupings of explanatory variables which dealt
with the physical characteristics of airframes, the final group of vari-
ables deals with the management decisions associated with airframe
programs. An increased number of test aircraft suggests an expanded
flight-test program with increased engineering planning, instrumenta-
tion, fuel, maintenance, and data requirements, and a resultant
increase in cost. Maoximum tooling capability is used to capture the
effect on cost of the production rate (e.g., greater specialization of

UHigher wing-taper ratios generally mean more unique parts {e.g., ribs).

LY ower thickness-to-chord ratios reflect relatively thinner, wider wings which are
more difficult to construct than thicker, narrower wings.

“*Higher maximum liff coefficients are normally assaciated with more complex wing
Jeading- and trailing-edge devices, the cost of which presumably increases the cost of the
overall wing.

YFor additional discussion of material indexee, see Ref. 19, pp. 188-202,
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Table 4

AIRFRAME MATERIALS UTILIZATION
{Percentage of airframe structure weight)*

Alrcraft?

F-4 F-111 F-14 F-13 B-ia F-16 F-18
Material (19613 {1967} (1970) (1972) (1974) (1976] (1978}

Aluminum 70 39 48 h2 a2 79 43
Titanium 9 5 29 4( 20 2 14
Steel i€ 33 22 5 14 4 15
Composites 1 1 2 4 5 i1
Other 8 2 - 1 10 10 12

sStructure weight includes the following weight groups: wing, tail,
hody, alighting gear, and engine section {see MIL-8TD-1374, Weight and
Balance Date Reporting Forms for Aircraft, September 30, 1977},

First flight dates shown in parentheses.

labor, reduced material costs through increased volume purchase) and
the physical volume of tooling (initial and duplicate sets).

The “new engine” designator distinguishes those airframes that are
mated with a new engine (excluding growth versions) from those that
are not. A new engine is expected to experience more difficulties than
an “off-the-shelf” or growth engine, and these difficulties should also
be reflected in the airframe development (e.g., in schedule slippage, air-
frame modifications). The derivation of the “new engine” designator is
provided in Table 5. Clearly, some interpretation was required. For
example, during the early and mid-1350s, when aircraft were developed
at a rapid pace, engines were occasionally introduced virtually simul-
taneously on more than one aircraft. Some cases were truly joint
applications (e.g., the J79 for the B-58 and F-104). In other near-
simultanecus cases, such as the J57, we used subjective judgment in
determining which aireraft bore the brunt of engine development.

The contractor experience designator is intended to deal with the
notion that a contractor with recent experience on a specific mission-
type aircraft should be more efficient, both in development and produc-
tion, than a contractor without that experience.)” The problem, of

'"An alternalive approach would focus not on the individual coniractor’s recemt
experience, but rather on the experlence of the airframe industry as a whole with a glven
tvpe of aircraft design. In other words, only “first-of-a-kind” designs would be desig-

nated “no experience.” The problem with this approsch is that almost every aireraft is - ’

the first “something.” (For example, see Ref. 17, p. 7, Table 1. “Milestones in U.5. Jet
Fighter Development.”)
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Table 5

NEW ENGINE DESIGNATOR

Initial Initial

Engine on Ajrcraft

Production  Application(s} First
Aireraft Afreraft of Engine Application?
A-3 J57 B-52/F4D No
A-4 J65 B-57 No
A5 J79 B-5B/F-104 iy
A-§ J52 A-B Yes
AT TF30° F-111 No
A-10 THF34 3-3 No
B-52 J57 B-52/F4D Yes
B.58 J79 B-38/F-104 Yes
B/RE-66 JT1 B/RB-66/F3H Yes
-5 TF39 C-5 Yes
C-130 T56 C-130 Yes
C-133 T34 C-133 Yes
KC-135 Ja7 B-52/F4D No
C-141 TFa3 B-52H/707 Mo
F3D J34 F6U/F2H No
F3H J71b B/RB-66/F3H Yes
F4D J57 B-52/F4D Yes
F4 J79 B-58/F-104 No
F-14 TF30 F-111 No
F-15 F100 F-15 Yes
F-16 F100 F-15 No
F-18 Fi04 F-18 Yes
F86 J47 B-45/F-86 Yes
F-89 J3a F-34/FJ-1 No
F-100 J57 B-52/F4D No
P-101 J57 B-62/F4D No
F-102 JBT B-52/F4D No
F-104 J79 B-58/F-104 Yes
F-1(5 J75 F-105 Yez
F-108 J75 F-105 No
F-111 TF30 F-111 Yes
5-3 TFa4 3-3 Yes
T-38 JBS T-2C No
T-38 J60 T-39/C-140 Yes

"Without atterburner.
YF3H switched from J40 to J71 at the fifty-seventh
production anit,

17
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course, comes in defining experience. The question of what constitutes
an “experienced nucleus” of engineers and production workers is
beyond the scope of this study. The answer to this question would
involve, for example, questions of:

1. Relevancy:

o Does a company-sponsored effort constitute experience in
the same sense as a government-sponsored effort?

¢ Does a program that does not reach production provide
experience in the same sense as one that does?

o Does experience with aircraft types other than the current
aircraft type benefit the current program? (e.g., Does
recent experience with attack aircraft help fighter
development? Does recent experience with commercial
transport aircraft help military transport aircraft develop-
ment?)

Currency: How recent is the experience?

3. Definition of nucleus: quantity, quality, and mix of labor
types.

4. Labor mobility, both intracompany and intercompany.

[

Consequently, for this study, centractor experience is arbitarily
defined in the following way: A company that receives a government-
sponsored mission-type-X development contract (excluding contract
definition phases) prior to the conclusion of another government-
sponsored mission-type-X production program is said to have experi-
ence. Furthermore, for all but cargo aircraft, an additional condition of
experience is that the prepulsion types of the current and prior alrcraft
also be the same. ‘That is, the applications of propeller and jet propul-
sion to combat aircraft are considered sufficiently dissimilar that credit
for experience is not given if the prior case involved a different type of
propulsion system. The derivation of the contractor experience desig-
nator is provided in Table 6. Note that in cases where there is a defin-
ite similarity between an aireraft and an antecedent, credit for experi-
ence is given irrespective of the mission designations (e.g., A-3 and
B/RB-66, F-3 and A-7).

This definition obvicusly has limitations. For example, changes in
avionics technology and basing mode (e.g., land vs. carrier) are lgnored,
ag ig relevant subcontractor ﬁ*:-cperience.18 However, additional sophisti-

1pyr example, to “obrain” relevant “carrier” experience flor the 5-3 program,
Lockheed teamed with LTV, which at the time was still producing the A-7. In fact, v

the time the last $-3 was completed, LTV wae producing about 53 percent of the air--

frame unit weight.
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Table 6
CONTRACTOR EXPERIENCE DESIGNATOR

Prior Aircraft of
Same Mission Type
Start Dare of  Produced by Contractor
Govt.-Sponsored  and Approximate Date

Alreraft Contractor Research Production Concluded  Experience?
A-3 Douglas Mar 1949 A-1 (prop)/Feh 1957 No
A-4 Douglas Jun 1952 A-3/1960 Yes
AR North American Jun 1956 A-2 {prop)/Mar 1954 HNo
A-G Grumman Mar 1950 5-2 (propl/ 146707} Mo
AT LTV Mar 1964 F-8"/Sep 1964 Yes
A-10 Fairchild Dec 1970 None identified Na
B-32 Boeing Jul 1948 B-47,/Feb 1857 Yes
B-28 Convair Feb 1951 B-36 (propit/Aug 1954 No
B/RB-68 Douglas Jan 1953 A-3°/196( Yes
C-5 Lockheed Cct 1965 C-141/Jul 1968 Yes
C-130 Lockheed Jal 18951 None identified No
-133 Douglas Feb 1953 C-124 {prop}/May 1950 Yes
K(-136 Roeing Aug 19547 KG-97 (prop)/dul 1956 Yes
C-141 Lockheed Apr 1961 C-130 {prop)/current Yes
FaD Douglas Apr 1946 P-70 (prop)/1943¢7) No
F3H MeDonnetl Sep 1949 F2H/Oect 1953 Yes
4D Douglas Dac 1348 Fan/Oct 1933 Yes
P-4 MeDonnell Oct 1954 FaH/Nov 1959 Yes
F-14 Grumman Jan 1989 F-111/Feb 1969° Yes
F-15 McDonneil Dec 1969 F-4/current Yes
P16 General Dynamics Apr 1972 F-111/August 1969 No
F-18 WeDonnell Apr 1972 F-15/current Yes
F-86 Noerth American May 1945 ¥J-1,/1957 Yes
F-88 Northrop dun 1948 P-81 {prop}/1946 No
F-100 North American Jan 1952 F-88/Dec 1936 Yes
F-t01 McDonnell Jan 1962 F2H/Oet 1853 Yes
F-102 Convair Sep 1951 None identified™No

F-104 Lockheed Mar 1963 F-94/May 1954 Yes
F-105 Republic Sep 1952 F-84/Aug 1957 Yes
F-108 Convalr Nov 1885 F-102/Apr 1938 Yes
F-111 {zeneral Dynamics Nov 1962 F-106/Jan 1961 No
3-3 Lockheed Aug 1969 P-4 {prop}fourrent Mo
T3S Northrop Nov 1955 None identifled Mo
T-39 North Armerican Mar 1958 T-28 (prop)/1956 Yes"

*The A-7 evolved from the F-8.

BOnly two YB-80s (a B-36 derivative using eight J57 Jer engines) were produced by Con-
VHEIT.

“The B/RE-f6 evolved [rom the A-3,

3The “Dash 80" jet transport started in May 1952 with corporate funds.

“The F-1118 was formally canceled in July 1968; the last F-111B acceptance was in
February 1969. Grumman funding on the F-111 was $150 million in 1969 and $68 milllon n .
1970. o

The XF-92 was less than a full-scale prototype.

#The P-3 iz a relatively latze, land-based, propelier-driven aireraft, while the 5-3is a rela-
tively small, carrier-based, jet aircraft.

hadditionally, the T-2 was developed and produced approximately concurrently with the
T-39.
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cation in the definition of contractor experience would require
increased subjectivity on the part of the analyst.”

The intent of the weapon system designator (fighters only) is to iden-
tify those sireraft whose development placed more emphasis on air-to-
air missiles and sophisticated fire-control systems than on gun arma-
ment.”

Aircraft identified as “weapon systems” were considered to be rela-
tively more expensive in terms of design integration and equipment
installation than aircraft identified as “gun platforms.” The most diffi-
cult aircraft to classify were the F-101 and the F-104. The F-101A car-
ried four 20mm M-39 cannons, twelve spin-stabilized rockets, and three
AIM-4A Falcon missiles. But it was not antil the B version of the
F-101 that the cannon armament was deleted and the MG-13 fire con-
trol system was added. The dominant emphasis of the original F-104
program was flight performance. Armament for the F-104A consisted
of a 20mm M-61 Vulcan rotary cannon and two infrared-homing
Sidewinder missiles, but no search radar. The F-104C added provisions
for two additional Sidewinders.

The final variable considered was the fype of development program.
The ultimate effect of the prototype concept on total cost (ie., cost
through the end of production) has been the subject of considerable
debate (see Ref. 21). Prototype developments typically emphasize the
early demonstration of technical feasibility, before a commitment is
made to large-scale production for inventory. The initial stages of such
developments are usually characterized by little or no production plan-
ning and limited tooling. They are “change amenable,” i.e., even
though some commitment may have been made to production, it 1s not
so total as to preclude change at or close to the start of production.
For this analysis, a prototype program is arbitrarily defined as one in
which the first lot consists of three or fewer aircraft (see Table 7).

There are three other program variables which were not considered
for a variety of reasons—the number of test articles (other than flight-
test vehicles}, data requirements, and the number of concurrent con-
tractor programs. The number of test articles was not considered
because almost invariably, regardless of the technological advance, one
fatigue article and one static article are built and tested. Consequently,
there would not be sufficient variation in the variable to make it worth
considering. Data requirements are frequently mentioned as a contrib-

Yin reality, the relevant issue is much broader than implied here and encompasses
questions of management strength, facility availability, financial condition, etc. The
more generalized topis of “contractor capability” is discussed in Chap. 13 of Ref. 20. y

Wiy definition attermpts only to distinguish between two possible empbases and
does not exclude fighters that have both missile and gun armament.
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Table 7
PROGRAM-TYPE DESIGNATOR

Program-Type Program-Type
Number of Designator Number of Designator
Aircrafi in {1 = concurrent) Alreraft in (1 = concurrent)
Aircraft  First Lot (2 = prototype) Alrcraft  First Lot {2 = prototype)
A-3 2 2 F-4 7 1
A-4 1 2 F-14 6 1
A-5 11 1 F-15 20 1
A-B 3 1 F-16 2 2
A7 7 1 F-18 2 54
A-10) 2 2 F-86 3 2
B-62 2 2 F-39 2 9 -
B-58 13 1 F-100 2 2
B/RB-66 B 1 F-1o1t 3l 1
C-5 5 1 F-102" 42 1
C-130 2 2 F-104 2 2
£-133 12 1 F-105 13 1
KC-135 1 1 F-1086 35 1
C-141 3 1 F-111 18 1
FiD 3 2 5-3 8 1
F3Il 2 2 T-38 2 2
F4D 2 2 T-39¢ 94 2

“The XF-88 program (2 prototypes) evolved into the F-101 program. However,
the XF-83 was not considered a direct antecedent of the F-101 because different
engines were used, there were substantial differences in the planform, and the
empty weight of the F-101 was twice that of the XF-38.

bThe XF-92 program evolved into the F-102 program. However, like the XF-
88/F-101 case, the XF-92 is not considered a direct antecedent of the ¥-102 because
differsnt engines were used, the planforms were substantially different (the F-102
utilized area-rule), and the empty weight of the F-102 was twice that of the XF-92,

*Prior to government funding, a single T-39 prototype was developed as a private
venture.

“The F-18 program {11 FSD aircraft) evolved from the YF-17 program {2 proto-

types).

utor to high costs. Unfortunately, little discussion has been devoted to
what the proper metric should be: The number of unique reporting
requirements? The number of manual pages that must be scripted?
The volume of cost/performance reports generated? In any case,
regardless of the metric, historical data for this type of variable are not
readily available. A lack of readily available historical data was also
the reason for not testing the effect of the number of concurrent con-
tractor programs on cost. It was felt that a greater number of con-
current programs (including commercial efforts) would increase the "
demand for labor and material, and would thereby result in cost
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increases. On the other hand, If engineers are in short supply,
engineering might be limited to that which was absolutely necessary,
which would result in cost decreases. But if the same type of logic is
applied to the manufacturing aspect, skilled labor would be spread
thinner, which would have adverse implications for both cost and qual-
ity. Another potentially significant effect would be on overhead rates.
Presumably, overhead rates will fall as the number of concurrent pro-
grams {i.e., the business base) increases.



III. DATA OVERVIEW

This section provides a brief overview of the database on which our
inferences about airframe costs are based, lo enable the reader to better
assess the quality and applicability of the results. It summarizes the
characteristics of the full 34-sircraft estimating sample, compares
characteristics by missicn subsample, and concludes with a comparison
of pre-1960 and post-1960 characteristics.

FULL ESTIMATING SAMPLE
Aircraft Characteristics

Values for the size, performance, construction, and program charac-
teristics for each aircraft in the full eslimating sample are given in
Tables 8a, 8b, and 8¢. These data lead to the following observations:

1. Minimum and mazimum values for airframe unit weight,
empty weight, wetted area, speed, and climb rate each span a
range of more than an order of magnitude.

9. Several of the continuous variables have maximum values that
fall substantially bevond two standard deviations: airframe
unit weight, empty weight, wetted area, speed, climb rate,
number of black boxes, number of test aircrafi, and maximum
tooling capability.

3. DBased on any of the three size measures, the C-5 is approxi-
mately twice as large as the next largest aircraft in the sam-
ple.

4. 'The sample does not include any aircraft that are both rela-
tively large and relatively fast (such as the B-1A would have
been, with an airframe unit weight of approximately 150,000
b and a speed of Mach 2). This point is illustrated in Fig. 2.

There are, of course, differences among the aircraft which are not
aceounted for in Tables 8a, b, and ¢. Some of the differences relate to
the way the program is managed, but in any case, it is difficult to find
an aircraft without at least one unique aspect. The differences listed
below are indicative of the types that are difficult to account for in a
generalized parametric model: '
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Table 8a
AIRCRAFT CHARACTERISTIC VALUES: BIZE
AND TECHNICAL/PERFORMANCE
Size Technical/Performance
Alrframe
Unit Empty Wetted DMaximum Climb Useful

Weight  Weight Area Speed Speed  Rate Load
Alrcraft [#13)] {1b) {fr2y {kn} Class  (ft/min) Fraction
A-3 23,931 35,999 3,899 546 1 5,060 455
A4 5,072 9,146 1144 565 1 5,400 594
A-5 23,499 32,714 2950 1147 3 27,5400 438
A-6 17,150 26,295 2,100 hEL 1 10,000 BR3
A-T 11,621 15,497 1,690 5895 1 8,580 578
A-1 14,842 19,856 2,463 389 1 5,104) 559
B-5 112,672 197,816 16,630 abl 1 3,120 605
B-& 32,686 55,560 5,454 1147 3 17,830 639
B/RB-66 30,496 42 548 4,372 548 L 5,000 ART
-5 279,145 320,085 30,800 495 1 5,160 )
C130 43,446 38,107 7,590 326 1 3,900 532
C-133 95,312 114,690 13,150 04 1 3,400 617
KC-135 70,253 97,030 10,770 527 1 5,900 877
(C-141 104,322 136,900 14,100 491 1 T.270 879
FaD 10,136 14,360 1,843 470 1 4,100 484
F3H 13,898 21,270 1,308 522 1 13,060 458
F4D 8,737 16,050 1,500 628 1 20,200 AT
F-4 17,220 27,630 2,150 1222 3 £0,600 A08
F-14 26,500 36,825 3,153 (a) {a) la} {a)
F-1a 17,650 26,795 2,646 ia) {a) (a) 4483
F-16 9,565 14,062 1.390 (a) 2 (&) YL
F-18 16,300 20,583 {b} (&) 2 (b} 439
F-88 6,788 10,040 1,070 530 1 7,650 416
F-89 18,119 23,870 (b 546 1 11,800 347
F-100 12,118 18,260 1,509 Th2 2 25,700 371
F-101 13,423 24,720 2,060 B2 2 29,600 483
F-102 12,304 19,460 2,170 BB 2 18,700 374
F-104 7,063 11,370 1,078 1150 3 51,500 I
F-106 18,301 24,500 1,998 1112 3 38,300 S3E
F-106 14,620 23,180 2230 1133 3 34,500 463
F-111 33,150 46,170 2,580 1262 B 12,600 533
s8-8 18,336 26,581 2,607 429 1 5,000 494
T-38 5,376 TT7.410 (b 639 2 28,500 3BT
1] 7027 8,753 b} 168 1 4,270 47T
Mean 33,943 46,021 4,967 Tod 19,100 503
Std. dev. 51,429 61,793 6,398 321 - 17,216 086
Range 5.072- 7,410 1,070- 304- — 3,400~ 347

279,145 320,085 30,800 1250+ a0y, 000+ X

*(lassified.

UNot available.
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Table Sh
AIRCRAFT CHARACTERISTIC VALUES: CONSTRUCTION

Design Carrier Engine Ratio of Ratio of
Ultimate Capability Location Wing Area Ratio af Avionics  No. of

Load DPresig- Desig-  Wing to Wetted (EW-AUW)}  Weight Black
Alrcraft Factur nator nator  Type® Area to ATUUW w AUW  Boxes
A3 .00 2 Z 2 200 50 Qi 8
A-d 10080 2 1 2 227 B0 84 ]
A-n 11.00 2 1 2 237 B39 N 13
A-B 2755 2 1 2 251 AR A7T0 23
A-T 10.50 2 1 2 220 33 058 19
A-10 4.93 1 2 1 205 34 041 14
B-52 106 1 2 2 240 58 0T 24
B-58 300 i 3 3 283 70 (o) 26
B/RER-66 4.80 1 2 2 178 40 092 (c)
-5 3,75 1 2 2 201 b RN 27
C-130 3.7 1 2 ] 230 e 085 17
£-153 350 1 2 1 203 KL 021 16
KC-133 375 1 2 2 225 A8 {e) 16
C-141 373 1 2 2 228 31 23 26
FiD 500 2 1 1 218 EY 145 g
F3H 11.25 2 1 2 a7 53 060 &
F4D 9.50 2 1 3 371 B4 215 a
F-4 12.75 2 1 2 247 B0 101 14
F-14 (e} 2 1 4 159 it 112 21
F-15 FL.08 1 1 @ 230 Eik} .03 24
F-18 {c) 1 1 2 216 A7 (c] (e}
18 {c) 2 1 2 i) 26 {ct (el
W-86 11.00 1 1 2 269 48 06 4
F-89 8.50 1 1 1 ic .32 {c} 9
F.100 11.00 1 1 2 255 51 018 3
F-101 11,00 1 1 2 179 A4 Rih 9
F-1042 10.50 1 1 3 05 55 led 9
F-104 L1040 1 1 2 182 45 076 6
F.L05 13.00 1 1 2 193 a5 074 11
F-106 10.50 1 1 3 a1z 5% 1940 11
F-111 11.00 1 1 4 203 39 081 18
3-3 .25 2 2 2 229 44 220 33
T-438 11.00 1 1 2 (c} .38 {c} T
T-33 11.04 1 2 2 (c) .39 () 1}
Mean 3.37 — — — 233 A6 094 15
Std. dev. 340 — — — KIEY 1T 1138 ]
Range 3.00- — — — A8 La- 016 4-

1300+ AT1 84 220 33

*1 = straight; & = swept; 3 = delta; 4 = variable sweep.
“Clazsified.
Mot available,
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Table 8¢
AIRCRAFT CHARACTERISTIC VALUES: PROGRAM

No. of Maximwn Contractor  Program
Test Tooling New Engine FExperience Twpe
Aireraft  Adreraft  Capability  Designator Designator  Designator

A-3 5 8 1 2 2
A-4 ] 40 1 1 2
A-3 11 6 1 2 1
A-6 8 ) 2 2 1
A-T 7 24 1 1 1
A-10 8 15 1 2 2
B-32 i3 10 2 1 2
B-38 30 =3 2 2 1
B/RB-68 14 10 2 1 1
C-3 10 2 2 1 1
C-130 5 18 2 2 2
C-133 10 2 2 1 1
KC-135 8 15 1 1 2
C-141 5 9 1 1 1
30 13 20 1 2 2
F3H 18 13 2 1 2
F4D 13 20 2 1 2
F-4 7 15 1 1 1
F-14 12 8 1 1 1
F-15 20 12 2 1 1
F-16 10 {a) 1 2 2
F-18 13 {a) 2 1 2
F-56 12 30 2 1 2
F-89 o1 25 1 2 2
F-100 13 a0 1 1 2
F-101 17 20 1 1 1
F-102 31 45 1 2 1
F-104 19 20 2 1 2
F.108 15 17 2 1 1
F-106 26 29 1 1 1
F-111 18 21 2 2 1
8-3 8 5 2 2 1
T-38 14 24 1 2 2
-39 4 5 2 1 2
Mean 13 17 — — —
Std. dev. 7 12 — — -
Range 4-31 2-50 — — —

Not available.
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1. The C-130 and C-133 are turhoprop aircraft, while all other
sample aireraft utilize turbojet or turbofan engines.

2. The KC-135 was designed and produced more or less con-
currently with the commercial 707 model.

3. The B/RB-66 was produced concurrently with the A-3, the
aircraft from which it evolved.

4. The F-102 did not meet its speed performance specifications
until after a major redesign.

5. The F-106 and A-7 were outgrowths of the F-102 and ¥-§ pro-
grams, respectively.

6. The F-111 was the first aircraft for which common Air
Force/Navy usage was made a requirement at inception.

7. The B-58's utilization of honeycomb skin panels represented a
mejor state-of-the-art advance.

8 The C-5 program utilized the acquisition concepts of total
package procurement and concurrent development and pro-
duction.

g. The A-10 program utilized competitive prototyping and
design-to-cost acquisition concepts.

Cost Data

The cost data used in this study were obtained from both govern-
ment and industry sources. As stated previously, data plots for each of
the major cost elements (engineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and quality
control), as well as total program cost, are provided in Appendix Al
The relative importance of each cost category is shown in Table 9 as a
function of production quentity. As one might expect, the labor,
material, and quality-control elements become increasingly important
as quantity increases, while engineering, tooling, development support,
and flight test become less important. Clearly, other things being
equal, one would want the estimating relationships derived for the two
manufacturing categories to be the most accurate because of the rela-
tively large contribution of these categories to program cost.

n previous KAND reports on airframe cost estimation (Refs. 1, 2, and 3),
proprietary restrictions prevented the inclusion of any cost information whatsoever. How-
ever, for this update, we felt that it was valughle to be able to visually establish refation-
ships among the observations. Consequently, we obtained permission from the manufac-

tuzers to provide the cost data in graphical format. We were not given permission to..*’

present the data in tabular format, nor did we request such permission.



DATS OVISRVIEW 29

Table 9
COST-ELEMENT DISTRIBUTION, BY PRODUCTION QUANTITY*

Quantity
25 - of 100 200
Element A % /b % $A % &Y %
Engineering 229 25 131 22 74 19 42 15
Tooling 173 19 104 18 82 16 36 13
Manufacturing lebor 230 25 176 300 135 34103 138
Manufacturing material 87 G T4 12 [ 14 55 a0
Development support 86 9 43 7 22 i 11 4
Flight test 93 10 47 3 23 | 12 5
Quality control 25 3 12 3 16 4 12 5
Total 923 100 594 100 3% 100 27 104

" Averages for full estimating sample (34 aircraft).
“Cumulative average costs (in thousands of 1977 doltars) per pound of
airframe unit weight.

MISSION SUBSAMPLES
Airceraft Characteristics

Table 10 provides an indication of how aircraft characteristics vary
with mission type. As one would expect, the fighter and attack aircraft
are roughly comparable in size; the bombers and transports are much
larger. In terms of combat engagement characteristics (speed, climb
rate, and design ultimate load factor), the ordering (from low to high)
is bomber/transport, attack, and fighter; for payload capability {useful
load fraction) the order is reversed. In terms of the two packaging
ratios (ratio of [EW-AUW] to AUW and ratio of avionics weight to
ATUW), the attack and fighter aircraft are essentially equivalent, while
the bomber/transport aircraft are significantly lower. On the other
hand, the bhomber/transports have, on average, substantially more
hlack boxes than do either the attack or fighter aircraft. Finally,
planned production rates for attack and fighter aircraft are, on average,
roughly twice those of bomber/transport aircraft.

Cost Data

Airframe costs per pound, by mission type, are shown in Table 11.
As ope might expect, the relatively light, fast fighters are the most

expensive per pound, while the large, relatively slow bombers and "

transports are the least expensive. The data also indicate that, on



RAFT ALRFRAME COSYT ERTIMATING RELATIONSHIPS

AJRC

30

098 #é -3 6 -9 a1 fnprgedeo Butjoo) MNWINERY

189 21 0E-¢ at 11-¢ g PEETE 1897 JO IQWINA]
Em..ﬁm_oum

¥2-¥ 11 12-91 7 EE-O L1 $9X0q XUB[Y JO 19qWMN

alg-pioT LT ZEO-LTO 541 022 -150°  0TT ANV 01 I51am SUCIAR fo o1jeY]

P¥ 97’ oc YA ol og -’ Ly MOV 2 {ANY-M3E) Jo oney

05EI-00'" B80T 0FF-0U'E 69'¢ 00TT-E6F  ETY 8,4 ‘10108] pro| ajewim uBEa(
__.-Dﬁ_uﬂuumﬁonu

PLO-LPS 60V LLO - LEF (e PR -BEF  EED uaK3IRy PROJ [MYASY

+000'05-001'F  329'67  OER'LT0OF'E 8899 006'12-000'¢  ¥OO'DT Ut/ fagel qumy.

+0SZ'T-0LF 266 LFT'T-908 BFG LPT'T-688 <09 uy ‘peads twruntLe]y
Founurrollad

CCT'E-0L0'T  ZOR'T 0080E-2LE'Y  09E'ZT BER'E-PRUL  Q0F'7 15 bs ‘mare panapy

QLT'OF-OFO'0T  REE'TZ  SHO'0BE-6YS'eh TPE'SET  BBG'SS-9YI'6 FBSCE qr yuem dqdury

OST'EE-9BL'S  8OT'CT 9PT6'LE-9RYDE L9T'96  TER'ST-ZLO'S 6401 ql '1qdes Hun swerpty
azlg

sduey uRa] afuwy uBeay] adumy avafy ajqeriep Asojppueidyy

(suonvaIaEgo L 1)
BIaydTg

{SUORAIASG0 )

{euUoTiRAI2EO0 L}
syrodsuni], puw sIdQUWIOY

FBIATY Yoeny

HdAL NOISSIK A4 ‘SHNTVA DILSTHALOVHEVHD JAVHOUIV 0 LUVININAE
01 9qB L



DATA OVERVIEW a1

Table 11
AIRFRAME COSTS, BY MISSION TYPE®

Bomber/ Attack
Fighter Transport  Alrcraft

Element Subsample Subsample Subsample
Number of observations 17 8 7
Average airframe unit weight, lb 15,158 96,167 16,379
Average speed, kn 432 549 605

Cost distribution, $/1b* (%)

Engineering 149 {21} 43 (16) 114 (22)
Tooling 104 {15} 46 (17 70 {18)
Manufacturing labor 219 {31) 100 (37) 185 {386}
Manufacturing material 94 (13) 51 (19) 74 {14)
Development support 56 (8) I EY 26 (B)
Flight test 5% (8) 10 (4} 28 (8}
Quality control 29 {4) 11 {4) 22 {43

Total 710 {100} 270 (100) 519 (100}

"Averages for individusa! subsamples.
bCymulative average costs (in thousands of 1977 dollars) per pound
of airframe unit weight at a quantity of 100.

" average, the fighter and attack programs tend to put relatively more
emphasis on the development phase (engineering, development support,
and flight test) than do bomber/transport programs and relatively less
on the manufacturing phase {tooling, labor, and material).

CHANGES OVER TIME

As will be discussed in Secs. V and VI, in our analyses of both the
full estimating sample and the fighter subsample, we noted that several
of the derived equations tended to underestimate the costs of the most
recent sample aircraft. We believe this is a result of the combined
effects of numerous design-related and institutional changes that have
occurred over the 1948-1978 time period {e.g., the increased emphasis
on electronics, along with changes in materials of construction,
manufacturing processes, and the regulatory frameworki We ori-
ginally planned to develop specific measures that would reflect these
changes, but this approach did not prove to be as successful as we had
hoped it would be. For many of the more abstract concepts, we could
not develop unambiguous measures. And even where relatively unam-
biguous measures could be developed and tested, the results were mar-



%
g
ﬁ
2 ‘papnioxe 81 (W LE1T) 6 3 OY 494,
= "popnjoRe 8L (U LF1T) 8C-g F UY 14F.
= 00T Jo L13uenb 18 ydTem JTun sweljie jo punod 1ad (SIR[[0OP LLAT JO SPURSNOY} UL) 51800 FFRIDAY DATIRINIUN),
o ‘gapduags pajels 1oy sanfes sduleay,
% Sl 188 1% 258 198 Lit gzl yeE LO® 1830,
£ 1% ¥e 4 1 e 47 BZ ¥l LT (013000 £3[E0H
4 ¥ e £ 81 gt Ly 65 0% L3 9523 3B
. i3 gl g ¥1 BL ¥ /Y F A 1% Jroddns juswidofaas(]
m oL 8L 78 8¥ L81 79 a0t 14 ge TeHagew Funijoemuey
= (E]8 1% 0% 81T 0ET 502 FOZ 11 g1 I0qe] BULIVORINUBR
m L8 o8 % G9 ROT 001 06 8% 9L oo,
& BET a8 8¢ ot o1g 15 BE1 L2 29 Buussurduy
£ JA1/$ ‘83800
Z raY P85L £6¥ 2L9C Z1T'1 BLL B8R 628 39 uy ‘peads afetasy
E L9t 00941 FBLTET 01E'%9 SFO'0Z 28F'2T 2271 LLO'PY PLYLT Qi ‘wydian
< 1N IWBLLE 350IsAY

¥ g Z 9 g8 1% L g1 12 SUCIIBAIIEGO JO IIGUINN

006T-1%0d  0O6T-0Id  0O61-I804  (96T-9d 00613500 096T-3%d  IVI-D % (961-150d (0961-34d juawary
G-y 889
096T-1804

srdurasqny

YBIDUY HOBIIY

ajdurssqug

spduresqng w331y

qaodsuny /iequiog

aqduwg Sutypurnisy (a4

o
o

LAOTHAL HWLT, A€ ‘SIS00 AWVHAHIV

G1 91qeq,



DATA OVERVIEW 33

ginal at best. Consequently, two alternative approaches were investi-
gated:

1. Deletion of older, less relevant aircraft from the sample.
2. Incorporation of a time variable (date of first flight) into the
equations that exhibited the underestimation problem.

In trying the first approach, we deleted all aircraft from the sample
with first flight dates prior to 1960. To provide some limited insight
into the types of changes that have occurred, aircraft cost and
weight/speed characteristics for the pre-1960 and post-1960 time
periods are compared in Table 12.2

At first glance, it appears that average program costs actually
decreased (from $407/lb to $384/1b}). However, closer examination
reveals that this conclusion is driven by two very large transport air-
craft, the C-141 and the C-5 (for a given guantity of aircraft, the C-141
and C-5 account for roughly two-thirds of the total post-1960 airframe
unit weight produced), Excluding these two airerafi results in a 78 per-
cent increase in per pound costs. Further analysis of the individual
subsamples suggests that the increased costs are largely attributable to
fighters, which increased in both average speed and average size by
roughly 60 percent. The fighter and attack aircraft data also suggest
increased emphasis on engineering and development support, and the
fighter data show considerably higher costs for manufacturing materi-
als and development support.

“The choice of 1980 as a breakpoint does not imply a hard-and-fast distinction
between the pre-1960 and post-1960 aircraft. Rather, it represents a balance between
deleting older, potentially less relevant observations and attempting to maintain an
acceptable sample size.



IV. APPROACH

Potential explanatory variables have been divided into four general
categories—size, performance, construction, and program (see Table 2).
Ideally, an airframe cost estimating relationship would incorporate at
least one variahle from each category, but from a practical standpoint,
concern about collinearity among the size and performance explanatory
variables led to a limit of one explanatory variable that could be incor-
porated into an estimating relationship from any single category.
Thus, there could be as many as four variables per equation, but no
more than four. For a relatively large sample, such as the all-mission
dataset that has 34 observations, the possibility of four variables per
equation does not cause any concern (for a sample size of 34, the
resulting equation would still have 29 degrees of freedom with which to
estimate the error term). On the other hand, for very small samples,
such as the bomber/transport subsample (8 cbservations) and the
attack aircraft subsample (7 observations), the possible incorporation
of four independent variables does not seem to be particularly prudent
{the resulting equations would have only 3 and 2 degrees of freedom,
respectively, with which to estimate the error term}. Therefore, we
tentatively limited the potential number of explanatory variables for
these two subsamples to two. Then, in order to stay between the
extremes, the number of explanatory variables per equation for the
fighter subsample (17 observations) was tentatively limited to three.
These limits are summarized in the following table:

Number of Limit on Number of
Sample Observations Explanatory Variables/CER®
All mission types 34 4
Fighter aircraft 17 2
Bomber/transport aircraft 3] 2
Attack aircraft 7 2

'Strictly speaking, concerns about collinearity in the size and perfarmance categories
should not limit the number of explanatory variables considered in the construction and
program variable categories. However, the limil was egtended to these other two
categories to keep the analytical effort within reasonable bounds. Even so, as the subse-
guent analysis will show, the possibility of more than cne construction varviable or one
program variable per equation iz a moot point: It was difficult to identify accepiable
equations incorporating even one constriction variable or one program variable.

“This i3 not to suggest that these limits are “absolute” maximums—they are not.
They simply reflect our judgment regarding en appropriaie balance between sample size
and the potential number of explanatory variables.

34
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Given these limitations, the question then became one of which
combinations of categories to consider. To the best of our knowledge,
all airframe manufacturers use some measure of size (usually weight)
as their basic scaling dimension in developing cost estimates, although
other factors frequently do enter in. Consequently, it does not seem
unreasonsble for us to assume that a size variable must appear in all
equations? Given this additional restriction, the specific variable com-
binations we examined for each sample are shown in Table 13.

An additional complication arose from the fact that we were not
developing a single CER, but a set of CERs. Normally, the develop-
ment of a representative set of CERs would require selecting the “best”
equation for each cost element. However, past experience indicates
that the resulting equation set would contain different size and perfor-
mance variables (e.g., the engineering CER might utilize airframe unit
weight/speed, while the tocling CER uses empty weight/climb rate).
This would give the analyst the unenviable task of trying fo explain
why one size/performance variable combination predicts cost more

Tabie 13
VARIABLE COMBINATIONS EXAMINED®

Sample

Full Bomber/ Artack
Estimating  Fighter  Transport  Aircrafl
Sample Sample Sample Sample
Variable Combination Group® {(Max. =4) (Max.=3) (Max.=2) (Max.=2)

1. Combinations incorporating

size and performance 8 s 5 S

variables only S/P S/P S/ /P
2, Combinations that S/B/C 5/P/C 5/C 5/C

additionally incorporate S/P/PG 5/P/PG S/PG S/PG

construction/program S/P/C/PG S/C

variahles S/FG

3. Combinations that
additionally incorporate
fighter technology index — 5/F/TI — -

3 = size; P = performance; C = construction; PG = program; T1 = fighter tech-
nology index.
*The reason for these groupings is explained in the accompanying lext.

"Except for the flight-test cost element, for which the mandatory variable was the
number of test aireraft.
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accurately for one cost element while another combination predicts
cost more accurately for another cost element. Furthermore, variable
interaction (e.g., interaction between speed and rate of climb) would
malke the user’s input task more difficult. On the other hand, such
mixing of size and performance variables could in fact be the preferred
solution. Consequently, where applicable, two types of equation sets
have been developed: one that maintains the integrity of the set size
and performance varigbles and one that utilizes the “best” equation for
gach cost element regardiess of the size or performance variables.

The first step in addressing the three study premises delineated in
Sec. T was to identify, by sample, all potentially useful estimating rela-
tionships for each cost element resulting from the variable combina-
tiong listed above. For this first step, “potentially useful” included only
those estimating relationships in which all equation variables were sig-
nificant at the 5 percent level. Fach equation satisfying this initial
screening criterion was then scrutinized in accordance with a set of
evaluation criteria dealing with statistical guality, reasonableness of
results, and predictive capability (described below).

At this point, we addressed the marginal benefit of adding a
construction/program variable or an objective technology index to the
estimating relationships. This was done by comparing the estimating
relationships in variable combination groups 2 and 3 (see Table 13)
against the corresponding “baseline” estimating relationships in group
1. Assuming that everything else was roughly comparable, the primary
measure used to aszess the benefit was the improvement in the stan-
dard error of estimate when the construction/program variable or tech-
nalegy index was incorporated.

The next step was to develop, for each sample, the two types of
alternative equation sets discussed previously, For the first {ype, this
consisted of selecting the “best” estimating relationship for each of the
“most promising” size/performance combinations for each cost ele-
ment. For the second type, it consisted of selecting the single “best”
estimating relationship for each cost element. Generally speaking, we
tried to select estimating relationships that satisfied the following
chjectives:

Each variable is significant at the 5 percent level
Variables taken collectively are significant at the & percent
level.
Credible resulls are produced.
There are no unusual residual patterns.
o The standard error of estimate is minimized.
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We next selected a “recommended” set for each sample. This selec-
tion was based primarily on a comparison of the individual equation
standard errors of estimate and how well {in terms of relative dewia-
tion) the sets as a whole estimated the costs of a subsample of four
recent aircraft.

Finallv, the “recommended” sets of estimating relationships for each
mission sample were compared to the “recommended” set for the fotal
atreraft sample to address the issue of sample homogeneity.

Multiple-regression analysis was used to examine the relationship
between cost and the explanatory variables. Because of tirmne restric-
tions, we tested only one equation form-—logarithmic linear. The
linear model was rejected because its main analytic property, constant
returns to scale, does not correspond with real-world expectations. Of
the two remaining equation forms considered (logarithmic and
exponential), the logarithmic form seemed most appropriate for the
cost estimation process, since it minimizes relative errors rather than
absolute errors. Also, a prior RAND study that examined the loga-
rithmic and exponential forms in the context of airframe CERs con-
cluded that “the logarithmic model form appears more realistic than
the exponential form on both prior judgment and subseguent analysis
of the residuals.”

Cost-element categories that are a function of quantity were exam-
ined at a quantity of 100. Developing the estimating relationship at a
given quantity rather than using quantity as an independent variable
in the represgion analysis (as was done in Ref. 2) has the following
advantages:

It provides an extra degree of freedom.

It aveids potential serial correlation problems.

It avoids unequal representation of aircraft {caused by unequal
numbers of lots).

EVALUATION CRITERIA

The estimating relationships obtained in this analysis were
evaluated on the basis of their statistical quality,® intuilive reasonable-
ness, and predictive properties.

Ref. 22, p. 30,
3tatistics are based on the logarithmic form of the equation.
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Statistical Quality

Even with the limitations placed on possible variable combinations
in this study, the potential number of estimating relationships is still
substantial. The numbers for the engineering cost element alone for
each sample are shown below:

Total gample . . . . .. ... ... 387
Fighter sample .. . . . .. ... . ... 456
Bomber/transport sample . . . . .. 43
Attack sample . . . ... ... ... 45

To reduce the number of estimating relationships requiring eloser scru-
tiny, we used variable significance as an initial screening device——in
general, only equations for which all variables were significant at the 5
percent level (based on a one-sided t-test) were presented in our sam-
ple results (reported in the companion Netes). Qccasionally, however,
this criterion was relaxed so that a useful comparison cculd be pro-
vided or so that the requirement for integrity of set size and perfor-
mance variables could be fulfilled.

The following statistical measures and checks were also ulilized in
the evaluation process and are presented in the companion Notes:

e The coefficient of determination (R?) was used to Indicate the
percentage of variation explained by the regression eguation.

e The standard error of estimate (SEE} was used to indicate the
degree of variation of data about the regression equation. It is
given in logarithmic form but may be converted into a percen-
tage of the corresponding hour or dollar value by performing
the following calculations:

(a) e+5EE -1
(b) e—SEE -1

For example, a logarithmic standard error of 0.18 yields stan-
dard error percentages of +20 and —16 of the corresponding
hour or dollar value.

e The F-distribution was used to determine collectively whether
the explanatory variables being evaluated alfect cost. Generally
speaking, those equations for which the probability of the null
hypothesis was greater than 0.05 were avoided when selecting
representative equation sets.

e We checked for potential multicollinearity problems by deter-
mining the correlation of each independent variable in an
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estimating relationship with all other independent variables in
that relationship. Generally, we avoided estimating relation-
ships with intercorrelations greater than 0.8,

o Plots of equation residuals were given cursory examinations for
unusual patterns. In particular, plots of residuals versus predic-
tions (log/log) were checked to make sure that the error term
was normally distributed with zero mean and constant variance.
Additionally, plots of residuals versus time {log/linear) were
examined to see whether or not the most recent airframe pro-
grams were overestimated or underestimated. Generally speak-
ing, estimating relationships with patterns were not considered
for use in representative equation sets.

s “Cool’s Distance” was utilized to identify influential observa-
tions in the least-squares estimates® It combines individual
measures of residual magnitude and “location”™ within the factor
space to produce a measure of the overall impact any single
point has on the least-squares solution. For purposes of this
analysis, an influential observation was one which, if deleted
from the regression, would move the least-squares estimate past
the edge of the 10 percent confidence region for the eguation
coefficients. When an observation was consistently identified
as influential, it was reassessed in terms of its relevance to the
sample in question. If a reasonable and uniform justification
for its exclusion could be developed, the observation was deleted
from the sample and the regressions were rerun (in fact, this
occurred only when the B-58 was deleted from the
bomber/transport sample). Otherwise, the influential observa-
tion was simply flagged to alert potential users to the fact that
its deletion from the regression sample would result in a signifi-
cant change in the equation coefficients.

Reasonableness

Variable coefficients used in airframe CERs should both provide
credible results and conform whenever possible to the normal estimat-
ing procedures employed by the airframe industry. Thus, an estimat-
ing relationship with a variable coefficient sign that was not consistent
with a priori notions (see Table 14) was not considered for inclusion in
a representative equation set.

We also paid close attention to the magnitude of variable coeffi-
cients to ensure that realistic results were obtained from all equations.

iSee Ref. 23.
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Tahle 14

A PRIORI NOTIONS REGARDING EFFECT OF INCREASE
IN EXPLANATORY VARIABLE ON COST ELEMENT

Mfz. Mfz.  Dev. Flight Quality Tolal

Explanatory Variable Engr. Tooling Labor Material Support Test Contrel Program
Size
Alrframe unit weight (AUW) + + + + + + + +
Empty weight {EW} + + + o+ + + + n
Wetted area + + £ + + 3 4
Technical/performence factors
Maximum speed " 4 + ¥ + + + +
Speed class + + + + + + + +
Specific power + + + + + * + +
Maximum specific energy + + + + + + + +
Climb tate + + + + + + + +
Magimum sustained load factor + + + + + + + +
Thrusc-to-weight ratio + + + + + + + +
Breguet range factor + + + + +
Useful load fraction + + + + +
Predicted first flight date
{technology index) + -b + + + +
Predicted first flight date
{composite performance) + =+ + + + + + +
Construetion
Design ultimate load factor + + + + +
Structural efficiency factor® - - - - -
Carrier capability designator* + + 4 + + +
Fngine location designatar? - ? - + ?
Wing type designator® + + + + + +
Ratio of wing area to wetled area - - -
Ratio of (EW-AUW/AUW + + + + + + +
Ratio of avionics weight to AUW  + + + + + o+ +
Number of black boxes + + + + + + +
Program
Number of tesi aircraft +
Maxirmum tooling capability + - ?
New engine designatoer” + + ?
Contractor experience designator’  + —+ + + + + + +
Weapon system designator® + + + + + + + +
Program type designator® ke 9 2 P i

NOTE: 4 plus indicates a positive effect; a minus, a negative effect. An effect that was thought
to bie negligible is indicated by a blank, and an uncertain effect is indicated by & question mark.

*Speed class: 1 = less than Mach 93; 2 = Mach 95 te Mach 1.94; 3 = Mach 1.95 to Mach 2.5; 4 =
greater than Mach 2.5,

"Low values are mare difficult to achieve.

No=1; yes = 2.

“Engine location: embedded in fuselage = I; in nacelles under wing = 2.

“Wing types: 1 = straight; 2 = swept; 3 = delta; 4 = variable sweep.

Yes =1;no =2,

sConcurrent = 1; prototype = 2,

"Ower time, major assembly labor hours have tended to decrease because of improvements in
manufacturing methods {(e.g., unitized design), while fabrication labor hours have tended to increase
because of the introduction of titanium and composite materials. The net effect has been a decrease
in manufacturing hours. .

It is not known whether total cost {including both protolype effort and full-scale develupment) for
prototype programs s greater o less than that for conenrrent programs. )
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This applied to coefficients that appeared to be too small as well as to
those that appeared to be too large. The situation is especially critical
with respect to dummy variables (e.g., the contractor experience desig-
nator), where the answers are most often given in terms of all or noth-
ing. While most determinations of this kind are subjective, there was
one application that was relatively objective. Traditionally, size vari-
ables provide returns to scale in the production-oriented cost elements
{tocling, labor, material, and total program cost)—that is, increases in
airframe size are accompanied by less-than-proportionate increases in
cost.” If the opposite phenomenon is observed, it is generally believed
to be the result of failing to adequately control for differences in con-
struction, materials, complexity, and/or other miscellaneous production
factors. Consequently, we generally tried to avoid estimating relation-
ships containing variables with exponents that we felt were either too
large or too small (that is, exponents that placed either too much or
too little emphasis on the parameter in question). But even more re-
strictively, for the production-oriented cost elements, no estimating
relationship possessing a size variable exponent greater than one was
considered for a representative equation set.

Predictive Properties

Confiderce in the ability of an equation to accurately estimate the
acquisition cost of a future aircraft depends largely on how well the
acquisition costs of the most recent aircraft in the database are
estimated. Normally, statistical guality and predictive quality are
viewed as one and the same. Unfortunately, when dealing with air-
frame costs, this is not always the case, because our knowledge of what
drives airframe costs is limited and because the sample sizes we are
dealing with are relatively small and not evenly distributed with
respect to first flight date (see Fig. 3).®2 Consequently, we also
evaluated the estimating relationships on the basis of how well they
estimated costs for a subset of the most recent aircraft in the database.

An equation’s predictive capability can usually be seen by excluding
a few of the most recent aircraft from the regression and then observ-
ing how well (in terms of the relative deviation} the resultant equation
estimates the costs of the excluded aircrafi. However, in this case, the

“This concept dates back 1o the early 1940s and the so-called ARCO factor (which
took its name from the World War I Aircraft Resources Control Office).

50aly aircraft in the RAND airframe cost database are reflected in this figure. First
flichts of modification aircraft, aircraft thal never entered production {e.g., the F-107), -
and recent aireraft for which a production quantity of 100 has not yet been reached (e.g;’
the B-1B} are specifically excluded.
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Fig. 3—Number of first flight events, 1948-1878

small sample sizes preclude this option. Consequently, the measure of
predictive capability used in this analysis was the relative deviation for
a subset of recent sample aircraft. The relative deviations were deter-
mined on the basis of the predictive form of the eguation, not the loga-
rithmic form used in the regression.?

SUPPORTING DOCUMENTATION

The companion Notes {(see Preface} provide sufficient information to
enable users to make their own judgments concerning the appropriate-
ness of the “recommended” set. The Notes contain:

e Plots of cost versus airframe unit weight for each cost element.
+ Summary tables, by cost element, of all estimating relationships
meeting our initiel screening criterion (each variable significant

Tf cost is estimated in a log-linear form such as
In COST = g + §; In WEIGHT + 3, In SPEED + Ine,

the expected cost is given by

COST - (¢* WEIGHT » SPEED ™) x ¢ #/2,

where ¢ is the actual variznce of ¢ in the log-linear equation. Since the actual variance .-

is not known, the standard error of estimate can be used as an approximation {see Ref.
22, p. 44).
¥ p
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at the 5 percent level). Additional information includes the
F-ratio, coefficient of determination, standard error of estimate,
number of observations, intercorrelation thresholds, identifica-
tion of residual patterns and influential observations, and com-
menis on the reasonableness of results (sign and magnitude of
variable coefficients).

The presentation of all equations meeting our initial screening criterion
serves two purposes. First, it enhances understanding of the factors
that affect airframe costs (e.g., those characteristics that are significant
in the context of the variable combinations investigated). Second, it
provides alternatives that may be better suited to 2 particular situation
than the recommended set. Clearly, the selection of a “recommended”
set for each sample is by nature subjective. Consequently, our “recom-
mended” sets should be viewed only as possible solutions. All relevant
results should be reviewed before a course of action is selected.



V. FULL ESTIMATING SAMPLE RESULTS

RECOMMENDED SET OF CERs

Generally, for gach of the airframe cost categories, we were able to
identify at least a half-dozen potentially useful estimating equations.
Nevertheless, we selected one set of equations, which we considered to
be the most representative and applicable to the widest range of
estimating situations.! This set, which utilizes empty weight and speed
as the basic size/performance variable combination, is presented in
Table 15.

The estimating relationships in Table 15 are based on a subsample
of only 13 aircraft. We chose not to use the full sample because chser-
vations made during the course of the analysis raised questions con-
cerning the applicability of some of the older aircraft in the sample to
aircraft of the future. More specifically, the engineering, manufactur-
ing material, development support, flight-test, and total program CERs
tended to underestimate the costs of the most recent aircraft. An addi-
tional analysis of post-1960 aircraft indicated that this subsample
would be a better guide to the future.

The estimating relationships in the recommended equation set vary
significantly in statistical quality. Four of them have standard errors
of estimate of ahout 0.30, while the other three have standard errors of
estimate of about 0.50 or greater. None of the equations meets our
standard-error-of-estimate goal of 0.18.2 On the other hand, the lowest
standard errors of estimate in the set are associated with cost elements
(tooling, lahor, and material) that typically account for 66 percent of
total program cost st a quantity of 100; at a quantity of 200, these ele-
ments account for 71 percent. Finally, despite the sample stratifica-
tion, there is still some tendency for the engineering, development sup-
port, and total program cost eguations to underestimate the costs of
the most recent sample aircraft.

IThe complate analysis of the full estimating sample is provided in Note
N-2283/1-A¥F, Aircrafi Airframe Cost Estimating Relotionships: All Mission Types.

2A value of 0.18 (roughly =20 percent} as a goal may seem high. However, past
RAND experience {see Refs. 1, 2, and 3) indicates that ihe derivation of an airframe
CER with this low & standard error of estimate would be quite an accomplishment.
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Table 15

SET OF AIRFRAME CERs BASED ON SAMPLE

OF 13 POST-1960 AIRCRAFT

Equeation R SBE F N

{CERs for Individual Cost Elements
ENGR5 = 0103 EW, SPy, 72 85 13 13
TOOLyy = 0201 EWGE, SPEE, 82 25 56 13
LABRy ~ 141 EWSH, SPiR, 88 31 38 13
MATLyy ~ 241 EWS, SPAL 41 30 51 13
DS - o251 EWSEE, SPi, 54 82 6 13
FT - 687 EWES, 8P, TESTACHH, 83 48 15 13
QCy = 076 x LABR.y, if carge - - — 2
= .133 x LABRy, if noncargo — = = 11

CER for Total Program Cost

PROG, - 257 EWGE, SPEE, 85 38 29 13

level or, alternatively, directly at the program level,

defined in the list of Acronyms and Abbreviations {p. xiii).

tion with this set are provided in Appendix D.

CONSTRUCTION/PROGRAM VARIABLES

Our attempts to incorporate construction and program characteris-
ties were not successful. Although variables characterizing the equip-
ment placed within the airframe structure and contractors’ relevant
experience were frequently found to be statistically significant, they did
not, as a rule, result in any substantial improvement in the quality of
the equations. In most cases, the eguations incorporating such vari-
ables did not produce results that we viewed as credible. Morseaver,

NOTE: Airframe costs may be estimated at the major cost-element
R? = coefficient of determination; SEE = standard error of estimate
(logarithm); F = F-statistic; N = sample size. Numbers in parentheses
are significance levels of individual variables. Notation in equations is

Suggested cost-quantity slopes and labor rates to be used in conjunc-

45
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even in those few instances where the equations did produce credible
results, the reduction in the standard error of estimate was never more
than two or three percentage points.

COMPARISON WITH DAPCA-II RESULTS

Overall, the statistical quality of the set of airframe CERs presented
here is not much different from that of the previous set of RAND-
developed airframe CERs {DAPCA-TI[).® A comparison of the stan-
dard errors of estimate of the two sets (Table 16) yields mixed results:
Those of the current set are lower for the tooling, labor, and material
cost elements, but higher for engineering, development support, and
flight test. Furthermore, there is little difference in the accuracy with
which the two sets project the costs of the subsample of 13 post-1960
aircraft (see Table 17). However, since only two of the current
equation-set estimates fall short of the corresponding DAPCA-IIT esti-
mates (see Table 18), and the shortfalls are both small, it is not unrea-
sonshle to suggest that the current equation set will produce estimates
that are greater than or equa! to those produced by DAPCA-TIL

Table 16

COMPARISON OF STANDARD ERRORS OF ESTIMATE:
DAPCA-III AND CURRENT RECOMMENDED SET

Standard Error of
KEstimate {log)

Cost Element DAPCA-IIT Current
Engineering 0.26 0.55
Tooling 0.41 0.25
Manufacturing labor 0.34 0.21
Manufacturing material 0.36 0.30
Development support 0.9z 0.82

0.66"
Flight test 0.44 .48
Total program 0.27 .36

“Labor component of development support.
"WMaterial component of development support.

$The DAPCA-II! astimating relationships are given in Appendiz C.
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Table 17
RELATIVE ACCURACY OF ESTIMATES OBTAINLED USING
DAPCA-II AND CURRENT EQUATION SETSH
{Percent by which actual cost exceeds (+)
or falls short of {—) estimatad cost)

Sum of Elements Total Program CER

Aireraft DAPCA-III Current DAPCA-ITT Current
A8 +11 0] +10 + 0
A7 81 -6 38 -85
A-14 +15 +13 +17 +15
C-5 +12 +4 +14 + 5
-141 —43 —64 —46 —67
F.4 + 7 —14 + 2 -16
F-111 +17 +2 +16 + 7
F-14 -7 —24 —-11 -0
F-15 +9 ~13 + 6 -3
F-16 . -8 -23 -13 -20
F-18 +36 +33 +34 +36
T-38 -36 -7 —40 -39
3-3 +44 +39 +45 +40
Average of absolute values 25 27 26 27
Number underestimated (+) 8 3 8 3
Number overestimated {-) 5 7 b 7

Table 18

COMFARISON OF ESTIMATES OBTAINED USING DAPCA-IIL
AND CURRENT EQUATION SETS

Percent by Which Current Sel
Eatimate Exceeds (+) or Falls

Characleristics Short of (-) DAPCA-II Estimate
Ajrframe
Unit Empty Total

Weight ~ Weight Speed Sum of Program
Aireraft 1Y (1h) {kn) Elements {CER)
A-G 17,1560 25,298 561 +13 +1l
AT 11,621 15,497 585 +2 0
A-10 14,842 19,856 339 + 2 + 1
C-i 279,145 320,085 495 + 9 +10
-141 104,322 136,900 491 +15 +15
f-d 17,220 27H30 1,222 +23 +18
F-111 33,150 46,170 1,262 +17 +11
F-14 28,500 36,825 1,000+2 +14 + 4
F-1n 17,550 96,795 1,000+ +26 +14
F-18 9,565 14,062 1,000+* +14 + 8
F-18 16,300 20,588 1,000+¢ +3 -3
T-39 ¥,027 9,753 468 +1 =1
5.3 18,536 26,581 429 +10 +9

*Actual value is classified.
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INCORPORATION OF A TIME VARIABLE

As stated previously, the engineering, manufacturing material,
development support, flight-test, and total program CERs for the full
sample tended to underestimate those costs for the most recent sample
aircraft. Our preferred response was to limit the sample to post-1960
aircraft. However, another approach is possible: the incorporation of a
time variable into those equations that exhibit a pattern of underesti-
mation. OQur analysis of this option is described below.

The use of a cumulative time variable in a CER is not a new idea
(e.g., see Refs. 3 and 4). Such measures are typically utilized when it is
pot otherwise possible to characterize the changes in cost that have
occurred over time. A time variable invariably captures the combined
effect of shifts in many diverse factors, including the regulatory frame-
work, aircraft “quality” (factors not directly related to speed such as
maneuvering capability, the materials of construction, and the level of
system integration), and improvements in production technology and
lehor productivity. Consequently, when using a CER eguation that
incorporates a time variable, the analyst must ensure that the same
factors will be operating in the future, and that they will operate in the
same manner. Clearly, the opacity of such time variables makes this a
nontrivial task.

The specific measure of time we examined in our analysis was the
aircraft’s date of first flight (in months since January 1, 1940). After
examining the relevant full-sample residual plots, we looked at two
forms of the first flight date {(FFD)—linear and logarithmic. Given the
logarithmic form of the dependent variable, the linear form of FFD
results in an accelerating rate of cost increase (assuming a first flight
date coefficient greater than zero), while the logarithmic form of FFD
results in a decelerating rate (assuming an exponent of less than one).
Unfortunately, we have no a priori notions with respect to whether the
rate of increase is increasing or decreasing.

The results of our analysis are summarized in Table 19. As indi-
cated, from a statistical standpoint, the two sets are essentially identi-
cal. Furthermore, all of the time-related residual patterns have been
eliminated, and with the exception of the tocling equation, both sets
have standard errors of estimate that are either roughly equal to or
better than those of the 13-aircraft post-1960 equation set (see Table
20).

in short, the introduction of a time variable solves the underestima-
tion problem and generally results in CERs with standard errors of

estimate lower than those of the recommended equation set. Unfor-.-*

tunately, there is one major difficulty—we are unable to say which of
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Tal

ble 19

EQUATION SETS INCORPORATING ALTERNATIVE FORMS
OF TIME VARIABLE

Fquation R* SEE

B ) Part A: Linear Incorporation of First Fligﬁt D&?.Lfi L :
ENGR.,. - 00851 EWE, SPA: e« U &4 .37 54 3
TOOL 5 ~ 0691 BWIH, SPIE, 9836 a5 34
LABR,,, -~ 172 EW/, SPih A7 2% 103 34
MATL.,, = 108 EW/H%, P, e - FFD S400.29 93 34
DS - 00893 EWS, SPHS, efmh < PV &0 .7 15 34
FL = 00778 BW. b SPii, TESTAG HID g 79 52 2T B4
Qe = 085 x LABR,,, if cargo - - 3
= 127 x LABR,;, if noncargo - - = 19
PROGy, = 282 EW{h SPf el Y 89 21 79 34
- . Part B: Logarithmic Inco:—poration of Firee Flight i)ate . .
ENGR,,, = 000156 EW{SS, SPiy FFD{G B4 36 B4 B4
TOGL, = 0691 EW/ I, SPiEy a0 a6 B 34
LABRy, - 172 EW/%, SPiin 87 20 103 34
MATL,, - 00704 EW i, SP&G FFD{E, 9L 98 98 34
DS - .000265 EW[E, SPHE, FEDEH, 80 T3 15 B4
FT - 000271 EW S, SPA#, TESTAC{E, FFI BN A0 U0 B4
Gl = 085 » LABR,y, if cargo - = — 3
- .127 = LABR, if noncargo - - — 19

gy 89 27 B0 34

PROGy, = 647 EW{ny, SPS%, FFD

49
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Table 20
STANDARD ERROR OF ESTIMATE (LOG)

34-Aircraft
13-Aircraft  34-Alrcraft  Sample with
Post-1960  Sample with  Logarithmie

Cost Element Sample Linear FFD FFD
Engineering 0.55 0.37 0.38
Tooling 0.25 0.36 0.36
Manufacturing labor 0.31 .29 0.29
Manufacturing material 0.30 (.29 0.28
Development support 0.82 0.73 0.73
Flight test 0.48 0.52 0.30
Torat program cost 0.36 0.27 0.27

the two FFD forms will more accurately reflect future industry experi-
ence. The statistical analysis, which included an examination of resid-
uals, indicated that the two sets are virtually equivalent in terms of
explaining the variation within the database. The inability to distin-
guish a preferred variable form has significant implications for estimat-
ing the costs of future aircraft. As illustrated in Fig. 4, for an aircraft
with a projected first flight date of 1995, the difference in assumptions
(linear FFD vs. logarithmic FFD) leads to a difference in estimated
cost of roughly 50 percent. Because of this large variation, we do not
recommend use of either equation set incorporating the time variable.
We feel it more judicious to use the equation set without a time varl-
able and to explicitly identify potential changes, estimate their likely
effect, and then adjust either the equations or resulting estimates
accordingly.
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Total program cost {millions of 1977 dollars)

4,500 . —— -
Aircraft characteristics {hypotheticaly
4,200 —
Empty weight = 27,000 Ib Linear FFD
3,800 — Speed = 1,250 kn (Tahle 18]
No. of test aircraft = 10
3,600 |- S
le — Range of dalabase —
3,300 —
2,000 —
2,700 —
2,400 |- -
2100 -
1,800 — -
1,500 — Recommended
| eguation set
1,200 - (Table 15}
-
G000 f- S
|~ = Leg transform
500 — of FFD
Table 19
300 |- (Table ™)
o } | | | i
Jan Jan Jan Jan Jan Jan Jan
1940 1950 1960 1970 1980 1890 2000

Fig. 4—Total program cost as a function of time
(based on sum of individual elements)



VI. FIGHTER RESULTS

RECOMMENDED SET OF CERs

The recommended set of fighter airframe CERg (Table 21) utilizes
only one variable—airframe unit weight—and is based on a subsample
of six post-1960 fighters.! This equation set provides results that we
believe to be more credible than those produced by multiple least-
squares regression analysis of the full 17-aircraft fighter sample. Basi-
cally, we were not entirely satisfied with the results of the regression

Table 21

SET OF AIRFRAME CERs BASED ON SAMPLE
OF 6 POST-1960 FIGHTERS

ENGRy = 231 AUWS
TOOLy - 1.38 AUWH
LABR,; = 254 AUWS™®
MATLp, ~ 43.23 AUW‘STB
DS = .75 x ENGRC,

FT = 27100 TESTACHH
QC = .142 x LABRyy

PROG,,, = 550 AUWEE

NOTES: ENGRC, can be estimated as follows:
ENGRC, ~ 470 »x ENGRg, x $27.50, hr, where
470 is the nonrecurring portion of the total
engineering effort for the first 100 aircraft, and
$27.50 is the fully burdened hourly engineering
rate in 1977 dollars,

Suggested cost-quantity slopes and labor rates
to be nsed in conjunction with this set are provided
in Appendix D.

1The complete fighter analysis is provided in Note N-2283/2-AF, Afreraft Airframe
{ost Estimating Felationships: Fighters.
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analysis of the full fighter sample, We were able to identify only a sin-
gle scceptable estimating relationship for both the labor and material
cost elements (which together account for roughly 50 percent of total
cost), and in neither case did the relaticnship include a performance
varable. Furthermore, during the course of the analysis we identified a
tendency for all the fighters except one to cluster by time period, as
shown in Fig. 5. {The F-18 is the exception to the clustering pattern.)
Unfortunately, we were not able to adequately address the underlying
causes of this clustering. But since these CERs are intended primarily
for prediction and not for historical analysis, it seemed quite logical to
take advantage of the clustering chservation. In short, the post-1960
fighters appeared to be a better guide to the costs of future fighters
than did the full fighter sample.
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Since there were only six observations in the post-1960 sample, one
of which was always an outlier and ancther of which was occasionally
an outlier, the equations were determined by subjectively fitting a line
to the plot points and then backing into the initial coefficient and vari-
able exponent. The fitting for each cost element was based on a single
variable, airframe unit weight (except for flight test, where the number
of test aireraft was utilized). The ranges of characteristic values of the
six fighters are shown below:

Post-1960
Characteristic Database Range
Airframe unit weight, Ib 3565 - 33,150
Empty weight, Ib 14,062 - 46,170
Speed, kn 1,000+ - 1,250+
Specific power, hp/lb 194 - 4+
Climb rate, ft/min 11,600 - 50,000+
Number of flight-test aircraft 7 - 20

Note that while specific power and climb rate still vary over a fairly
large range, the range of speed values has become fairly narrow.

CONSTRUCTION/PROGRAM VARIABLES

With the exception of a variable that distinguishes the older fighters
(which were essentially gun platforms) frem the more modern fighters
(which have sophisticated fire control and missile armament), our
attempts to incorporate construction and program characteristics were
not successful. Although several of the variables characterizing equip-
ment placed within the airframe structure were found to be statistically
significant, they did not generally result in any substantial improve-
ment in the quelity of the equations. In most cases, the equations
incorporating such variables did not produce results that we viewed as
credible. Moreover, even in those few instances where the equations
did produce credible results, the reduction in the standard error of esti-
mate was never more than two or three percentage points.

TECHNOLOGY INDEX

We were able to identify only one equation {that for the engineering

cost) in which the objective technology index (PFFD) was significant at’ B



FIGHTER RESULTS %]

the 5 percent level in the context of the tested variable combination
{(size/performance/technology index):

ENGRyg = .00242 AUW/GS, SPPWRZG, PFFD, 97 16 104

where

AUW = airframe unit weight (Ib}
PFFD = predicted first flight date (months since January 1, 1940}
SPPWR = specific power (hp/lb)

However, the correlation of AUW and SPPWR with the technology
index is greater than 09. Furthermore, the equation offers little
advantage (in terms of the standard error of estimate) over alternative
forms that do not have the technology index. We conclude that this
index, as now defined, is of little benefit to fighter airframe CERs.
This measure is really a composite performance variable and conse-
quently very highly correlated with most of the performance variables
we tested; when treated as a performance variable rather than as a
technology index, it is about as good an explanatory variable as speed
and specific power.

COMPARISON WITH FULL ESTIMATING SAMPLE
EQUATION SET

Table 22 compares how accurately the full estimating sample equa-
tion set (T'able 15) and the fighter subsample equation set (Table 21)
estimate the costs of the six post-1960 fighters. On an overall average
basis, the fighter equation set does slightly better. However, the two
sets differ considerably with respect to which will produce the higher
estimate. As shown below, the fighter equation set produces considera-
bly higher estimates than the full sample equation set for the ¥-16 and
F-18:

Percent by Which Fighter Set Estimate
Exceeds All-Mission Set Estimate

Sum of Total
Aircraft Elements Program CER
F-16 8 3

F-18 22 22
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Table 22

RELATIVE ACCURACY OF ESTIMATES OBTAINED
USING FULL ESTIMATFING SAMPLE AND
FIGHTER SUBSAMPLE EQUATION SETS

{Percent by which actual cost exceeds (+}

or falls short of (-} estimated ¢ost)

Sun.;l. of Elements 'T;r)tu] Program (_TéR

All-Mission  Fighter All-Mission Fighter

Ajrcraft Sample Sample Sample Sample
F-4 —14 -5 ~16 -4
F-111 + 3 +6 + 7 + 7
F-14 -22 =17 —20 -16
F-15 -15 -1 ~ 5 + 7
F-16 -23 —a3 —20 -23
F-18 -33 +18 —36 +22
Average of absolute values 13 13 17 13
Number underestimated (+) 2 2 2 3
Number overestimated () 4 4 4 3

However, for the remaining fighters, all of which are heavier and faster
than the F-16 and F-18, the all-mission type equation set tends to pro-
duce greater estimates:

Percent by Which All-Mission Set
Estimate Exceeds Fighter Set Estimate

Sum of Total
Aircraft Elementa Program CER
F-4 2 1
F-111 4 1
F-14 4 4
F-15 15 13

Exactly which equstion set will provide the higher estimate in any
given situation depends on a number of factors, including the aircraft’s
absolute weights (airframe unit and empty) and speed, and also the
relative difference in its empty weight and airframe unit weight. In
general, however, it appears that the all-mission-type equation set will

produce higher estimates for relatively heavy, fast fighters, while the .-

fighter equation set will produce higher estimates for relatively light, ’
“slow” fighters.



VII. BOMBER/TRANSPORT RESULTS

RECOMMENDED SET OF CERs

We were not able to identify any acceptable estimating relationships
for any of the individual cost elements or for total program cost.” We
believe this failure can be attributed to three factors:

1. Lack of variation in performance variahles.
2. The distribution of aircraft with respect to size.
3. The heterogeneity of the sample.

Lack of Variation in Performance Variables. Common sense
suggested that the B-58 did not belong in the bomber/transport sam-
ple. It is a relatively small, supersonic aircraft, while the remaining
bombers and transports are relatively large and subsonic. Further-
more, the data plots, especially the engineering, material, development
support, and total program cost plots, showed the B-58 to be considera-
bly more expensive on a per pound basis than the other
bomber/transport aircraft. Conseguently, we excluded the 13-58 [rom
our analysis of the bomber/transport sample. As a result, most of the
variation in the principal performance measures (speed and climb rate)
was lost.

Distribution of Aircraft with Respect to Size. Because they
are at the extremes of the bomber/transporl sample wilh respect to
size, the B/RB-66 and C-5 are identified as influential observations in
nearly every equation docinmented in Note N-2283/3-AF. This point is
easily visualized from Fig. 6. However, we did not feel that size alone
was a sufficient reason for excluding the aircraft from the analysis.
Furthermore, any attempts to develop simple scaling relationships
without the B/RB-66 and C-5 are likely to prove futile, since four of
the five remaining aircraft (KC-135, B-52, C-133, and C-141) tend to
line up vertically with respect to weight (dashed box in Fig. 6).

Heterogeneity of the Sample. In addition to being small, the
sample is not as homogeneous as 1t appears at first glance:

¢ The C-130 and C-133 are propeller-driven aircraft.
¢ The B/RB-66 and KC-135 were evclutionary developments.

1Gee Note N-2283/3-AF, Aircroft Airframe Cost Estimating Relationships: Bombers -
ond Transports. ’



a8 ATRCHAFT 81TFRAME COST E3TIMATING RELATICN SIS

4.2

c-s®

3.8+ C-130
™
C-141®

|
I
|
I
I
i
]
|
]
I
3.4 H®) B/RB-66 |
:.K6435

32

|
|
|
l C-133
S | b=ty | |
105 11.0 11.5 12.0 125
Natura! logarithm of airframe unit weight

Natural iogarithm of manufacturing material cost
per pound of airframe unit weight (CA at Q = 103)
Lo ]

Loz
I

Fig. 6--'-][3(i;i-éal bﬁmberft;;nsporﬁ pII;)"‘;}.Ja..tfern

e The B-52 was into its fourth series {the “D” version} by the
time 100 aircraft had been produced.

= A very large proportion (approximately 50 percent) of C-141
cosis represent subcontract effort; this may have distorted the
distribution of equivalent in-plant cost (Ref. 2, p. 50}

e The C-5 program utilized the acquisition concepts of total pack-
age procurement and concurrent development and production.

Given this much diversity in such a small sample, it would have been
surprising if we had been able to develop a credible set ol CERs.

CONSTRUCTION/PROGRAM VARIABLES

The construction/program variables proved to be cf little help in

improving the quality of the bomber/transport CERs. Fach of the .-

size/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties -
that made it unacceptable.



VIII. ATTACK AIRCRAFT RESULTS

RECOMMENDED SET OF CERs

We were not able to identify any acceptable cstimating relationships
for any of the individual cost elements.! We believe this failure can be
attributed to three factors:

1. Lack of variation in performance variables.
2. The distribution of aircraft with respect to size.
3, The heterogeneity of the sample.

Lack of Variation in Performance Variables. The speeds and
climb rates for all the sample aircraft except the A-5 are clustered in
rather narrow ranges: 400- to 550-kn speed, and 5,000- to 8,000-{t/min
climb rate.

Distribution of Aireraft with Respect to Size. Because it is at
an extreme of the attack aircraft sample with respect to size, the A-4 1s
identified as an influential observation in nearly every equation docu-
mented in Note N-2283/4-AF. This point is easily seen in Fig. 7.
However, we did not feel that small size was sufficient reason for
excluding the A-4. Furthermore, any attempts to develop simple scal-
ing relationships without the A-4 would result in equations that show
extremely strong diseconomies of scale, with respect to size.

Heterogeneity of the Sample. In addition to being small, the
sample is not as homogeneous as it appears at first glance:

s The A-5is a Mach 2 aircraft, while all the other sample aircraft
are subsonic. Similarly, the A-5 climb rate is over twice that of
all other attack aireraft.

s The $8-3 places ccnsiderably more emphasis on electronics than
any of the other sample aircraft; this is reflected in its black
box count and its ratio of avionics weight to airframe unit
weight, both of which fall approximately two standard devia-
tions from the mean.

¢« The A-10 utilized the acquisition concepts of competifive proto-
typing and design-to-cost. In addition, it is the only aircraft in
the sample that is not carrier-capable and that does not have
swept wings.

'Ses Note N-2283/4-AF, Awcraft Airfreme Cost Estimating Relationship: Attack Arr-
craft.
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s 'The A-7, although classified as a new design, evolved from the
F-8.

CONSTRUCTION/PROGRAM VARIABLES

The coustruction/program variables proved tc be of little help in
improving the quality of the attack aircraft CERs. Each of the
gize/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties
that made it unacceptable.



IX. CONCLUSIONS

DEVELOPMENT OF AN UPDATED SET
OF AIRFRAME CERs

The equation set that we feel is most generally applicable to and will
most accurately reflect the range of estimating situations likely to be
encountered in the future is the one presented in Table 15 (p. 45). It is
hased on a subsample of 13 post-1960 aircraft. We believe that the
Post-1960 experience is a better guide to the future than the full-
sample experience, which dates back to 1948.

Empty weights for the sample aircraft range from under 10,000 b to
over 300,000 lb, while speeds range from 400 kn to over 1,250 kn. The
accuracy of the CERs in the recommended equation set (as measured
by the standard error of estimate) varies significantly. Four CERs
have standard errors of estimate of about 0.30, while three others have
standard errors of estimate of about 0.50 or greater. None of the equa-
tions meets our goal of 0.18. On the other hand, the lowest standard
errors of estimate in the set are associated with cost elements (tocling,
lahor, and material) that typically account for 66 percent of total pro-
gram cost at a quantity of 100.

The ultimate test of the set’s usefulness will be its capability to esti-
mate the cost of future aircraft. Unfortunately (from an estimating
point of view), airframes are changing dramatically with respect to
materials (e.g., more extensive use of composites}, design concepts {e.g.,
concepts to increase fuel efficiency and to reduce radar cross section),
resources devoted to system integration (e.g., integration of
increasingly sophisticated electronics and armament into the airframe},
and manufacturing techniques (e.g., utilization of computers and
robots).  Although we do not have the data to demonstrate it, we feel
that the net effect of these changes will be to increase unit costs. In
other words, we see no danger that the recommended equation set will
overestimate the costs of future aircraft.

OTHER STUDY OBJECTIVES

In addition to attempting to develop an updated set of airframe
CERs, this study examined in some detail the following possibilities for
improving CER accuracy:

61
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e Stratifying the full estimating sample into subsamples
representing major differences in aircraft type.

* Incorporating variables describing program structure and air-
frame construction characteristics.

s For the fighter aircraft only, incorporating an objective technol-
ogy index info the equations.

With respect to sample stratification, we examined subsamples
based on mission designation—fighter, bomber/transport, and attack.
We conclude that this approach offers no particular advantage: We
were not able to identify any accepfable estimating relationships for
either the bomber/transport or the attack aircraft subsamples. We
believe this is attributable to the small number of aireraft in these sub-
samples plus the fact that the subsamples are not nearly as homogene-
ous as the mission designations might suggest. For the fighter subsam-
ple, weight-scaling relationships were developed for each cost element
based on six post-1960 fighters (the F-4, F-111, ¥-14, F-15, F-16, and
F-18).! In general, this set of equations will produce larger estimates
than the all-mission type equation set for relatively light, “slow”
fighters (e.g., the F-16 and F-18) and smaller estimates for relatively
heavy, fast fighters {e.g., the F-14, F-111, F-14, and F-15). However,
using the average absolute relative deviations of the six post-1960
fighters as a basis, we found that the fighter equation set was only
slightly more accurate than the all-mission tvpe set despite the focused
database.

We also conclude that the incorporation of variables describing pro-
gram characteristics and airframe construction characteristics does not
improve the overall quality of the equation sets. Although variables
characterizing the level of system integration were frequently found to
be statistically significant, they did notf, as a rule, result in any sub-
stantial improvement in the quality of the eguations. In most cases,
the equations incorporating such variables did not produce results that
we viewed as credible. Moreover, even in those few instances where
the equations did produce credible results, the reduction in the stan-
dard error of estimate was never more than two or three percentage
points.

Finally, attempts to incorporate an objective technclogy index into
the fighter estimating relationships were unsuccessful.

13ee Table 21 in Sec. VL.
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USE OF RESULTS

The following potentially useful information is presented in this
report and its supporting Notes:

Recommended equation sets.

Plots of cost versug airframe unit weight for each cost element.
All alternative equations meeting our initial screening criterion
with respect to variable significance.

We have presented extensive documentation to assist the analyst in
deciding on an appropriate course of action. Although we have selected
recommended equation sets, the ultimate responsibility for their appli-
cation rests with the user, who should review all of the results before
selecting equations for a particular situation.

Equation Sets

Recommended sets of CERs have been provided for military aircraf:
airframes in general and fighter airframes specifically. These equation
sets may be used as is, or they may be tailored to fit specific cir-
cumstances (i.e., adjustment of initial coefficient). However, even
when the sets are used as is, analysts should ensure that the charac-
teristics of the proposed aircraft fall within the range of the database
and that the aircraft does not possess any other features (i.e, non-
database characteristics) that may set it apart.

It is suggested that fighters that fall within the limited range of
applicahility of the fighter equation set be run through both the sub-
sample set and the full set. Although we wers unable to develop any
compelling justification for its use, we did determine that the fighter
equation set generally produces higher estimates for lighter, “slower”
fighters than does the full estimating sampie set, and lower estimates
for heavier, faster fighters. Consequently, we believe that the fighter
set should be viewed as a complement to the full estimating sample set.
Once the applications have been made, the results of the two models
can be contrasted, and only if there is a significant difference in the
results will the analyst need to address the question of which estimate
to use. Even then, that decision will probably be based largely on per-
sonal preference. For example, if there i¢ more concern with the
potential adverse effects of underestimation than with those of overes-
timation, more weight will clearly be given to the higher of the two
estimates.



64 AIRCRAFT AIRFRAME COST ESTIMATING RELAT{ONSHIPS

Data Plots

The data plots in Appendix A and the supporting Notes can be used
to estimate the costs of proposed aircraft by analogy.

Aliernative Equations

Each supporting Note contains summary tables, by cost element, of
all estimating relationships meeting our initial screening criterion (ie.,
each variable is significant at the 5 percent level). It is entirely possi-
ble that in some situations one of the alternative equations may be
more appropriate than the recommended one.

FUTURE WORK

Ne study of the type described here is ever complete. One analysis
leads to another ad infinitum, until at some point it is necessary to
call a halt, present the results, and go on to something else. We have
gone down a number of paths suggested by persons inside and out-
side of RAND and found that most terminate in a cul-de-sac. None
of the many independent variables considered offers much hope of
imprmzring the reliability of estimates obtained using only weight and
gpeed.

Interestingly, this was the conclusion reached by the analysts who
developed the previous set of RAND airframe CERs, and it is equally
applicable now.

With respect to future airframe CER efforts, there may be some as-
vet-untested variables that will help to improve equation accuracy,
Variables that reflect differences in airframe design concepts, materials
composition, manufacturing methods, contractor capahility, and the
system integration effort appear to show the most promise. However,
developing unambiguous measures for these characteristics and collect-
ing the necessary data will be & major effort. And if such definition
and collection efforts are not expected to be successful,® there is pro-
bably little merit in undertaking future studies of this type. We say
this for two reasons: First, over 60 percent of the aircraft designs in
the RAND estimating sample are now more than 25 years old, and
only about 10 percent are less than 15 years old. Second, new airframe

IRef. 3, p. 53.
We admit to skepticism on two counts. First, we doubt thai funds would ever be

made available to attempt such an undertaking. Second, we think it is problematic .-

whether enough data could be collected for variables such as those described to do a”
credible statistical analysis at any price,
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starts have slowed down dramatically {only two new airframe designs
have entered operational service since 1974—the F-16 and the
F-18).* Thus, if anaiysts cannot account for technological and system-
integration differences between the older and newer aircraft in the
sample, the relevant {(i.e., technologically similar) estimating sample is
probably going to be too small to permit any type of statistical
analysis.

“Purthermore, we were able to readily identify only two new airframe designs on the
immediate horizon—the C-17 and the ATB (Advanced Technology Bomber)—unless we
include the pesaibility of the F-19 (see Ref. 32, p. 7; Ref. 33, p. 11; and Ref. 34, p. 39) in
which case there are three. In the longer run, only the ATA {Advanced Taectical Attack
aircraft) and the ATF (Advanced Tactical Fighter) are readily apparent. Interestingly, a
brief review of ongoing and recently concluded Air Force and Navy aircraft procurement
indicates that a fair number of aizcraft programs have used existing or modified sir-
frames: the AV-8A, AV-SB, B-1B, C-5B, E-3, E-4, EF-111, KC-10, and TR-1.






Appendix A

COST ELEMENT DEFINITIONS AND DATA
PLOTS

Work breakdown structure (WBS) categories included in the RAND
airframe cost structure are shown in Table A.l.' A matrix mapping
contractor cost-data reporting (CCDR) categories’ and relevant WBS
categories into specific RAND airframe cost elements is provided in
Table A.2.

DEFINITIONS
Engineering

In general, the engineering cost element encompasses the hours
expended in the study, analysis, design, development, evaluation, and
redesign of the basic airframe as well as the system engineering and
project management efforts undertaken by the prime contractor. More
specifically, it includes engineering for design studies and integration;
for wind-tunnel models, drop model, mockups, and propulsion-system
tests; for laboratory testing of components, subsystems, and static and
fatigue articles; for preparation and maintenance of drawings and pro-
cess and materials specifications; and for reliability. Also included are
the hours expended for the sustaining engineering function (through
the stated quantity). The sustaining function covers such things as
customer support/lizison, identifying ways to correct operationally
revealed deficiencies, and suggesting possible system improvements.
Engineering hours not directly attributable to the airframe itself (those
charged to ground-handling equipment, spares, and training equip-
ment! are not included. Engineering hours expended as parl of the
tool and production-planning function are included with the cost ele-
ment tooling; those expended as part of the flight-test planning and
evaluation effort are included in the flight-test cost element. Material,
purchased parts, and test equipment required to accomplish the
engineering function are assumed to be included in the fully burdened
engineering labor rate.

idee MIL-STD 881, Work Breakdown Siructure for Defense Materiel [tems,
28e¢ AFLCP 800-13, Contractor Cost Data Heporting System
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Table A.1

WBS CATEGORIES INCLUDED IN RAND
ATIRFRAME COST ELEMENTS

WHBS Category Included?

Air vehicle

Alrframe® Yes

Propulsion® No

Avionics® No

Armament/weapon delivery® No
Training Nao
Pecullar support equipment Nu
Systems test and evaluation

Development test Yes

Technical evaluation Yes

Operational evaluation Yes

Mockups Yes

Test facilities Yes

Other ST&E Yes
System/project management Yes
Data

Engineering/management data Yes

ILES data {tech orders and manuals) No
Operational/site activation No
Common support equipment No
Industrial facilities No
Initial spares and repair parts No

*The term airframe refers to the assembled
structural and aerodynamic components of the
air vehicle that support subsystems essential 10 a
particular mission. It includes, for example, the
hasic strueture (wing, empennage, fuselage, and
associated manual flight control system), the air
induction system, starters, exhausts, the fuel con-
trol system, inlet control system, alighting gear
(tires, tubes, wheels, brakes, hydraulics, etc.), sec-
ondary power, furnishings {cargo, passenger,
troop, etc.), engine controls, instruments (flight
navigation, engine, etc.), environmental control,
racks, mounts, and intersystem cables and distri-
bution boxes, etc.,, which are inherent 1o and
inseparable from the assembled structure,
dynamic systems, and other eguipment homo-
geneous to the airframe. All efforis directly
related to propulsion, avionics, and armament are
excluded.

bTnstallation of the propulsion, avionics, and
armament subsystems is acounted for in the air-
frame categor e design_integration effort 1s
included in system/project management; and
some testing is inclided in system test and
evaluation.




69

CO8T ELEMENT DEFINITIONS AND DATA PLOTS
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Tooling

Tooling refers only to those tools designed for use on a specific pro-
gram, i.e., assembly tools, dies, jigs, fixtures, master forms, gauges, han-
dling equipment, load bars, work platforms, and test and checkout
equipment. General-purpose tocls such as milling machines, presses,
routers, and lathes {except for the cutting instruments) are considered
capital edquipment. If such equipment is owned by the contractor
{much of it is government-owned), an allowance for depreciation is
included in the overhead account. Tooling hours include all effort
expended in tool and production planning, design, fabrication, assem-
bly, installation, modification, maintenance, and rework, and program-
ming and preparation of tapes for numerically controlled machines.
The cost of the material used in the manufacture of the dies, jigs, fix-
tures, etc., is assumed to be included in the fully burdened tooling lakor
rate.

Manufacturing Labor

Manufacturing laber is all the direct labor necessary to machine,
process, fabricate, and assemble the major structure of an aircraft and
to install purchased parts and equipment, engines, avionics, and ord-
nance items, whether contractor-furnished or government-furnished.
Manufacturing man-hours include the labor component of off-site
manufactured assemblies and effort on those parts which, because of
their configuration or weight characteristics, are design-controlled for
the basic aircraft. These parts normally represent significant propor-
tions of airframe weight and of the manufacturing effort and are
included regardless of their method of acquisition. Such parts specifl-
cally include actuating hydraulic cylinders, radomes, canopies, ducts,
passenger and crewseats, and fixed external tanks. Man-hours required
to fabricate purchased parts and materials are excluded from the cost
clement. Nonrecurring labor undertaken in support of engimeering
during the development phase is included in the development support
cost element.

Manufacturing Material

Manufacturing material includes raw and semifabricated materials
plus purchased parts (standard hardware items such as electrical fit-
tings, valves, and hydraulic fixtures) used in the manufacture of the

airframe. This category also includes purchased equipment, ie., items .-~

such as motors, generators, batteries, landing gear, air conditioning
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equipment, instruments, and hydraulic and pneumatic pumps, whether
procured by the contractor or furnished by the government. Where
such equipment is designed specifically for a particular aircraft, it is
considered as subeontracted, not as purchased equipment, and is there-
fore included in the manufacturing labor cost element. Nonrecurring
material used in support of engineering during the development phase
is included in the development-support cost element.

Development Support

Development support is the nonrecurring manufacturing effort
undertaken in support of engineering during the development phase of
an aircraft program. It is intended to include the man-hours and
material required to produce mockups, models, test parts, static test
items, and other hardware items (excluding complete flight-test air-
craft) needed for airframe development.

Flight Test

Flight test includes all costs incurred by the contractor in the con-
duct of flight testing except production of the test aircraft. Engineer-
ing planning, data reduction, manufacturing support, instrumentation,
all other materials, fuel and oil, pilot’s pay, facilities, rental, and
insurance costs are included. Flight-test costs incurred by the Air
Force, Army, or Navy are excluded.

Quality Control

Quality control refers to the hours expended to ensure that
prescribed standards are met. It includes such tasks as receiving
inspection; in-process and final inspection of tools, parts, subassem-
blies, and complete assemblies; and religbility testing and failure-report
reviewing. The preparation of reports relating to these tasks is com-
sidered direct guality-control effort.

Total Program Cost

Total program cost is the sum of the seven preceding cost elements.
Engineering, tooling, manufacturing labor, and quality-control hours
for each aircraft program were converted to 1977 dollars using the fol-
lowing industry-average composite hourly rates:
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Hourly

Element Rate {§}
Engineering 27.50
Tooling 25.50
Manufacturing labor  22.50
Quality control 24.00

These composite rates include direct labor, overhead, general and
administrative expense, and miscellaneous direct charges {travel, per
diem, etc.), and in the case of engineering and tooling, material costs as
well. Fee is not included.

DATA PLOTS

Plots of cost per pound as a function of airframe unit weight are
provided in Figs. A.1 through A.8 for engineering, tooling, manufactur-
ing labor, manufacturing material, development support, flight test,
quality control, and total program cost, respectively. The ¥-16 and
T-18 are not shown because of proprietary restrictions.
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Appendix B

EXPLANATORY VARIABLE DEFINITIONS AND
VALUES

SIZE

Airframe Unit Weight: Empty weight (in pounds at Q = 100) minus
wheels, brakes, tires, and tubes; main and auxiliary engines; rubber or
nylon fuel cells; main and auxiliary starters; propellers; auxiliary
powerplant unit; instruments; batteries and electrical power supply and
conversion; avionics group; turrets and power-operated mounts; air
conditioning, anti-icing and pressurization units and fluids; cameras
and optical viewfinders; trapped fuel and oil.

Empty Weight: The weight of the aircraft (in pounds) with no fuel,
ordnance, or crew aboard.

Wetted Area: Total surface area of aircraft (in square feet).

TECHNICAL/PERFORMANCE

Maximum Speed: Maximum speed, in knots, at any altitude.

Speed Ciass: Categorical variable signifying whether maximum
speed is less than M 0.95 (=1); greater than or equal to M 0.95 but less
than M 1.94 {=2); greater than or equal to M 1.95 but less than M 2.5
{=3); or greater than or equal to M 2.5 (=4).

Specific Power (fighters only): The product of the maximum
installed sea-level static thrust and the maximum velocity divided by
the combat weight, expressed in units of horsepower per pound. The
conversion factor to go from pound-knots per pound to horsepower per
pound is 0.00307 (1 kn = 101.34 ft/min, and 1 hp = 33,000 ft-Ib/min).

Maximum Specific Energy (fighters only): The maximum value (in
feet) of the sum of kinetic and potential energy the aircraft develops in
1-g level flight divided by the combat weight.

Climb Rate: The maximum rate of climb at sea level in feet/minute.

Maximum Sustained Load Factor (fighters ondy): The maximum load
factor (in g’s) the aircraft can sustain in level flight at an altitude of
25,000 ft, at Mach 0.8 at its combat weight.
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Breguet Range Factor (fighters only): The maximum value (in nauti-
cal miles) of the product of the average cruise speed and lift-to-drag
ratio divided by the specific fuel consumption (the coefficient of the
logarithmic term of the Breguet range equation).

Useful Load Fraction: The difference between maximum gross
weight and empty weight, divided by maximum gross weight.

Predicted First Flight Date (fighters only): TFirst flight date measured
in months since January 1, 1940, as estimated by the technology index
equation for new designs deseribed in Sec. L.

CONSTRUCTION

Design Ultimate Load Factor: The maximum load factor (in g's) the
aircraft is designed to withstand at the stress design weight without
structural failure.

Structural Efficiency Factor (fighters only): The structure weight
divided by the product of the stress design weight and the design ulti-
mate load factor.

Carrier Capability Designater: A categorical variable signifying
whether the aircraft is carrier capable (=2) or not (=1).

Engine Location Designator: A categorical variable signifying
whether engines are embedded in the fuselage (=1} or located in
nacelles under the wing (=2}.

Wing Type Designator: A categorical variable signifying straight
wing (=1), swept wing (=2), delta wing (=3}, or variable-sweep wing
(=4).

Ratio of Wing Area to Wetted Area: The ratio of the reference area
of the wing to the total surface area of the aircraft.

Ratic of Quantity (Empty Weight Minus Alrframe Unit Weight) to
Airframe Unit Weight: The empty weight and airframe unit weight as
previously defined.

Ratio of Avionics Weight to Airframe Unit Weight: The ratio of total
avionics-suite weight (installed) to airframe unit weight.

Number of Black Boxes: The number of identifiable electronics
items in communication, navigation, identification, fire control, ECM,
and data processing functions. See Sec. IT for additional explanation.
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PROGREAM

Number of Test Aircraft: The number of test aircraft used in the
flight-test program.

Maximum Tooling Cepability: The maximum monthly tooling rate
for the program. The maximum tooling rate is defined as the rate
achievable with the tools that were on hand, operating with (1) a first
shift, (2) a second, “swing” shift, consisting of a full complement of
production workers and necessary supervisory staff, and (3) a third
shift, “as required” for certain production operations and for repair and
maintenance of the tooling.

New Engine Designator: A categorical variable signifying whether
airframe incorporated a new engine {=2} or not {=1). 3See Sec. 11 for
additional explanation.

Contractor Experience Designator: A categorical variable signifying
whether the company that developed and produced the subject aircraft
had recent experience in developing and producing the same mission-
type aircraft {=1) or not (=2). See Sec. II for additional explanation.

Weapon Systern Designator (fighters only): A categorical varable
signifying whether the aircraft was developed with emphasis on mis-
siles and sophisticated fire control systems {=2) or gun armament (=1).
See Sec. I for additional explanation.

Program-Type Designator: A categorical variable signifying the type
of development program, prototype (=2) or concurrent (=1). A proto-
type program is one in which the first lot consists of three aircraft or
less. See Sec. II for additional explanation. '

Explanatory-variable values are presented in Tables B.1, B.2, and
B.3. Primary data sources were official Air Force aircraft and propul-
sion characteristic summaries and Refs. 17 and 24 through 30.
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EXPLANATORY VARIABLE VALUES: SIZE
AND TECHNICAL/FPERFORMANCE

ATRCRAFT AIRFRAME COST BSTIMATING RELATIONSNIES

" Table B.1

Technicai/Peclormance

Alrframe Maximum Fredicted
Lnik  Fmpty Wetted Maxinum Maximom  Climb  Susluioed  Thrust  Breguet  1seiul Firss
Wiight Area Speed  Spreed Specitic Specific Tale Lowd o Weight Hange  Load Flighi
(WA gl {hot Cless  Power  Energy  (17min) Facior Hatiu Factor Fruetions Lae
4899 G548 § hd X 2050 X AN X X
L ldd bl H X X &.A00 hY X X X
2450 1147 3 X X X X x X
2180 G611 L hy X N X by X
15497 L4630 L) T hY X Ry X x x
19,886 2463 aa0 L x X X X N hi
117316 16,650 Rl 1 Y X x x X N
55560 BA4RD 1147 3 X X X X e he
42540 4872 548 1 x X X K " X
FAABE 30800 193 1 X X X X X X
58107 1800 228 1 X X X X X
114,650 19,150 04 1 X X X X b8 X
AT0A0 1770 527 1 x X B X hY X
TAGEI0 14,100 491 1 X X hY X b X
Fal 10150 14860 1,B43 470 1 A0 P 4,780 R
FitT 13598 21270 1,908 B22 1 Al S8,700 AGE 480 174
B4l 4,737 IGRE0 1500 528 1 i1 64,500 B 1,A20 16T
F-4 17220 271540 2,150 1222 1 2462 110,000 4.200 it
F-14 MAEE A 1R [£:9] a} {a) (a} (a} 153
F.l3 26,790 2,646 ial (ap ia) (ad let 432
F-16 14062 1,350 fa} 2 ia) [£1] lah 402
F-14 20583 to) (a) 4 1] k) b by
F-B& 14080 1,070 B0 1 AT 33,500 4,570 142
F-8% WATE b 546 1 L7 (b} 1870 L&
F-1n0 15,260 1,504 Tal2 2 140 54,4k 4. 9% [LiE]
F-101 24,700 3,060 872 b4 1A TEIN 250 4,530 180
F-102 19460 2170 BEl) 2 119 55,70 3o 3,590 75
F-104 THES  L15TD 1,078 11a0 3 2.48 117 003 ) 1.5 a17
- 105 19,301 24,500 1,508 1112 3 200 Y3 MM 280 5,200 2
F 108 14620 23180 2uUA0 1157 3 2,18 53 (KM A4 500 420 3. 4H) it
F-111 43160 48,170 XERD 1262 ) 194 126 0Kl 12,600 200 G450 287
15,556 26581 2,607 429 1 I X 5000 X " X
5,378 ToAll AL 639 2 X X 23,501 by X X
3% [ (N 463 1 X X 4,270 X X i X

NOTE: X = ¥alues collected for fighters only,

ified.
*Mat availalle
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Teble B.2
EXPLANATORY VARIABLE VALUES: CONSTRUCTION

Dresign Carriar Engine Rativ ol Iatio of

Ultimnate  Structural  Capability  Locacion Wing Arca Ratio of  Aviontes  No, of

Load  Efficiency  Dhesig- Desig: Wing  w Werted (EW-AUW)  Weight Black

Adrcraft Faetor Factar nelor nator  Twpe* Area w AUW o AUW  Hoxes
A-G 5000 X 2 2 b L0 56 085 5
A-q 10,50 X 2 1 2 87 A0 084 &
A 11.00 X 2 1 2 Ui L) 110 13
A-B B X 2 1 2 251 48 170 23
A7 10,50 = 2 1 2 i A3 Rk 19
Al 4.93 k4 1 2 1 203 A4 A4 14
B-52 .00 X 1 2 2 240 o8 Rl 24
BE-38 3.00 X ! 2 i 283 is] (e} 26
B/RB-66 480 X 1 2 2 173 A0 092 i)
C-3 A .4 1 b4 2 201 15 017 27
C-130 375 X 1 2 1 L2400 2 0845 17
(-133 .75 X 1 2 1 BIK) .19 021 16
KC-135 175 X 1 2 2 L3225 .38 (el 16
C-141 475 X 1 2 2 (228 31 A02d 25
FiD 400 0459 2 1 1 218 EY 145 [
F3H 1125 0372 2 1 2 272 53 A0 &
F4l¥ .50 0433 2 L 3 AT R 215 9
F-4 1275 0281 2 L 2 247 60 a0 14
F-14 ) by 2 L 4 17 49 1z 21
F-15 11.00 321 1 i 2 230 53 090 24
F-18 fcl 1221 1 i 2 216 47 {el (3]
F.18 (c) [c) 2 1 2 [c} 26 (e} 63}
F-56 1100 0328 1 1 4 B9 48 106 4
F-88 £.50 0469 1 1 1 (e} a2 (e} ]
F-100 11,00 0368 I 1 2 JBRR Bl A18 &
F-101 1100 0240 1 1 2 178 B4 Kkl o
F-102 10.530 0333 1 1 3 304 58 b4 9
F-104 11.00 (0335 1 1 2 182 AS 078 g
F-103 15.00 0383 1 1 Z L) 27 AUy 1
F06 1050 .0azs 1 1 3 3 ¥ il 190 11
F-111 11.00 D340 1 1 4 203 .39 08y 15
53 3.2 X 2 2 2 229 A4 2% 33
T-{R 1500 X 1 1 2 ich i) [} 7
1 2 2 (e} 40 (e} 10

T-3% 11400 X
NOTE: X = values collected for fighters only.
'] = straights 2 = swept; 3 = delta; 4 = variable sweep.
Y nesified.
“MNot available.
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Table B.3
EXPLANATORY VARIABLE VALUES: PROGRAM

No.of Maximum Contractor  Weapon Program
Test Tooling New Engine Experience  Systern Type
Aircraft  Afrcraft Capability Designator Designator Designator Designator
A-3 5 8 1 2 X pA
A4 g 40 1 N X 2
A5 11 6 1 2 X 1
A-g 8 g 2 2 X 1
A-T 7 24 1 1 X 1
A-10 8 is 1 2 X 2
B-52 13 10 2 1 X 2
B-58 30 8 2 2 X 1
B/RB-66 14 10 2 1 X 1
C-5 10 2 2 1 X 1
C-130 9 18 2 2 X 2
-133 10 2 2 1 X 1
KC-135 ) 15 1 i X 2
C-141 & ] 1 ! X 1
F3D 13 20 1 2 1 2
F3H 18 13 2 1 1 2
F4D 13 20 2 1 1 2
F-4 7 13 1 1 2 1
F-14 12 8 1 1 2 1
F-15 20 12 2 1 2 1
F-16 10 {a) 1 2 2 2
F-18 13 (a} 2 1 2 2
F-36 12 30 2 1 1 2
F-89 6 25 1 2 1 2
F-100 13 50 1 1 1 2
F-101 17 20 1 1 1 1
F-102 31 45 1 2 2 1
F-14 19 20 2 1 1 2
F-105 15 17 2 1 pis 1
F-108 26 29 1 i 2 1
F-111 18 2 2 2 2 1
5-3 8 5 2 2 X 1
T-38 14 24 1 2 X 2
T-5% 4 5 2 1 X 2

NOTE: X = values collected for fighters only.
*Nat available.



Appendix C

DAPCA-III ESTIMATING RELATIONSHIPS

The previous set of RAND airframe CERs (DAPCA-II), docu-
mented in Ref. 3, is summarized in Table C.1.

Table .1
DAPCA-IIT ESTIMATING RELATIONSHIPS®

Statistics

Estimating Relationship R? SEE F N

ENGRy, - 0234 AUWSES, sPER, 80 26 26 9
TOOLyy, = 472 AUWSES, SPiH, g1 41 27 25
LABR;y = 353 AUW(GR, SP{E, 85 34 82 25
MATLy = 0763 AUWSS, SPA, 86 .36 8T 25
DS = (000626 AUWES gplily 53 72 12 24
= +(.000035¢ AUW/E, SPIEE, ) 68 66 23 24

e

FT - 192 AUW/, SP%, TESTACTHS, CARGODV I 81 44 21 25

QCy, = 085 x LABR,,; if cargo — e e
- .12 x LABR4, if noncarge - = - —

PROG = 622 AUW/, SPY, 88 27 T8 2

"All cost elements estimated directly in dollars have been converted to 1977 levels
by adjusting the initial coefficient.

"Post-1957 aircraft excluding A-7, KC-135, and T-39,

“Labor component of development support.

dMaterial component of development support.
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Appendix D

COST-QUANTITY SLOPES AND LABOR RATES

COST-QUANTITY SLOPES

Minimum, maximum, and average cost-guantity slopes for the full
estimating sample are shown in Table D.1. A comparison of slopes by
mission type is provided in Table D.2. With two exceptions (the
attack aireraft material slope and the fighter guality-control slope), the
slopes show little deviation about the full sample averages. IHowever,
even changes in slope as small as I percentage point can have a major
effect on cost. The extent of this effect will of course vary with the
quantity and the slope magnitude, but for a run of 700 aircraft, a 1 pez-
centage point increase in the slope will usually increase total costs by
at least 10 percent.

Tahble D.1

CUMULATIVE TOTAL COST-QUANTITY SLOPES*
(In percent)

bfE. Mfa. Quality Tatal
- Engineering Toeling  Labor  Material Control Program
Item Hours Hours Hours Cost Hours Cost
No. of observations 34 34 34 34 22 34
Range 106-132 108-188 140-182  140-200 126-234 124-144
Average 114 122 154 172 158 134
Exponent 0.189 0.287 .623 0.732 0.660 0.422

*Based on first 200 units; cumulative average slope = cumulative total slope
divided by two.

Table D.2

CUMULATIVE TOTAL COST-QUANTITY SLOPES, BY MISSION TYPE
(In percent)

Mig. Miz. Quality Total
Engineering Tooling Labor Material Control Program

Sample Hours Hours  Hours Cost Hours Cost
Total {34) 114 122 154 172 158 154
Attack (7) 110 122 154 180 154 134 -
Bomber/Transport {8) 116 116 154 170 152 136"

Fighter (17) 116 124 156 172 170 132

a8
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Since the estimating relationships in the recommended equation set
{Table 15) are based on a sample limited to post-1960 aircrafi, average
slopes for the post-1960 sample are also determined and compared with
the full sample:

Full
All-Mission Post-1960 All-Mission
Sample Sample (13 aircraft)
(84 aircraft}

Cost Element Slope (%)  Slope (%} Exponent
Engineering 114 112 163
Tooling 122 120 263
Manufacturing labor 154 156 641
Manufacturing material 172 174 S99
Quality control 158 156 641
Total program cost 134 132 401

As indicated, the differences are slight and hardly a basis for drawing
any conclusions about temporal changes. However, in the interest of
consistency, the slopes based on the post-1960 sample are suggested for
use with the recommended equation set.

Similarly, for the fighter equation set {Table 21}, the siopes based on
the more limited post-1960 sample are also suggested:

Full Fighter Post-1960 Fighter

Sample Sample (8 aircraft)
{17 aircraft)

Cost Element Slope (%} Slope (%) Exponent
Engineering 118 112 163
Tooling 124 120 .263
Manufacturing labor 156 158 B60
Manufacturing material 172 166 .731
Quality control 170 164 714
Total program cost 132 128 356

FULLY BURDENED LABOR RATES

All cost elements estimated directly in dollars are in 1977 dollars.
Suggested 1977 fully burdened labor rates (and those used to estimate
total program cost) are:

Engineering ....... 27.50
Tooling .......... 25.50
Manufacturing labor . . 23,50

Quality contrel ... .. 24.00
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For estimates in 1986 dellars, the following labor rates and adjust-
ment factors are suggested:

Engineering, $/hr ... .. . ... 59.10
Tooling, $/hr ... ... ..... 60.70
Manufacturing labor, $/br ... 50.10
Quality contrel, $/hr . . . .. .. 55.40
Manufacturing material {index] .1.94
Development support {index) . 194
Flight test (index) ........ 1.94
Total program cost {index}) ... 213

The 1985 labor rates are based on data provided by seven contractors:

Hourly Rates {$}

Range About
Labor Category Averapge Range Average (%)

Enginsering 59.10  47.70-T0.00 -19, +18
Tooling 80.70  56.50-65.00 -T,+7

Mifg. labor 50,10  41.70-58.00 —17, +16
Quality contrel 5540  49.10-62.60 —-11, +13

Note that with the exception of tooling, the range about the average
rate is at least =10 percent. This range could arise from differences in
accounting practices, business bases, or capital investment. Irrespec-
tive of cause, however, labor-rate variation is cne more component of a
larger uncertainty which already includes the error associated with sta-
tistically derived estimating relationships and questions about the
proper cost-quantity slope. Furthermore, in addition to the intercon-
tractor differences, these rates are also subject to temporal change—
accounting procedures, relative capital/labor ratios, etc. Thus, the
1986 fully burdened rate is qualitatively different from the 1977 rate.
Unfortunately, trying to estimate the magnitude of such quality
changes, even very crudely, is a study in itself and beyond the scope of
this analysis,

The material, development support, and flight-test escalation
indexes are based on data provided in AFR 173-13." For 1977-1984, the
airframe index presented in Table 5-3 (Historical Aircraft Component
[nflation Indices) of AFR 173-13 was used. For 1985 and 1986, the air-
craft and missile procurement index presented in Table 5-2 (USAF

Weighted Inflation Indices Based on OSD Raw Inflation and Outlay .-

i%aa Ref. 35.
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Rates) was used. The total program cost adjustment factor was then
determined on the basis of a weighted average {at Q@ = 100) of the indi-
vidual cost elements.
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