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The origins of the Design-to-Cost concept and the ap-

plication of parametric cost estimating models for fixed 

wing aircraft are revealed in an extensive dicussion of the 

literature search. It was discovered that a void exists in 

the literature concerning advances in cost estimation tech-

niques for the helicopter industry. 

The purpose of this research was to develop parametric 

Design-to-Cost models for selected major subsystems of cer-

tain helicopters. This was accomplished by analyzing the 

relationships between historical production costs and cer-

tain design parameters which are available during the pre-

liminary design phase of the life cycle. 

In conjunction with the problem, four subproblems were 

identified as follows: 

1. Determination of major helicopter subsystems to be 

analyzed 

2. Selection of techniques to be used in normalizing 

the historical cost data 

3. Identification of design parameters which are 

available during the preliminary design phase 

4. Derivation of the parametric Design-to-Cost equa-

tions 
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The development of parametric Design-to-Cost models 

for selected major subsystems of certain helicopters is the 

objective of this research. Data from a large production 

base of helicopters were analyzed to test the null hyp-

othesis : 

Hq: Design-to-Cost estimates for selected subsystems 

of certain helicopters are not functionally related to 

parameters available during the preliminary design 

stage of the helicopter life cycle. 

Analysis of the historical cost data and helicopter 

led to the selection of parametric CER's for the airframe, 

rotor, drive, propulsion, and electrical subsystems. In 

each case, the F-test was used to test null hypothesis. The 

results of the F-test at the . 01 level of significance led 

to the rejection of the null hypothesis. 

The principal conclusions resulting from this study 

are listed as follows: 

1. The development of a generalized procedure for use 

in assessing both present and future recurring 

production costs of five helicopter subsystems is 

feasible and was actually accomplished, as evid-

enced by the CER's for the airframe structure, 

rotor group, drive subsystem, propulsion installa-

tion and electrical subsystem. 

2. The coefficient of multiple determination, which 

is a statistic used to measure of the proportion 

of variation in subsystem cost explained by the 
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estimating relationship, ranges from 0,859 for the 

rotor subsystem to 0-964 for the propulsion in-

stallation. 

3. A data base is established for forty-six different 

production lots of helicopter subsystems encom-

passing up to sixteen different models. 

4. The five CER's selected for the helicopter sub-

systems can be utilized in cost-performance trade-

off studies with confidence, because predictions 

of aggregrate costs for eleven of fourteen heli-

copter models are within ten percent of actual 

costs. 

5. Using the CER's, Design-to-Cost goals may be est-

ablished for five helicopter subsystems that ac-

count for approximately eighty-nine percent of the 

total recurring cost (excluding profit and govern-

ment furnished equipment) since the independent 

variables used in the equations are known during 

preliminary design. 

6. CER's can be applied as tools in the decision mak-

ing process related to long-range planning and 

evaluation. 

Several potential contributions are identified in the 

areas of academia, government, and industry. Application of 

the cost models will provide estimates beneficial to the 

government and DoD by allowing derivation of realistic 

Design-to-Cost estimates. In addition, companies in the 
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helicopter industry will benefit by using the models for two 

key purposes: (1) optimizing helicopter design through 

cost-effective tradeoffs, and (2) justifying a proposal 

estimate. 
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CHAPTER I 

INTRODUCTION 

The Design-to-Cost concept was instituted as a program 

management and acquisition tool by the Department of Defense 

(DoD) during a period of increasing acquisition costs and a 

declining budget. The Design-to-Cost concept was based upon 

the establishment of realistic cost goals at the conceptual 

phase of a program in order to keep costs within the budget 

set by Congress. 

The development of parametric cost-estimating models 

has been recommended by some authorities1 as the best tool 

for establishing Design-to-Cost goals in the early stages of 

program development. 

A review of the literature reveals the origins of De-

sign-to-Cost and parametric analysis for fixed-wing air-

craft. However, a void exists concerning advances in cost 

estimation techniques for the helicopter industry. 

Objective of the Research 

The purpose of this research is to develop parametric 

Design-to-Cost models for selected major subsystems of cer-

tain helicopters. This is accomplished by analyzing the 

1Robert L. Bidwell, "Selecting Design to Cost Goals 
Requires Realism and Flexibility,11 Defense Management Jour-
nal, September, 1974, pp. 27-29; Department of the Army, 
Navy, and Air Force, A Conceptual Approach for Major Weapon 
System Acquisition, October, 1973, p. 14; "OSD Cost Analysis 
Improvement Group," C-E Newsletter, Spring, .1973, pp. 5-8. 
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relationships between historical production costs and cer-

tain design parameters available during the preliminary 

design phase of the life cycle. 

In conjunction with the problem, four subproblems are 

identified as follows: 

1. Determination of major helicopter subsystems to be 
analysed 

2. Selection of techniques to be used in normalizing 
the historical cost data 

3. identification of design parameters which are 
available during the preliminary design phase 

4. Derivation of the parametric Design-to-Cost 
equations 

Significance of the Research 

The significance of the research lies in the fact that 

statistical tools that are an essential part of the Manage-

ment Science discipline are employed in a practical applica-

tion having potential benefits to both industry and govern-

ment. The Management Science tools include multiple cor-

relation and regression. The General Accounting Office 

(GAO) has conducted a review of five DoD programs2 to deter-

mine the problem areas in applying the Design-to-Cost con-

cepts. The GAO concludes that DoD did not follow its own 

directives on Design to Cost that were issued in 1971. One 

of the major problems discovered by the GAO concerns the 

failure to establish Design-to-Cost goals during concept 

formulation. In a related conclusion, GAO recommends the 

2R. W. Gutmann, Letter to the Secretary of Defense, 
Number PSAD-78-79, March 20, 1978. 
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establishment of a cost data base to be used to develop 

cost-performance relationships relevant to Design-to-Cost 

objectives, goals, and decisions. However, the GAO does not 

propose a technique or methodology for accomplishing this 

task. 

The completion of the dissertation objectives results 

in the application of an academic methodology that can be 

used to help overcome the problem areas discovered by the 

GAO. The Management Science techniques allow the develop-

ment of parametric models that can be used to establish 

Design-to-Cost targets for five helicopter subsystems con-

sisting of (1) airframe structure (including the tailboom), 

(2) rotor, (3) drive, (4) propulsion installation (excluding 

the engine), and (5) electrical. The costs of these five 

subsystems account for approximately eighty-nine percent of 

the cost of a helicopter. 

Research Approach 

Historical cost data on each of the five subsystems 

have been extracted from the records of a leading helicopter 

manufacturer. Due to the private nature of corporate cost 

data, specific reference is not made to the firm. 

Cost data for forty-six historical programs is norma-

lized to July 1978 dollars through the application of a com-

posite escalation factor. This composite factor is derived 

from price and wage indexes published by the Department of 

Labor. In addition, the costs are normalized for accounting 

system changes by using 1978 factory overhead rates. 
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Since the results of the study are to be used mainly 

in analyses of conceptual helicopter designs, aircraft de-

sign and performance parameters normally available during 

the preliminary design stage of the helicopter life cycle 

are chosen as the independent variables. 

The Management Science techniques of multiple regres-

sion and correlation are the primary statistical tools used 

for processing the historical data to determine the func-

tional relationships that can be used for estimating heli-

copter subsystem cost. In addition, several statistical 

measures are used as the criteria for evaluation and selec-

tion of a parametric Cost Estimating Relationship (CER) for 

each helicopter subsystem. These statistical measures 

include (1) multiple correlation coefficient, (2) multiple 

coefficient of determination, (3) standard error of the 

estimate, (4) F-test for analysis of variance, and (5) 

coefficient of variation. Another criterion used is the 

evaluation of predicted versus actual costs as a measure of 

the consistency of the estimating equations. 

Research Limitations 

The parametric Design-to-Cost models derived as a 

result of this study are limited to prediction of recurring 

production costs in July 1978 dollars. The costs predicted 

by the models exclude profit and the costs of Government 

Furnished Equipment (GFE). The costs of these items are not 

found in the historical cost data base. 
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The CER's are specifically applicable to the manufact-

uring techniques and experience of one company in the heli-

copter industry. 

The use of the CER's can not eliminate uncertainty 

about the cost of a future helicopter system. However, the 

Use of the helicopter subsystem CER's can identify past 

trends of cost for helicopter subsystem, thus adding to the 

credibility of the recurring cost estimates. 

The use of the parametric CER's is not intended for 

the auditing of detailed contractor estimates, but is de-

signed for use in establishing subsystem Design-to-Cost 

goals during preliminary design. 

Dissertation Organization 

The background of Design to Cost and development of 

parametric models are introduced in chapter II. 

Chapter III expands on the background through a review 

of the literature by providing insight into the magnitude of 

the problem and by reviewing prior efforts in prediction of 

production costs. 

The research objective is explained in chapter IV. 

This includes a statement of the problem and the hypothesis. 

The scope and limitation of the study are also discussed. 

Chapter V focuses on helicopter technology including 

a description of subsystem elements and associated manufact-

uring technology. 
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Chapter VI describes the experimental design and 

methodology used in the analysis of data, included in this 

chapter are normalization techniques, data sources, statist-

ical techniques, and evaluation criteria. 

The analysis of the data is presented in chapter VI. 

The parametric cost estimating models are described and 

evaluated for the establishment of helicopter subsystem 

Design-to-Cost estimates. 

The conclusions of the study, as well as recommenda-

tions for future analysis, are contained in chapter VII. 



CHAPTER II 

BACKGROUND 

Introduction 

Before 1971, Department of Defense (DoD) program de-

velopment managers charged with creating defense systems had 

to meet two main goals—operational performance and sched-

ule. While a program manager had to meet some kind of de-

velopment-cost goal, recurring production costs were not 

carefully estimated or controlled. As the developed systems 

went into production, their costs frequently went upward 

sharply and suddenly. At the same time, the Department of 

Defense budget for defense systems (in constant dollars) was 

decreasing; this occurred in spite of an environment of in-

creased spending in other significant Gross National Product 

sectors. In the face of increasing acquisition costs and a 

declining budget, the Design-to-Cost concept was instituted 

as a program management and acquisition tool which relied on 

the establishment of realistic cost goals at the conceptual 

phase of a program in order to keep costs within the budget 

set by Congress. While three approaches3 were recognized 

3The three approaches, which consist of industrial 
engineering, analogy, and statistical parametric analysis, 
are discussed in C. A. Batchelder and others, "An Intro-
duction to Equipment Cost Estimating," Rand Corporation 
RM-6103-SA, Santa Monica, California, December, 1969. 
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for use in estimating acquisition costs, some authorities4 

recommended use of parametric analysis as the best tool in 

the early stages of program development. 

Procurement Policies of the 1950's 

In the 1950's, the DoD procured aircraft under a pro-

duction prototype philosophy. After preliminary engineering 

and tests, the Department procured a few prototype articles 

and limited production under annual funding. Each year's 

increment of funding depended upon a satisfactory perform-

ance for the previous years. This incremental funding ap-

proach was considered a sound basis for economical produc-

tion of larger quantities of aircraft. Although some of 

these programs had significant cost increases5 ranging from 

100 to 700 percent, the cost aspects were overshadowed by 

operational capability and readiness. 

Arrival of Systems Analysis 

When Robert McNamara became Secretary of Defense in 

1960, few military or civilian officials were concerned with 

determining whether a weapon system was worth the price. 

Secretary McNamara created an Office of Systems Analysis 

4Robert L. Bidwell, "Selecting Design to Cost Goals 
Requires Realism and Flexibility," pp. 27-29; Department of 
the Army, Navy, and Air Force, A Conceptual Approach for 
Major Weapon System Acquisition, p. 14; "OSD Cost Analysis 
Improvement Group, " pp. 5-8. 

5Berkeley Rice, The C-5A Scandal. (Boston: Houghton 
Mifflin Company, 1971), pp. 18-19. 
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which was responsible for justifying requests for new weapon 

systems in terras of cost-effectiveness.6 

In conjunction with systems analysis, greater concern 

was seen in government and industry with the "ilities," (re-

liability, maintainability, etc.). This concern created a 

"paper mill" as excessive analyses were made prior to the 

definition of an aircraft specification. Paper analyses of 

major development problems for weapon systems were believed 

substitutes for prototype vehicles. However, the paper 

analyses failed to solve the problem of production cost. 

Cost Overruns 

Under this system, cost overruns grew to become a na-

tional concern. The General Accounting Office (GAO) re-

viewed thirty-eight major weapons programs in 1969. As a 

result, the GAO found that the cost estimates for these pro-

grams were fifty percent higher than original contract 

figures. This accounted for price increases that totaled 

$20 billion.7 Of the many programs that had cost overruns 

in the 1960's, three of the best known were the F-lll 

fighter aircraft, the Cheyenne helicopter, and the C-5A 

heavy transport aircraft. 

6Cost effectiveness involves a quantitative evaluation 
of alternatives which seek to indicate the best of a number 
of alternative ways to produce a given level of output. 
Cost effectiveness is discussed in Leonard Merewitz and 
Stephen H. Sosnick, The Budget's New Clothes, (Chicago: 
Markham, 1971), pp. 73-108. 

7Rice, The C-5A Scandal, p. 19. 
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In 1962, cost estimates indicated that 1,388 F-lll's 

could be built by General Dynamics for a unit cost of $4 

million.8 Although skeptics believed this estimate was too 

low, none guessed how low it really was. The cost for 547 

airplanes was officially estimated to have a unit cost of 

$13,7 million in 1970. 

With the Cheyenne, the cost growth and technical prob-

lems experienced by Lockheed became insurmountable and led 

to eventual cancellation despite the program's high tech-

nical excellence. The helicopter used several advanced 

techniques such as a laser in the gun turret as a super ac-

curate rangefinder and as a guide for bombs and rockets. It 

also had built-in night-viewing devices and a computer for 

self-contained navigation and high stability. These fea-

tures, and others, made the Cheyenne a very efficient fight-

ing machine, but their complexity added to the cost growth. 

The Cheyenne program was contracted under the Total 

Package Procurement (TPP) policy, which was designed to pre-

vent a company from submitting a low bid for development 

with the intent of making up any losses on subsequent sole 

source production contracts. The TPP approach contracted 

costs for research, development, and production in one con-

tract. Even the application of TPP on the Cheyenne program 

was unable to control the cost increases. The original 

price for the Cheyenne program was contracted as $2.3 

8Gilbert Burck, "Famine Years for the Arms Makers," 
Fortune, May 1, 1971, p. 242. 
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million per production aircraft. After the production cost 

had sharply escalated to $4«1 million/9 the Army decided to 

cancel the program. 

A similar trend of cost increase was evident on the 

C-5A program10 as the total program cost increased from the 

contracted price of $1.9 billion for 115 airplanes to some-

where around $5 billion for only eighty one. 

Commercial Practice 

In order to combat the cost problems of the 1960's, 

DoD studied practices of companies competing in the commer-

cial markets. The Defense Science Board11 investigated the 

cost practices of commercial businesses. Its findings re-

vealed that three key elements were found in commercial 

practices: (1) cost goals were defined as initial objec-

tives during the design phase, (2) a product must survive 

competition throughout its program life, and (3) cost re-

duction was a persuasive element of the commercial culture. 

In other words, the commercial company must know the com-

petitive pressures of the marketplace and design its product 

so that it could be sold for a profit, since competition 

continues throughout a program's life cycle, it was a forc-

ing function toward a better product at lower cost. 

9Harold B. Meyers, "For Lockheed, Everything's Coming 
Up Unk-Unks,M Fortune, August 1, 1969, pp. 78-81. 

10Rice, The C-5A Scandal, pp. 27, xii. 

"Defense Science Board, Report of the Task Force on 
Reducing Costs of Defense Systems Acquisition: Design to 
Cost, (Washington: Government Printing Office, 1973), pp. 
1-37. 
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Design-to-Cost Background 

The background of Design to Cost includes (1) DoD 

Directive 5000.1, (2) Cost Analysis Improvement Group, (3) 

Deputy Secretary of Defense Clements Memorandum, and (4) 

Design to Cost Directive 5000.28. 

DoD Directive 5000.1 

In the face of restricted procurement budgets and in-

creasing costs, the Department of Defense, using commercial 

practices as a model, instituted procedures to motivate the 

defense contractor to improve initial cost estimates and to 

maintain unit production cost estimates throughout the 

development cycle.12 This took the burden off the Congress 

and placed it on the defense contractor. The concept, known 

as Design to Cost, was established as procurement policy of 

the DoD by Directive 5000.1. This directive stated: 

Cost parameters shall be established which con-
sider the cost acquisition and ownership; discrete 
cost elements (e.g., unit production cost, operating 
and support cost) shall be translated into 'design to1 

requirements. System development shall be continuous-
ly evaluated against these requirements with the same 
rigor as that applied to technical requirements. 
Practical tradeoffs shall be made between system ca-
pability cost and schedule. Tracibility of estimates 
and costing factors, including those for economic 
escalation, shall be maintained. 

Therefore, cost was made a full partner of performance 

and schedule. Unit production cost was now a primary de-

sign parameter. Since the cost of a weapon system was con-

12Jacques S. Gansler and George W. Sutherland, "A De-
sign to Cost Overview," Defense Management journal, Septem-
ber, 1974, pp. 2-3. 

13Department of Defense Directive 5000.1, "Acquisition 
of Major Defense Systems," July, 1971, p. 2. 
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sidered a constant value, a target price was established by 

the military service and the contractor was expected to de-

sign the system to that unit production cost. Reductions in 

acquisition cost could not be achieved at the expense of 

increased ownership costs or through the sacrifice of per-

formance essential for mission accomplishment. 

Cost Analysis Improvement Group 

In 1972, the Cost Analysis Improvement Group (CAIG)14 

was established within the Department of Defense to develop 

formalized procedures for review of program Design-to-Cost 

goals and to derive uniform criteria for parametric cost 

analysis. Since validity and uncertainty of cost estimates 

were of great importance, CAIG began requiring more than one 

cost estimate before a program could proceed. Each DoD pro-

gram manager must present an independent estimate of cost, 

which was based on physical or performance characteristics, 

to CAIG. After CAIG reviewed the estimate, a report was 

made to the Defense Systems Acquisition Review Council 

(DSARC). If the report was unfavorable, a program could be 

either cancelled or a temporary hold placed on the program. 

An example of CAIG was shown in the Advanced Attack 

Helicopter competition between Hughes Helicopter and Bell 

Helicopter. After an evaluation by the source selection 

board, contracts were awarded to the two firms for competi-

tive prototypes. However, a thirty-day hold was instituted 

14,i0SD Cost Analysis Improvement Group," pp. 5-8. 
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by CAIG pending 

(1) An intensive review of projected unit costs by 
the Army and CAIG. 

(2) CAIG clarification of the Design-to-Cost goal. 

(3) Review of cost data and design tradeoff deter-
mination to identify possible areas for cost 
reduction.15 

Clements1s Memorandum 

As an added push towards the establishment of Design-

to-Cost programs, Deputy Secretary of Defense W. P. Clements 

issued a memorandum in mid-1973 which requested the estab-

lishment of Design-to-Cost goals for all major DSARC pro-

grams which had not reached Milestone III, production and 

deployment. Secretary Clements requested that proposed 

average flyaway cost goals be submitted for DSARC approval 

within three months. For all future programs, he called for 

Design-to-Cost estimates to be established at the earliest 

possible date, but not later than entry into the full-scale 

development phase of the acquisition process. Establishment 

of Design-to-Cost goals for all future major programs was 

therefore strongly emphasized by Secretary Clements. Estab-

lishment of goals was also incorporated into the Design-to-

Cost guide endorsed by the Commanders of the Army, Navy, and 

Air Force.16 

F. W. Myers, Jr. and Cyril F. Horton, "Advanced 
Attack Helicopter," Defense Management Journal, September, 
1974, pp. 36-39. ~ 

1 departments of the Army, Navy, and Air Force, A Con-
ceptual Approach for Major Weapon System Acquisition, 
(Washington, October,1973), pp. 5-9 (hereafter cited as 
Conceptual Approach). 
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Dr. John Foster, Jr., Director of Defense Research and 

Engineering, stated in Gansler1s article17 that the use of 

the Design-to-Cost concept was not a return to the Total 

Package Procurement policy in effect for the Cheyenne heli-

copter and C-5A programs, He recognized that the new pol-

icies concerning Design to Cost emphasize incremental ac-

quisition and early flexibility in design specifications. 

DoD Directive on Design to Cost 

In 1975, DoD issued a directive18 which stated two ob-

jectives. "The first was the establishment of "cost as a 

parameter equal in importance with technical requirements 

and schedules throughout the design, development, produc-

tion, and operation of weapon systems." The second objec-

tive recognized that Design to Cost was a subset of life 

cycle cost and established cost elements as management goals 

for managers and contractors to achieve an optimum balance 

between life cycle cost, acceptable performance, and sched-

ule. 

Implementation of Design to Cost 

The Army had begun development on five major programs 

by 1974, which included the design of an advanced transport 

helicopter and an attack helicopter.19 Each of these heli-

17Jacques S. Gansler, "Acquisition Objective Changes 
from One of Sophistication to Reliability at Lower Cost," 
Defense Management Journal, July, 1973, pp. 4-5. 

1 department of Defense, Directive 5000.28, "Design to 
cost," (Washington; Department of Defense, May, 1975), p. 
2. 

19"Army's Big 5," Army Logistician, May-June, 1974, 
pp. 24-27. 
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copter programs shared one common design criterion: a maxi-

mum production price set by the Army. The contractors per-

forming the design and development tasks for each weapon 

system were responsible for not exceeding the Design-to-Cost 

commitment. In periodic reviews by the government, the con-

tractor was required to demonstrate that the helicopter 

under development could be manufactured at, or below, the 

Design-to-Cost goal and still meet minimum performance 

requirements. 

The development contractors were allowed great flexi-

bility in design and configuration of the helicopters during 

the early development phase. However, the Army conducted 

trade-off analyses to determine the Design-to-Cost goal for 

the weapon system before development began. The trade-off 

analyses considered several factors, including (1) availabi-

lity of research and development funds, (2) availability of 

procurement funds, (3) capability of existing systems to 

meet projected threats, and (4) the improvement of existing 

systems. 

Using these trade-off analyses as a basis, the Army 

then determined the required performance capabilities in 

terms of bands of performance. In addition, the contractor 

was given adequate development schedule to enable him to 

remain at or below the Design-to-Cost ceiling. Under the 

Design-to-Cost policy, the contractor was free to design the 

helicopter in any configuration as long as it met acceptable 

performance and stayed within the production cost goal. 
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Under the Design-to-Cost environment, the costs of new 

weapon systems were being examined more closely by the Army, 

Department of Defense, and the United states congress than 

at any other time in history. The new way of life for the 

Department of Defense encompassed cost analyses, projec-

tions, reporting, and reductions. The fundamental manage-

ment tool used to control program costs was the Design-to-

Cost concept. 

Desiqn-to-Cost Definition 

Using the DoD policies as a guide, a number of author-

ities have suggested definitions for Design to Cost. 

Herbert D. Benington,20 Deputy Director of Defense Research 

Engineering believed that the concept means trading per-

formance for cost until DoD is assured of a balance wherein 

the needed military performance is furnished at a price DoD 

can afford for the quantities needed. 

Another definition has been put forth by Jacques 

Gansler, who was Deputy Assistant Secretary of Defense. Mr. 

Gansler stated, "Design to a price means that the DoD will 

establish a unit production price that the defense budget 

allows and reflects the military value of the equipment.1,21 

The new environment of the 1970's for defense acquisi-

tion centers on the problems of cost control; attempting to 

20Floyd H. Hollister and Russell R. Shorey, "Design to 
a Cost: Concept and Application," Defense Management Jour-
nal , July, 1973, pp. 0-9. 

2lGansler and Sutherland, "A Design to Cost Overview," 
p. 4. 
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use advanced technology to hold production costs down; and 

rejecting altogether the philosophy of performance-at-any-

price. The Design-to-Cost concept is one of the basic steps 

in management's strategy to meet the challenge of increased 

unit costs of equipment and manpower in an era of relatively 

fixed defense budgets. Unit production cost is now a prin-

cipal design parameter. The engineer must design a system 

in such a manner that the unit production cost will remain 

within realistically set cost ceilings. One of the most 

crucial aspects of the Design-to-Cost approach rests with 

the derivation of realistic cost goals and with the con-

tractor's assurance that his design can be manufactured 

within that goal. 

Selection of Cost Goals • 

One of the biggest problems of Design to Cost is the 

establishment of the right price for the required military 

capability. The efforts of Government and contractors must 

be combined in order to achieve the correct price. 

The selection of reasonable cost goals is crucial to 

the success of the Design-to-Cost process. Four approaches 

are identified for the selection of the appropriate cost 

goal by Robert Bidwell, Director, Defense Product Engineer-

ing Services Office. These approaches consist of the fol-

lowing : 
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Estimate the money available for a new system or 
item and divide by the quantities needed to determine 
the cost per item. 

Relate unit costs to actual costs of existing 
systems. The lightweight fighter, for example, has a 
ceiling between the cost of the F-5 and the F-15, since 
the performance goals of the lightweight fighter fall 
in between these two aircraft. Parametric estimating 
illustrates this approach. 

Set the cost of the new system or item at the cost 
of the system it will replace, challenging designers to 
use new technology to improve performance at reduced 
costs. 

Use industrial engineering type estimates to ob-
tain costs of projected details of smaller items to 
arrive at an overall estimated cost.22 

Major General Frank Hinrichs, Commanding General of 

U.S. Army Systems Command, suggests that cost goals be 

established by a sharpening of "cost estimating techniques, 

beginning with parametric cost estimating.1,23 

Parametric Cost Estimating 

Good cost estimates are required for current decisions 

regarding future courses of action. In addition, the con-

tractor must prepare cost estimates for trade studies on al-

ternative designs in order to optimize performance and re-

main within Design-to-Cost goals. 

The parametric approach to cost estimating is based on 

relationships between components of system cost and the 

physical and/or performance characteristics of the system. 
22Bidwell, "Selecting Design to Cost Goals Requires 

Realism and flexibility," p. 27. 
23Frank A. Hinrichs, "Army Views Challenge of Design 

to Cost," Defense Management Journal, (July, 1973), p. 14. 
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The relationships are derived from cost histories on prior 

programs. The parametric approach is primarily applied dur-

ing early phases of system acquisition. According to 

Devens,2 4 this approach is well suited to making estimates 

based on limited physical and performance information. 

The parametric estimating technique is identified by 

Hatry25 as having three major characteristics: (1) actual 

historical data on the costs of other related programs are 

utilized, (2) the actual costs are related to selected cost-

influencing program characteristics, and (3) statistical 

procedures are employed to develop, test, and evaluate the 

parametric cost estimating equation. A basic assumption on 

the use of the parametric approach is that the new programs 

on which the equation is to be used will be affected by the 

cost-influencing factors in approximately the same manner as 

they affected the historical programs used to derive the 

equation. 

Prior Parametric Studies 

Cost research in the form of parametric analysis has 

centered on estimating the costs of development, investment, 

and systems operations for fixed-wing aircraft while ignor-

ing cost research for rotary-wing aircraft. Most notable 

24R0bert J. Devens, "Parametric Cost Estimating," Un-
published report, Defense Systems Management School, 1974, 
pp. 1-4. 

25Harry P. Hatry, "Statistical Cost Estimating Rela-
tionships-Some Basic Issues (Aircraft Examples)," Paper pre-
sented at DoD Cost Research Symposium, March 3, 1966, (here-
after cited as Hatry, "Statistical Cost Estimating Relation-
ships"). 
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among these parametric research efforts were the continuing 

studies performed by the Rand Corporation26 since 1966. In 

one of the earlier studies, Rand derived parametric cost 

estimating relationships to aid in DoD estimation of acqui-

sition and development costs for manned military fixed-wing 

aircraft. The chief purpose of this early study was to pro-

vide long-range parametric planning estimates through the 

use of two key variables: weight and speed* This study was 

updated in 1976 with the inclusion of cost data for addi-

tional aircraft in the data base and a search for additional 

explanatory variables. 

Cost estimating relationships have been derived by 

several companies in the fixed-wing aircraft industry, in-

cluding General Dynamics.27 A series of parametric cost 

estimating equations was consolidated and programmed by the 

Operations Research group at General Dynamics to form a com-

puterized life-cycle cost model for fixed-wing airframes. 

This model could be utilized to provide new cost estimates 

quickly as design characteristics were changed to attain de-

sign optimization. 

26G. S. Levenson and others, "Cost Estimating Rela-
tionships for Aircraft Airframes," Rand Corporation, RM-
4845-PR (Abridged, 1966), pp. 72-76; Joseph P. Large and 
others, "Parametric Equations for Estimating Aircraft Air-
frame Costs," Rand Corporation, R-1693-1-PA&E (February, 
1976), pp. 1-4. 

27T. E. Brents and others, "Computerized Aircraft 
Life-Cycle Cost Model," General Dynamics-Port Worth, ERR-FW-
803 (September, 1968), pp. 1-5. 



CHAPTER III 

REVIEW OP LITERATURE 

The purpose of this chapter is to survey the litera-

ture pertinent to the research described in this report. 

The purpose of the survey is threefold. First, support is 

offered to substantiate this research as a problem worthy 

for study. Second, support is offered for certain assump-

tions and predictions that are made in the development of 

the methodology. Third, research which is similar in nature 

to this study is presented to show the additional contribu-

tions this study will make to the literature. 

Literature was surveyed from several sources. Dis-

sertations were searched using the Xerox University Micro-

films Comprehensive Dissertation Index.2 8 All key words 

relating to Design-to-Cost, cost estimating, cost growth, 

life-cycle costs, trade-off analyses, military procurement, 

and cost effectiveness were searched. The abstracts of all 

dissertations which appeared related were studied. Micro-

films of dissertations which seemed closely related were 

obtained. 

Since the subject of this dissertation was closely 

connected with the defense industry, a Technical Report 

2 8Xerox University Microfilms, Comprehensive Disserta-
tion Index 1861-1978. Vol. 28, (Ann Arbor, Michigan: Xerox 
University Microfilms year 1978). 

22 



23 

Bibliography was requested from the Defense Documentation 

Center in May, 1978. This customized search requested both 

classified and nonclassified documents relating to key words 

including Design-to-Cost, cost effectiveness, military pro-

curement, parametric cost analysis, and life-cycle cost. 

The time frame of the search was for a ten-year period from 

1967 to 1978. 

As a result of the request, the Defense Documentation 

Center prepared a bibliography which contained abstracts of 

approximately three hundred reports. While thirty-nine of 

the reports were classified as either secret or confident-

ial, their abstracts did not reveal information pertinent to 

this study. The abstracts of the remaining reports were 

reviewed and Xerox copies of potentially related reports 

were obtained. 

Another source of related literature included docu-

mentation from seminars sponsored by various professional 

groups including the American Defense Preparedness Associ-

ation, Aerospace Industries Association of America, and Pro* 

curemeht Associates. 

This chapter is divided into three sections in which 

the first deals with review of defense procurement policies 

leading to establishment of the Design-to-Cost concept, the 

second concerns Design-to-Cost, and the third section is a 

survey of the literature relating to parametric cost esti-

mating. 
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Procurement Policies Prior to Design to Cost 

The discussion of procurement policies prior to the 

implementation of Design-to-Cost involves those of the 

1950's and I960's. 

Policies During The 1950fs 

The chief method of defense procurement utilized dur-

ing the 1950*8 was the prototype policy, described by Char-

les Hitch.29 

Using this policy, the Department of Defense (DoD) 

procured a few prototype articles and limited vehicle pro-

duction under annual funding constraints. The reason under-

lying this philosophy was twofold. First, in the procure-

ment of new weapon systems, there were great uncertainties 

that affect the technical development. Second, there were 

equally great uncertainties regarding the military useful-

ness of particular developments due to the changing military 

threat. Therefore, DoD believed it desirable to retain the 

flexibility to terminate developments at short notice and 

low cost. 

Under the prototype philosophy, Hitch stated that DoD 

was reluctant to commit funds to production tooling at an 

early stage of weapon system development. While there were 

exceptional cases where some commitment may have been jus-

tified at an early stage, most of the tooling was ordered 

after the testing of the prototypes. The reason for this 

29Charles J. Hitch and Ronald McKean, The Economics of 
Defense in the Nuclear Age, (Cambridge: Harvard University 
Press, 1960), pp. 252-254. 
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approach was that most of the tooling that would be ordered 

before the testing of prototypes would be scrapped because 

of drastic changes in specification changes that were typi-

cal in the development of a new system. 

David Novick30 reported that DoD controlled programs' 

cost or technological progress through the use of annual 

funding. Each year's increment of funding depended upon a 

performance for the previous years. The incremental funding 

approach was considered a sound basis for economical produc-

tion of larger quantities of aircraft. However, during the 

1950's the cost aspects of weapon system procurement were 

overshadowed by extreme technical complexity of the new 

weapon systems, as well as operational capability and read-

iness. In other words, the DoD was chiefly interested in 

performance at any price, 

As a result, significant cost increases ranging from 

100 to 700 percent were reported in a survey of military 

procurement contracts in the 1950's. The survey/ conducted 

by the Brookings Institute,31 was discussed by Berkerly 

Rice. 

The most sophisticated studies of actual cost perform-

ance on programs as compared to the original cost estimates 

30David Novick, Defense, Science, and Public Policy, 
ed. Edwin Mansfield, (New York: W. W. Norton and Company, 
1968), pp. 51-55. 

31Rice, The C-5A Scandal, pp. 18-19. 
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were the studies by Merton J. Peck and Frederick M. Scher-

er.32 Peck and Scherer analyzed twelve typical weapon sys-

tem programs of the 1950's. 

All twelve systems employed cost-plus-fixed-fee con-

tracts. In this study, the average cost growth was found to 

be 220 percent beyond the original target cost. This cost 

growth was attributed to military officials who tend to 

discount cost predictions and given greater weight to qual-

ity and schedule factors. In fact, Peck and sherer said, 

"When additional reliability or technical performance can 

make the difference between success and failure on a combat 

mission, or when the race may go to the swiftest in terms of 

development lead time, military decision makers are not 

inclined to pinch pennies."33 

Development and production costs were typically the 

key to winning or losing a competition when quality and time 

of availability are equal. Mr Scherer reported an example 

of the typical dominance for quality over cost. This is 

shown in the following exchange which occurred in 1956 

between Congressman William H. Bates of Massachusetts and J. 

L. Atwood, President of North American Aviation, Inc.: 

Mr. Bates. Let's talk about compe-
tition. Yours is not a 
question of competition 
for price on production. 

32Merton J. Peck and Frederic M. Scherer, The Weapons 
Acquisition Process - An Economics Analysis, (Boston: Gradu-
ate school of Business, Harvard university, 1962), pp 429. 

33Ibid., p. 366. 
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Mr. Atwood, Not directly—It is 
technical and design com-
petition; yes sir. That 
is the emphasis. 

Mr. Bates. 

Mr. Atwood. 

Mr. Bates. 

Mr. Atwood. 

Mr. Bates. 

Mr. Atwood. 

So we get an altogether 
different situation than 
we get in most business, 
then? 
We do. Of course price 
of an airplane does have 
a direct effect, too. 
When two generally com-
parable planes could be 
made available, the 
cheapest plane would be 
bought. 
Yes. But how often does 
that situation ever 
arise? 
Not very frequently. 
From time to time it 
does. 
What they want is per-
formance? 
Yes, sir.34 

Policies During The 1960's 

In 1960, few military or civilian officials were con-

cerned with deciding whether a weapon system was worth the 

price. 

Systems Analysis. One of the first acts to change 

this attitude was the creation of an Office of Systems 

Analysis (by Robert McNamara, who became Secretary of De-

fense in 1960) that was responsible for justifying requests 

for new weapons systems in terms of cost-effectiveness. The 

use of systems analysis by McNamara was described by William 

34Frederic M. Scherer, The Weapons Acquisition Pro-
cess : Economic Incentives, (Boston: Graduate School "of 
Business Administration, Harvard University, 1964), pp. 
33-34. 
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Kaufman.35 The cost-effectiveness studies were not intended 

as a substitute for sound and experienced military judge-

ment, but rather as a method to properly organize relevant 

data for the decision-maker. 

Additional information on the effects of the systems 

analysis approach was reported by Gilbert Burck.36 He 

stated that the approach introduced cost considerations at a 

higher level of defense decision-making as a means of maxi-

mizing the benefit of each dollar spent. 

According to Alain C. Enthoven and K. Wayne Smith37 

the function of the Systems Analysis Office was to gather, 

analyze, and integrate data for costs, effectiveness, and 

requirements, as well as obtain recommendations of the ser-

vices. Then the Secretary of Defense could understand what 

capabilities he was procuring# at what cost, and the inter-

relationship to the overall defense needs. Hanson Baldwin38 

stated that these studies created a paper mill as excessive 

analyses were made prior to the definition of an aircraft 

specification. In fact, Baldwin reported that the workload 

of the Joint chiefs of Staff had steadily increased, such 

that the number of workers grew from 887 in 1958 to double 

35William W. Kaufmann, The McNamara Strategy, (New 
York: Harper and Row, 1964), pp. 168-203. 

36Burck, "Famine Years for the Arms Makers," pp. 163-
165. 

37Alain C. Enthoven, and K. Wayne Smith, Public Ex-
penditures and Policy Analysis, ed. Robert H. Haveman and 
Julius Margolic, (Chicage: Markham, 1971), pp. 485-501. 

38Hanson W. Baldwin, Defense, Science, and Public 
Policy, ed. Edwin Mansfield, (New York: w. W. Norton, 1968), 
pp. 62-78. 



29 

that number by 1965, as would be expected with a staff that 

generated its own paper work. Baldwin stated that paper 

analyses of major development problems for weapon systems 

made through the use of operations research technics were 

believed substitutes for prototype vehicles. However, the 

paper analyses did not solve the problems of production cost 

overruns. 

E. S. Quade and W. I. Boucher39 have compiled ah in-

formative collection of articles undertaken by the Rand 

Corporation as a part of its research program for the United 

states Air Force concerning the usefulness of systems an-

alysis. The basic concepts of systems analysis were explor-

ed by Quade and Boucher as well as the mathematical consid-

erations. The flaws of the systems analysis approach were 

also discussed in this collection. 

Nonmilltarv Examples. The systems analysis concept 

had not been restricted to procurement of military weapons. 

Fred Hapgood40 presented two areas of the nonmilitary appli-

cation of the systems analysis concept of cost effective-

ness . 

First was a report that evaluated alternative strat-

egies for national cervical cancer screening programs. The 

strategies dealt with the amount of time that falls between 

successive Pap smears. The study measured cost-effective-

3QE. S. Quade and W. I. Boucher, Systems Analysis and 
Policy Planning, (New York: American Elsevier Publishing 
Company, 1968), pp. v-vii. 

40Fred Hapgood, "Risk Benefit Analysis," The Atlantic, 
January, 1979, pp 33-38. 
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ness in lives saved per dollar. The conclusion, that a 

reasonable strategy would be to screen every four to six 

years, was drawn from an analysis of various marginal bene-

fit curves. 

The second area in which system analysis techniques 

have been successfully applied was a study which ranked de-

fects in highway design by the cost per life saved of remov-

ing the defects. The approach has been criticized, since it 

concluded that lives lost in some accidents were permissible 

because costs to redesign and rebuild the defective highways 

were considered excessive. 

Cost Overruns. Under systems analysis, Berkerly Rice 

cited examples which showed that cost overruns41 grew to 

become a national concern in the 1960Vs. Rice reported that 

the General Accounting Office (GAO) reviewed thirty-eight 

major weapons programs in 1969. As a result, the GAO found 

that the cost estimates for these programs were fifty per-

cent higher than original contract figures. This accounted 

for price increases that totaled $20 billion. Of the many 

programs that had cost overruns in the 1960"s, three of the 

best known were the F-lll fighter aircraft, the Cheyenne 

helicopter, and the C-5A heavy transport aircraft. 

F-lll airplane. In 1971, Gilbert Burck described the 

amount of cost overruns on the F-lll airplanes.42 Cost 

estimates indicated that 1,388 F-lll's could be built by 

41 Rice, The C-5A Scandal, p. 19. 
42Burck, "Famine Years for the Arms Makers,11 p. 242. 
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General Dynamics for a unit cost of $4 million. Although 

skeptics believed this estimate was too low, none guessed 

how low it really was. The cost for 547 airplanes was 

officially estimated to have a unit cost of $13.7 million in 

1970. 

Cheyenne helicopter. Harold Meyers, discussed the 

cost growth on the Cheyenne helicopter.43 With the Chey-

enne, the cost growth and technical problems experienced by 

Lockheed became insurmountable and led to eventual cancella-

tion despite the program's high technical excellence. The 

helicopter used several advanced techniques such as a laser 

in the gun turret as an extremely accurate rangefinder and 

as a guide for bombs and rockets. It also had built-in 

night-viewing devices and a computer for self-contained 

navigation and high stability. These features, and others, 

made the Cheyenne a very efficient fighting machine, but 

their complexity added to the cost growth. 

The Cheyenne program was contracted under the Total 

Package Procurement (TPP) policy, which was designed to pre-

vent a company from submitting a low bid for development 

with the intent of making up any losses on subseguent sole 

source production contracts. The TPP approach contracted 

costs for research, development, and production in one con-

tract. Even the application of TPP on the Cheyenne program 

was unable to control the cost increases. The original 

price for the Cheyenne program was contracted as $2.3 mil-

43Meyers, "For Lockheed, Everything's Coming Up Unk-
Unks," pp. 78-81. 
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lion per production aircraft. After the production cost had 

sharply escalated to $4.1 million, the Army decided to can-

cel the program. 

C-5A program. Another example of cost growth in pro-

grams that used systems analysis techniques was evident on 

the C-5A program, as reported by Rice.44 She total program 

cost for the 05A increased from the contracted price of 

$1.9 billion for 115 airplanes to somewhere around $5 bil-

lion for only eighty-one. 

Bruce Nelson Baker attributed the cost growth of 

military programs to poor initial cost estimates.45 The 

research also examined the current approaches, attitudes, 

and preferences of managers and cost analysts within DoD and 

the National Aeronautics and Space Administration. 

Commercial Practice 

In order to combat the cost problems of the 19601 s, 

DoD studied practices of companies competing in the commer-

cial markets.4® The Defense science Board investigated and 

reported their findings on the cost practices of commercial 

businesses. Its findings revealed that three key elements 

were found in commercial practices; (.1) cost goals were 

defined as initial objectives during the design phase, (2) a 

44Rice, The C-5A Scandal, pp. 27, xii. 
4®Bruce Nelson Baker, "Improving Cost Estimating and 

Analysis in DoD and NASA,H (Ph.D. dissertation, George Wash-
ington University, 1972), pp. 1-21. 

46Defense Science Board, Report of the Task Force on 
Reducing Costs of Defense Systems Acquisition: Design to 
Cost, (Washington: Government Printing Office, 1973). 
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product must survive competition throughout its program 

life, and (3) cost reduction was a persuasive element of the 

commercial culture. In other words, the commercial company 

must know the competitive pressures of the marketplace and 

design its product so that it could be sold for a profit. 

Since competition continues throughout a program's life 

cycle, it was a forcing function toward a better product at 

lower cost. 

The approach to cost control exercised by many manu-

facturers47 of commercial products ranging from automobiles 

to radios and calculators is based on the cost and the 

selling price. The engineer and manager were generally 

aware of the production item cost target which must be 

achieved if the product was to be competitive in the market-

place. As the design evolved, anticipated production costs 

were fed back to managers and designers to inform them of 

progress toward the production cost goal. Areas that re-

quired corrective action became apparent at this point. 

When necessary, extra design features which may add to the 

looks, but not the function, may have to be limited or 

removed in order to achieve the cost goal. In other words, 

if a product could not be sold at a profit, due to excessive 

costs, the commercial enterprise ceased to function in the 

free marketplace. 

47"Flexible Pricing," Business Week, December 12, 
1977, pp. 78-88; Myron F. Wilson, ''Design to Cost Means 
Changing Old Ways," Defense Management Journal, July, 1973, 
pp. 17-20. 
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In the commercial marketplace, cost reduction by 

learning curve or by redesign was a major objective since 

the difference between the unit price and cost was the sole 

determinant of profit. Of equal importance was the respon-

siveness of the customer to the prices, since he rewarded 

the producer through his initial and repeat business. 

Background of Design to Cost 

As a result of the cost overruns on military programs, 

the DoD began looking for new approaches for effective cost 

control. After observing commercial practices, the concepts 

of Design to Cost was established. The literature relating 

to Design to Cost is reviewed in this section. The topics 

covered include (1) budget constraints, (2) establishment of 

Design-to-Cost, and (3) Design-to-Cost. 

Budget Constraints 

The need to establish Design-to-Cost programs by DoD 

was illustrated by Jacques S. Gansler, and George W. Suther-

land.48 The requirement for Design-to-Cost was based upon 

an assessment of development programs. In all of the eight 

areas of the fiscal year 1973 budget, the estimated costs of 

new systems substantially exceeded the ability to purchase 

them in needed quantities. This is illustrated in figure 1. 

Jacques S. Gansler was the one of the key DoD spokes-

man on discussings of budget constraints. The described the 

dilemma brought about by increases in production and operat-

48Gansler and Sutherland, MA Design to Cost Overview," 
pp. 2-7. 
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Antisubmarine 
Warfare aircraft 

Armored vehicles 

Navy ships 

Army aviation 
Airlift & training 

aircraft 

Tactical aircraft 

Offensive 
strategic 

Defensive 
strategic 

Funds 
available 

100% 

Additional 
funds 
required 

104% 

85% 

10% 

115% 

76% 

78% 

59% 

60% 

SOURCE: Jacques S. Gansler and George W. Sutherland, 
"A Design to Cost Overview, " Defense Management 
Journal, September, 1974, p. 3. 

Figure 1. Summary of available and additional required 
annual procurement funds. 
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ing costs and the realities of a declining military procure-

ment budget.49 

Jacques Gansler discussed the fact that defense spend-

ing has been reducing even in an environment of increasing 

spending in other significant sectors of the Gross National 

Product.50 For example, defense expenditures as a percent 

of Gross National Product have declined from fourteen per-

cent in 1954 to approximately six percent in 1973. Procure-

ment outlay trends in terms of constant 1976 dollars is 

illustrated on figure 2. On the other hand, the trend in 

weapon systems acquisition costs is sharply increasing. The 

trend toward more costly helicopters is illustrated in 

figure 3. Mr. Gansler stated that the trends of increasing 

acquisition costs and the declining percentage of the de-

fense budget led to establishment of Design to Cost as a 

program management and acquisition tool where acquisition 

cost is equivalent in importance to technical performance 

and schedule. Necessary performance was not being traded 

away, but only performance required for successful mission 

completion was being purchased at an affordable cost. 

Another viewpoint on the budget restraints and in-

creased weapon system costs has been put forward by Eric G. 

49Gansler, "Acquisition Objective Changes from one of 
Sophistication to Reliability at Lower Cost," pp. 3-6. 

50Jacques S. Gansler, "Life Cycle Cost Management Now: 
A DoD Overview," Presentation at Design to Life Cycle Cost -
1977 Conference, Newport Beach, California, February 8-9, 
1977. 



37 

03 
U 
«s 

pH 
PH 
0 Q 

VD 
r-
c* 

w 
a 
o 
•H 

rH rH 
i—! -p 

a 
(d 
- P 
w 
G 
O 
D 

45 

40 

35 

30 

25 

20 

15 

10 

1968 '69 70 71 72 '73 74 '75 '76 77 

Fiscal Year 

SOURCE: Jacques. S. Gansler, "Life Cycle Cost 
Management Now: A DoD Overview," Pre-
sentation at Design to Life Cycle Cost -
1977 Conference, Newport Beach, California, 
February 8-9, 1977, p. 8. 

Figure 2. Procurement outlay trends, 



38 

S 
0) 
4J 
cn 
>1 
CO 
I—i 
fd 
•H 
-P 
•H 
£ 

O -p 

c 
£ 
0 

J** 

m 

s 
Q) 

•P 
W 

>i 
cn 
4-4 
o 
o 
•rH 
td 
-P 
cn 
o 
a 

O ACTUAL 
0 ESTIMATED 

5 -

2 -

UH-2 UTTAS 

AH-1S 

H-19 AH-1G 

1950 1960 1970 

Fiscal Year 

1980 

SOURCE: Jacques S. Gansler, "Life Cycle Cost 
Management Now: A DoD Overview," Pre-
sentation at Design to Life Cycle Cost 
1977 Conference, Newport Beach, California, 
February 8-9, 1977, p. 9. 

Figure 3. Trend in helicopter acquisition costs. 



39 

LiHey.51 Mr. Lilley stated that while acquisition costs 

increased, the DoD received something in exchange for their 

expenditures. For an average increase in production costs 

of 4.3 times since 1950, the following increases in perform-

ance had also been achieved: (1) pay load - 2.3 times, (2) 

range - 1.9 times, (3) speed - 1.8 times, (4) avionics 

functions — 3 times, (5) crew comfort and safety - 3 times, 

and (6) navigational accuracy - 3 times. 

The percentage of the budget spent on national defense 

in fiscal year 1975 (five percent) was less than at any time 

since Pearl Harbor. The Design-to-Cost concept was actually 

perceived by DoD as an upper limit to spending that would be 

tolerated by Congress. 

Establishment of Design to Cost 

The government established the Design-to-Cost concept 

through a series of directives formalized by cost analysis 

groups. Included in these are (1) DoD Directive 5000.1, (2) 

Deputy Secretary of Defense Clements's Memorandum, (3) 

Design-to-Cost Directive 5000.28, and (4) Cost Analysis 

Improvement Group. 

DoD Directive 5000.1 

The Design-to-Cost concept was established as a DoD 

procurement policy by DoD Directive 5000.1. According to 

Major General Frank A. Hinrichs52 of the United States Army, 

51Eric G. Lilley, "Design to Cost," paper presented to 
the Regional Society of Allied Weight Engineers, Bedford, 
Texas, October 17, 1978. 

52Hinrichs, "Army Views Challenge of Design to Cost," 
pp. 11-16. 
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the directive required translation of cost elements into 

Design-to-Cost requirements and practical trade-offs between 

system capability, cost, and schedule. General Hinrichs 

emphasized that a Design-to-Cost goal must be established 

prior to development of a weapon system in order to chal-

lenge industry during design and development efforts. 

Soon after DoD Directive 5000.1 was issued, James 

McCullough53 of the Cost Analysis Group of the Institute for 

Defense Analyses questioned whether Design to Cost was a 

buzz-word or a viable concept. By the term buzz-word, he 

meant that it is used to attract attention to the cost pro-

blem. By viable concept, he believed that cost is an im-

portant parameter during trade-off studies of a system in 

the design phase. Mr. McCullough concluded that Design to 

Cost is both a viable concept that is using the buzz-word 

concept to instill cost consciousness in the defense com-

munity. 

Clements's Memorandum 

In 1973, Deputy Secretary of Defense W. P. Clements 

gave added impetus toward the establishment of Design to 

Cost as a viable concept when he issued a memorandum which 

requested Design-to-Cost goals for all major Defense pro-

grams which had not yet reached the production stage. 

Secretary Clements further stated "For future pro-

grams, a 'Design to a Cost' estimate will be established at 

53James 0. McCullough, "Design to Cost Buzz-Work or 
Viable Concept," Institute for Defense Analysis, Arlington, 
Virginia, July, 1973, pp. 1-31. 
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the earliest possible date, but not later than the entry 

into the Full Scale Development phase of the acquisition 

process*"54 

The Design-to-Cost guide55 endorsed by the Commander 

of the Army, Navy, and Air Force incorporated the establish-

ment of the goals requested by Clements. The goals must be 

realistically set indicating that they were challenging yet 

achievable. 

DoD Directive 5000.28 

As a means of accomplishing the objective, cost ele-

ments56 were established in DoD Directive 5000.28 as manage-

ment goals for managers and contractors to optimize the 

balance between life cycle cost, acceptable performance, and 

schedule. 

Dr. John Bennett, Acting Secretary of Defense for 

Installations and Logistics, stated that DoD was not de-

creasing its emphasis on Design to Cost,57 but was consider-

ing the impact of operation and support costs in selecting a 

unit cost goal and was assessing these trade-offs throughout 

the development process. 

Dr. Bennett believed that Design to Cost was both a 

philosophy and a goal. As a philosophy, he said that Design 

s^ibid. p. 35. 
55Department of the Army, Navy and Air Force, Concept-

ual Approach, p. 2. 

^Department of Defense, Directive 5000.28, "Design to 
Cost," (Washington: Department of Defense, May, 1975), p. 2. 

57John J. Bennett, "Comment," Defense Management Jour-
nal , (January, 1976), pp. 1-3. 
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to Cost was the control of all costs including system acqu-

isition, operatives, and support costs. When Design to Cost 

was viewed as a quantitative contractual goal, it was 

"defined as the average flyaway cost with visibility main-

tained in parallel with total Life Cycle Cost (LCC).1,58 

Cost Analysis Improvement Group (CAIG). CAIG was es-

tablished in 1972 within DoD to develop formalized proce-

dures for review of Design-to-Cost goals.5® In addition, 

the group was charged with the task of deriving uniform 

criteria for parametric cost analysis. Milton Margolis, 

Chairman of CAIG, stated that his group prepared independent 

reviews of initial cost estimates and Design-to-Cost tar-

gets. In addition, the group encouraged and recommended 

design trade-offs that allowed the attainment of realistic 

Design-to-Cost goals. 

Application of Design to Cost. There are two issues 

of the Defense Management Journal that contain collections 

of articles relating to the application of Design to Cost.60 

The case histories include the successful experiences with 

Design to Cost on the A-10 aircraft, advanced attack heli-

copter and the XM-1 main battle tank. 

58Ibid. p. 3. 
59Milton A. Margolis, "The CAIG; In Pursuit of Im-

proved Cost Estimates," Defense Management Journal, January, 
1975, pp. 20-22. 

60The July, 1973 and September, 1974 issues of the 
Defense Management Journal contain a collection of articles 
on Design to Cost that discuss the objectives of Design to 
Cost and case histories of key programs. 
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The Design-to-Cost concept had been applied to nine-

teen programs by the middle of 1973,61 according to an 

article by James McCullough. Two of these programs were for 

helicopters which included the Utility Tactical Transport 

Aircraft system (UTTAS) and the Advanced Attack Helicopter 

(AAH). In each case, a production cost goal was estab-

lished. For example, the unit cost goal for the advanced 

attack helicopter was $1.4 to $1.6 million in 1972 dollars 

for approximately 500 aircraft. 

Design-to-Cost Approach. The environment of the 

1970*s for defense acquisition centered on the problems of 

cost control. The solution was the application of ad-

vanced technology to hold production costs down and rejec-

tion of the philosophy of performance-at-any-price that 

prevailed during the 1950!s and 1960's. Floyd H. Hoilister 

and Russell R. shorey, stated that the unit production cost 

was a key design parameter.62 The engineer must design a 

system that was within the Design-to-Cost ceiling. The ap-

proach rested on the following changes from the past ap-

proaches to cost control at DoD: 

1. Use of end item performance goals and minimum ac-
ceptable form, fit and function specifications in 
lieu of firm technical specifications for systems, 
subsystems and components 

2. Contracting procedures and methods which give 
development managers maximum trade-off flexibility 

61James McCullough, "'Design-to-Cost1 Buzz-Word or 
viable Concept," pp. 7-10. 

62Floyd H. Hollister and Russell R. Shorey, "Design to 
a Cost: Concept and Application," Defense Management Jour-
nal, (July, 1973), pp. 7, 8. 
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among performance, schedule, reliability and main-
tainability 

3. Maintenance of competition to the extent possible 
in all stages of development up to and including 
production 

4. Emphasis on unit production cost and other life-
cycle cost components, with cost visibility, dur-
ing the development phase 

5. Incentives for exceeding goals and penalties for 
failing to meet minimum acceptable specifications 

6. Verification of performance, reliability, main-
tainability, and unit price prior to a major pro-
duction commitment. Emphasis on test and evalua-
tion (as opposed to paper studies) as the means of 
verification 

Selection of Cost Goals. A fundamental problem in 

Design to Cost was the establishment of the correct cost 

goal that provided the required military capability. Mr. 

Robert Bidwell showed his concern with this problem when he 

identified four approaches, one of which was parametric 

estimating for the selection of the appropriate cost goal as 

discussed in Chapter I.63 in addition, Hollister and Shorey 

expressed concern about the mechanics of establishing the 

level of the cost target without presenting any conclu-

sion.64 General Miley, Commanding General of the Army Ma-

terial Command, quoted by Raymond Gilbert as saying, "at the 

philosophical level, design-to-unit cost is the amount of 

money which the Army decides it can afford to pay for a new 

weapon system."65 However, he did not present an approach 

63Bidwell, "Selecting Design to Cost Goals Requires 
Realism and Flexibility," p. 27. 

64Hollister and Shorey, "Design to a Cost: Concept and 
Application," p. 9. 

65Raymond D. Gilbert, "Design to Cost," Army Logistic-
ian, (May-June, 1974) p. 4. 
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for deriving a Design-to-goal. 

By establishing a unit production price before devel-

opment, the DoD will have a better opportunity to control 

the cost to acquire the weapon system. One approach to ac-

complishing this was the parametric cost approach recommend-

ed by General Henricks, Commanding General of the United 

States Aviation Systems Command.66 

in addition, Milton Margolis, Chairman of CAIG, en-

couraged the use of parametric cost analysis67 for the pre-

paration of the group1s independent review of Design-to-Cost 

goals. 

Parametric Cost Estimating 

The survey of literature on parametric cost estimating 

is discussed in three areas: (1) parametric techniques, (2) 

normalization techniques, and (3) prior studies. 

Parametric Techniques 

Donald Srull, Deputy Assistant Secretary of Defense 

for Resource Analysis, was one of the first to recommend the 

use of parametric cost analysis68 at a high level in the DoD 

as an aid in making major defense system decisions. During 

the early development stage, parametric methods represented 

inexpensive means of examining the cost impact of a variety 

66Henricks, "Army Views Challenge of Design to Cost," 
p. 14. 

67Margolis, "The CAIG: In Pursuit of Improved Cost 
Estimates," p. 23. 

68Donald W. Srull, "Parametric Cost Estimating Aids 
DoD in Systems Analysis Decisions," Defense Management Jour-
nal, April, 1972, p. 1-3. 
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of changes in performance requirements. 

The desirability of the application of parametric cost 

analysis was described by Mr. Margolis as follows: 

The parametric approach relates the actual histor-
ical cost of earlier weapon systems to their per-
formance characteristics to make statistical pro-
jections of the most likely costs of new weapons. 
This approach is intended to capture the cost of 
setbacks and design changes encountered by almost 
all programs—costs which are not usually anti-
cipated in an industrial engineering approach. 
These most likely estimates are particularly use-
ful in checking the reasonableness of the goals 
and thresholds used to manage and control weapon 
system acquisition programs.6® 

Harry Hatry, in a paper presented at a DoD Cost Re-

search Symposium, identified the parametric techniques by 

three characteristics:70 (1) use of actual historical cost 

data on related programs, (2) relating actual costs to cost-

influencing program characteristics, and (3) derivation of 

an estimating equation through the use of statistical pro-

cedures » 

Robert j. Devens has described, the application and 

development of parametric cost estimating relationships.71 

He concluded that parametric methods were a sensible ap-

proach of using the past to decrease the uncertainties about 

future weapon growth. Mr. Devens believed that the para-

metric approach was well suited for making estimates based 

on limited physical and performance information. 

69Margolis, "The CAIG: In Pursuit of Improved Cost 
Estimates,11 p. 23. 

70Hatry, "Statistical Cost Estimating Relationships," 
pp. 1-6. 

71 Devens, "Parametric Cost Estimating, " pp. 34-35. 
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Normalization Techniques 

In the derivation of parametric cost estimating rela-

tionships, one of the most important tasks involves normal-

ization of the cost data. The primary normalization re-

quirement involves adjustment of the historical costs to a 

common base year in order to reflect economic trends. In 

that light, this section presents a brief review of the 

literature on inflation analysis. 

H. G. Campbell suggested in two reports on aerospace 

price indexes72 that specialized detailed and complex cost 

indexes were necessary for accurate application to the 

aerospace industry. Mr. Campbell contended that the conven-

tional indexes based on the Bureau of Labor Statistics Pub-

lications, Wholesale Prices and Price Index and Employment 

and Earnings, were too generalized to be applied to aero-

space products. 

The United States Congress also undertook a project 

aimed at developing price indexes that were representative 

of the aerospace industry.73 Their approach was to derive a 

simple composite weighted index of the Wholesale Price Index 

for Industrial Commodities and the Industry Wage Rate. The 

Industry Wage Rate was based on the index of average hourly 

72B. G. Campbell, "Aerospace Material and Labor Price 
Price Indexes," Rand Corporation, D-19101-PR, (Santa Monica, 
California: August 7, 1969); H. G. Campbell, "Aerospace 
Price Indexes," Rand Corporation, R-568-PR, (Santa Monica, 
Californiai December, 1970). 

73United States Congress, House, Feasibility of Con-
structing Price Indexes for Weapon systems. Report B-159896, 
(Washington, D.C.: Government Printing Office, April 10, 
1972). 
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earnings for the aircraft and parts indicating Standard In-

dustrial Classification (SIC) Code 372 as reported by the 

Bureau of Labor Statistics. The weights used in construct-

ing the composite index were based upon the proportion of 

labor and materials in the weapon system. 

In a dissertation on the relationship between inflation 

and cost overruns, Thomas Padgett74 drew similar conclusions 

as the United States Congressional report. Mr. Padgett 

concluded that a composite of general economic indexes 

published by the Bureau of Labor statistics was superior to 

the specific detailed indexes recommended by Campbell. 

Further support for the development of a composite 

price index was found in a dissertation by Harry Lynn 

Hazlett.7 5 Mr. Hazlett noted that while much had been said 

about uniform cost escalation indexes for the aerospace in-

dustry, little has actually been accomplished. He concluded 

that the composite index provided the conceptual methodology 

necessary for measuring rates of change in the cost element 

being measured rather than absolute expenditures for the 

element. -Among Mr. Hazlett's findings were that a composite 

index could provide realistic measures of inflation, and 

that it could be constructed using published indexes readily 

74Thomas Clinton Padgett, "An Examination of Relation-
ship Between Inflation and Cost Overruns in Defense Con-
tracts and the Adequacy of Various Types of Price Indexes in 
Explaining these Relationships." (PH.D. dissertation, 
Florida State University, 1975). 

75Harry Lynn Hazlett, "The Determinates of Cost Es-
calation in the Aerospace Industry." (PH.D. dissertation, 
George Washington University, 1974), pp. 150-161. 
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available. 

Prior Prametric studies 

Parametric cost analysis for fixed wing aircraft was 

first reported in a 1966 study conducted by the Rand Cor-

poration. This research centered on estimating the costs of 

development and investment costs for fixed-wing aircraft and 

neglected costs for rotary wing aircraft. The chief purpose 

of the Rand studies was to provide long-range parametric 

planning estimates for financial categories through the use 

of two key variables; weight and speed. The Rand reports 

were updated in 1976 with the inclusion of historical cost 

data for additional fixed wing aircraft. The later studies 

also included a search for explanatory variables in addition 

to weight and speed. Again, no attempt had been made by the 

Rand Corporation to include data for helicopters in these 

studies.76 

Other parametric models which had been developed for 

DoD included reports prepared by Planning Research Corpora-

tion and J. Watson Noah Associates.77 in addition, Science 

Applications had produced a transport model for the National 

Aeronautics and Space Administration. Each of the models 

76Levenson and others, "Cost Estimating Relationships 
for Aircraft Airframes,"; Large and others, "Parametric 
Equation for Estimating Aircraft Airframe Costs." 

77"Methods of Estimating Fixed Wing Airframe Costs," 
Vol. I, II, Planning Research Corporation, .R-547A, April 
1967; J. W. Noah and others, "Estimating Aircraft Acquisi-
tion Costs by Parametric Methods," J. Watson Noah Associ-
ates, Inc. FR-103-USN, Sept. 1973; M. N. Beltramo and 
others, "Parametric Study of Transport Aircraft Systems Cost 
and Weight," Science Applications Inc., April, 1977. 
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was designed to be used when very little was known about the 

detail design of the aircraft, and could be used to estab-

lish a Design-to-Cost goal. However, none these models 

could be used for predicting the acquisition cost of a 

helicopter. 

In addition, some companies such as General Dynamics, 

derived a series of parametric cost estimating equations78 

which were consolidated and programmed into a computerized 

life-cycle cost model for fixed-wing airframes. A key 

feature of this model was the ability to provide new cost 

estimates quickly as design characteristics were changed to 

obtain design optimization. 

Summary 

From the survey of the literature, three conclusions 

can be drawn: (1) in order to overcome the significant cost 

overruns of the 1950's and 1960's, DoD established the 

Design-to-Cost concept as a management and financial control 

tool; (2) parametric cost analysis is the primary method 

recommended for the establishment and review of a Design-to-

Cost goal in the early stage of a weapon system development; 

and (3) while there has been much written on the methodology 

and approach to parametric cost estimating, the fixed wing 

aircraft has received all of the actual model-building 

attention to the exclusion of the helicopter system. 

7 8Brents, "Computerized Aircraft Life-Cycle Cost 
Model." 



CHAPTER IV 

RESEARCH OBJECTIVE 

A review of "the literature reveals the origins of De-

sign-to-Cost and parametric analysis for fixed-wing air-

craft. However, a void exists concerning advances in cost 

estimation techniques for the helicopter industry. A state-

ment of the problem and hypothesis for this dissertation as 

well as the scope and limitations of the study are presented 

in this Chapter. 

Statement of the Problem 

The purpose of this research is to develop parametric 

Design-to-Cost models for selected major subsystems of cer-

tain helicopters. This is accomplished by analyzing the 

relationships between historical production costs and cer-

tain design parameters which are available during the pre-

liminary design phase of the life cycle. 

In conjunction with the problem, four subproblems are 

identified as follows: 

1. Determination of major helicopter subsystems to 
be analyzed 

2. Selection of techniques to be used in normaliz-
ing the historical cost data 

3. Identification of design parameters which are 
available during the preliminary design phase 

4. Derivation of the parametric Design-to-Cost 
equations 

51 
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Helicopter Subsystems 

The total helicopter is recognized as a system com-

posed of several subsystems. The approach used in this 

dissertation is to derive parametric cost estimating rela-

tionships (CER) for key subsystems of the helicopter for 

which sufficient cost data are available. 

subsystems for which meaningful cost data are avail-

able consist of (1) airframe structure (including the 

tailboom section), (2) rotor group, (3) drive system, (4) 

propulsion installation (excluding the engine), and (5) 

electrical group. Based on an evaluation of cost data, 

CER's derived for these five categories will provide cost 

estimates accounting for nearly eighty-nine percent of a 

helicopter's total recurring unit cost, excluding Government 

Furnished Equipment (GFE). The selection of these catego-

ries also provides compatibility among the helicopters 

within the data base as well as consistency in definition of 

the categories. 

Normalization Techniques 

The historical cost data available for this are taken 

from several different periods of time beginning in 1958 and 

continuing to the present. The cost data consist of raw 

material costs, subcontract costs, and standard vendor 

costs, all of which are in incurred-year dollars and exclude 

overhead factors. Also included in the basic cost data are 

manhours that were used in the manufacture of the detail 

parts and subassembly of the helicopter. 
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The historical cost data for the subcontract, raw 

materials, and vendor categories will be normalized for cost 

escalation using a recognized economic index to provide 

meaningful and consistent estimates. Based on studies by 

the Logistics Management Institute in 1968, the selected 

index should encompass the widest reasonable industrial base 

as well as bear a logical relationship to that being mea-

sured, In addition, the index used should not be overly 

complex.79 

The second step in normalizing the cost is to provide 

consistent overhead rates. Overhead rates have changed over 

time due to shifts in the work load and production volume, 

as well as definitional changes in accounting policy. 

Therefore, July 1978 overhead rates for military proposals 

will be used to normalize the cost data to a burdened cost 

level. Since the rate of profit varies, depending on wheth-

er the program is commercial or military, profit will be 

excluded from the overhead rates. 

Identification of Parameters 

An important factor in CER development is identifica-

tion of the parameters to be included as independent var-

iables in the analyses. Data collection for physical and 

performance characteristics is recognized as time consuming 

since it is often not clear in advance what data are re-

76Procurement Associates, "Escalation," Course Pre-
sented at Washington D.c., February 10, 1975, section III, 
pp. 1-10. 
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quired. The approach recommended by one authority is to 

collect a list of those characteristics that are believed to 

explain differences in cost.80 At the beginning, it is not 

known which of the characteristics provide the best explana-

tions of variations among the cost of different aircraft. 

Since the estimating equations derived during this study are 

expected to be used to provide estimates for predicting 

Design-to-Cost goals, the parameters should be those that 

are commonly available early in the stage of a helicopter 

program. 

The first stage of the design process of a helicopter 

is called preliminary design. It begins with identifying 

mission requirements. The next step concerns the identifi-

cation of available aircraft that might be able to perform 

the mission and what modifications might be necessary. If 

nothing is currently available, engineers in preliminary de-

sign draw layout designs, which have overall dimensions and 

subsystem definition, but omit details. It is at this point 

that the Design-to-Cost target can be derived and subsystem 

tradeoffs can be made. After the preliminary design stage, 

a design moves to the detail design of individual parts. It 

is generally recognized that the parametric approach pro-

vides the best cost estimates at the preliminary design 

stage.81 

80Batchelder, "An Introduction to Equipment Cost 
Estimating," p. 15. 

81 Departments of the Army, Navy, and Air Force, Con-
ceptual Approach, p. 14. 
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Equation Derivations 

Parametric cost estimating equations will be derived 

by application of the standard statistical techniques of 

multiple regression analysis and multiple Correlation 

analysis as described in the section which discusses the 

research methodology. 

Hypothesis 

The development of parametric Design-to-Cost models 

for selected major subsystems of certain helicopters is the 

objective of this research. Data from a large production 

base of helicopters will be analyzed to test the null 

hypothesis: 

H : Design-to-Cost estimates for selected sub-
systems of certain helicopters are not functionally 
related to parameters available during the prelimin-
ary design stage of the helicopter life cycle. 

Scope and Limitations 

The Department of Defense is concerned with control of 

total life-cycle cost82 of a weapon system - the cost from 

the cradle to the grave. Life-cycle costs consist of re-

search and development, acquisition, and operational and 

support costs. The Design-to-Cost concept is keyed to 

achievement of unit recurring production cost goals with 

consideration of life-cycle cost impact, as required by DoD 

Directive 5000.28. The emphasis on unit production costs is 

^Departments of Army, Navy and Air Force, Joint De-
sign to Cost Guide; Life Cycle Cost as a Design Parameter, 
(Washington, June, 1976), pp 2-9. 
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due to the inability to predict, or in fact measure, total 

operating and support costs. 

Therefore, the Design-to-Cost models derived during 

this study will be limited to prediction of recurring pro-

duction costs. The models can be used to predict cost esti-

mates for Calendar Year 1978 dollars since the data will be 

normalized to account for inflation and overhead rates. 

The costs predicted by using the models exclude profit 

since the rate of profit is normally a negotiated item be-

tween the manufacturer and the customer. The costs of Gov-

ernment Furnished Equipment (GFE) are also excluded from the 

analysis since the historical cost data included only the 

manufacturer's cost. 

The CER's derived during this study will be specifi-

cally applicable to the manufacturing techniques and ex-

perience of one company in the helicopter industry. This 

firm is the leading manufacturer of helicopters in the 

tlnited states with a current output of over twenty-three 

thousand commercial and military helicopters. The output 

of military helicopters manufactured by the firm accounted 

for seventy-two percent of the total United States Govern-

ment helicopter procurement from 1966 to 1978 as shown in 

figure 4. 

The use of the CER's developed during this study will 

not eliminate uncertainty. Considerable uncertainty will 

always be present when cost estimates are made on future 

systems. However, the statistical approach employed in the 
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development of the equations does allow the calculation of 

certain measures of uncertainty; namely, confidence inter-

vals.83 The past trends of cost for helicopter programs 

will be identified, thus adding to the credibility of the 

cost estimates generated by using the cost estimating rela-

tionship. 

83Hatry, "Statistical Cost Estimating Relationships," 
pp. 23-35. 



CHAPTER V 

HELICOPTER TECHNOLOGY 

History of the Helicopter 

Ever since man began dreaming of powered flight, he 

recognized the enormous potential of a machine that could 

move both horizontally and vertically. In 1907, Paul Cornu, 

a Frenchman, built a 573-pound machine.84 This machine rose 

one foot horizontally and moved forward at six miles per 

hour. Although this machine was unstable, it did qualify 

for the world's first uncontested free flight of a heli-

copter. 

In 1917, a United States Army-Navy board reported to 

the Secretary of the Navy that the helicopter had been the 

subject of many experiments which had all been unsuccess-

ful . A twin-rotor helicopter was built and tested by Louis 

Briquet and Rene Dorand in 1935 when it set an official 

speed record of sixty-seven miles per hour. In 1942, the 

A m y took delivery of its first production helicopter, which 

was built by Igor Sikorsky. Another helicopter first was 

achieved by Bell Aircraft Company in 1946 when the Model 47 

helicopter received Civil Aeronautics Administration certi-

fication for the first commercial helicopter in history. By 

84Keating, Bern, Chopper!, (Chicago: Rand McNally and 
Company, 1976), pp. 1-45. The historical information in the 
following paragraphs was obtained from this source. 
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1949, a new generation of helicopters had appeared, includ-

ing the Bell Model 47, Sikorsky 51 and 52, Siller 360, and 

Kaman 190. All were far ahead of the pioneer helicopters. 

Production began on a series of utility transport 

helicopters in 1958. Derivative models based on the origi-

nal model are currently in production. An armed gunship 

helicopter, introduced into the military inventory in 1966, 

was used in an attack mode in the Vietnam conflict. While 

the military application of the helicopter was being re-

cognized, commercial models were being developed to fulfill 

expanded markets. The expanded markets include applications 

such as executive transport, fire fighting, agricultural, 

law enforcement, medical evaluation, search and rescue, en-

vironmental inspection, and patrol of borders . 

Helicopter Subsystems 

Utility, gunship, and commercial types of helicopters 

are included in the data base. Parametric cost estimating 

relationships are derived for key helicopter subsystems for 

which sufficient cost data are available. The manufacturing 

technology for the subsystems examined include (1) airframe 

structure, (2) rotor group, (3) drive system, (4) propulsion 

installation, and (5) electrical group. Based on an exam-

ination of a sample of total helicopter unit costs, exclud-

ing Government Furnished Equipment, costs of these five sub-

systems account for an average of eighty-nine percent of the 

total cost. 
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Airframe Structure 

The airframe structure subsystem, as used in the anal-

ysis, consists of the fabrication and assembly of the ele-

ments that form the helicopter fuselage as illustrated in 

figure 5. These elements include the forward, mid, and aft 

sections of the fuselage. In addition the costs expended 

for joining the elements together in the final assembly 

effort are considered as part of the airframe structure sub-

assembly, A description of a typical helicopter structure 

subassembly is presented in more detail. 

Forward Fuselage. The forward fuselage includes the 

(1) nose, (2) floor, (3) forward roof, (4) post, (5) doors, 

and (6) transparencies. 

Nose. The nose structure consists of a forward bulk-

head with provisions for mounting a radar antenna, avionic 

shelves, windshield lower support frame, lower window clo-

sure, and skin with related support frames and stiffeners. 

Floor. The floor structure is constructed with longi-

tudinal beams with transverse bulkheads located to best pro-

vide maximum support for the floor, seats, controls, and 

floor-to-roof structure. In the crew compartment, the floor 

is aluminum alloy sheet with access provided for installa-

tion and service of controls. The cargo/passenger compart-

ment has honeycomb floor. The floor structure extends from 

the rudder pedal support bulkhead aft to the main fuel com-

partment. Support fittings are provided for controls, cargo 

tiedown, and seats. 
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Roof. The forward roof consists of aluminum alloy 

frames, and intercostals provide support for the console, 

two acrylic windows, the cowl, and the windshield. The roof 

structure aft of the crew compartment consists of longitu-

dinal beams with transverse bulkheads located so as to join 

the side members of the forward fuselage. Provisions for 

mounting controls and hydraulic equipment are included. 

Post. A structural post and controls closure, which 

is located behind the pilot's seat and canted in a manner to 

provide maximum leg room for passengers, is a primary floor-

to-roof support. The aft inboard face of this post has a 

full length access panel. This post provides space for 

routing controls, plumbing, and wires. 

Doors. On each side of the passenger compartment and 

on the pilot's side of the crew compartment, a door is pro-

vided. They consist of a formed inner skin which, along 

with an outer skin attached by bonding, provides support for 

hinges, latch mechanism, and an acrylic window. 

Transparencies. Acrylic transparencies include a 

left- and right-hand windshield. These are externally ap-

plied and are held in place by means of a bonded-on edging 

which is screw attached to the substructure* The lower nose 

windows are externally mounted and held in place with a 

riveted edging which is bonded to the transparency. The 

roof windows are internally mounted, held in place by rivet-

ed edging which is bonded to the transparency. The co-

pilot's window is also applied in this manner. 
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Mid-fuselage. The five parts of the mid-section con-

sists of the (1) roof section* (2) side panels, (3) fuel 

compartment area, (4) baggage compartment, and (5) wings. 

Roof. The roof section consists of fore and aft 

beams, two of which are located outboard of the transmission 

area structure and beams inboard and outboard of the en-

gines. These beams are joined by transverse bulkheads 

extending down to the underbody and fuel cell structure. 

These bulkheads are located forward and aft of the trans-

mission area and forward and aft of the engine compartment. 

The structure has an inner and outer skin with related 

frames and stiffeners to provide a box-like structure. In-

board of the engines, the beams have upper and lower skin 

and stiffener covering to form a deep box beam. This area 

of the roof provides the support of the transmission and 

engine installations. 

Side Panel. The side panel consists of a side skin of 

compound curvature, an inner window frame and intercostals. 

This panel extends from the roof to the fuel compartment and 

from the door frame to the seat back. An acrylic window is 

installed from the inside and held in place with a riveted 

on inner retainer. 

Fuel Compartment. The main fuel compartment is con-

structed of honeycomb panels. The lower/side panel extends 

from the fuel compartment tunnel and extends upward to the 

upper limits of the fuel compartment. The rear fuel com-

partment panel is part of the primary bulkhead which sup-
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ports the wing tank spar and provides for distribution of 

the main wheel vertical landing loads. The upper panels are 

removable to simplify the installation of the fuel bladder. 

Baggage Compartment. The baggage compartment is lo-

cated aft of the fuel compartment. At the forward end, 

access from the cabin is available through a door which may 

remain open in flight. A door on the pilot's side, hinged 

at the forward end and constructed with a formed inner and 

outer skin provides access from outside the ship. The com-

partment structure consists of aluminum alloy skin supported 

by frame© and stiffeners. The floor of the baggage compart-

ment is constructed mainly of honeycomb. 

Wings. The wings on a helicopter are primarily used 

for carrying additional weapons, extra fuel for longer mis-

sions, or housing a landing gear system. The wings, when 

found on a helicopter, are normally short and constructed 

of honeycomb panels. The upper surface of the wings can be 

used as a service platform to aid in helicopter maintenance. 

Aft Section. The aft fuselage structure consists of 

aluminum alloy skins supported by frames, intercostals and 

stiffeners. Supports for the drive shaft hanger and con-

trols are provided. The aft frame and aft ends of longerons 

provide splice provisions for attachment of the tailboom. 

Included as part of the aft section are the tailboom and 

tail surfaces. 

Tailboom. The tailboom structure consists of aluminum 

alloy skins supported by frames and stiffeners. Supports 



66 

for driveshaft hangers, controls and driveshaft covers are 

provided. The aft end of the tailboom terminates with an 

aluminum alloy casting. This casting provides for the at-

tachment of the tail rotor gearbox, the tail surfaces and 

controls, The tailboom will be riveted to the aft fuselage. 

Tail Surfaces. The tail surfaces include a horizontal 

tail or stabilizer and a single vertical fin. The horizon-

tal tail is generally constructed of aluminum alloy skins 

supported by spars and ribs. The fin consists of an upper 

and lower section joined together by a steel alloy casting 

which serves as the attachment to the tailboom. The fins 

are also of aluminum alloy skin with supporting ribs and 

spars. 

Final Assembly. This element includes costs associ-

ated with the effort required to assemble and install all of 

the system and subsystem elements of the airframe into the 

airframe structure to create the airframe element and to 

functionally check out the systems. Also included is the 

labor for assembling the forward section, mid section, tail-

boom, and outboard wing. The costs associated with instal-

lation of the engine and other components, as well as the 

painting and marking of the air vehicle, are also included. 

The labor for the completion of a primary assembly 

occurs at a station which follows a particular structure 

fixture. The primary installations are performed in a hold-

ing fixture and consist of complete or partial installation 

of equipment, subsystems, or systems components, including 



67 

power plant controls, hydraulics environmental control sys-

tem, wheel brake system controls, etc. The final assembly 

task consists of bringing together these subassemblies and 

other components required to complete the aircraft. Upon 

completion of the final assembly operation, the helicopter 

is moved to the system integration area for complete system 

tests and integration. 

The next step in the assembly operation takes the 

helicopter through flight operation and paint. Flight oper-

ation consists of pre-ground run and test flight. 

Rotor Group 

The typical rotor group consists of three elements: 

(1) main rotor, (2) tail rotor, and (3) associated rotating 

controls as illustrated in figure 6. 

Main Rotor. There are three fundamental types of 

helicopter rotor systems; i.e., fully articulated, semi-

rigid, and rigid systems. 

Fully articulated rotor systems generally consist of 

three or more rotor blades. In a fully articulated rotor 

system each rotor blade is attached to the rotor hub by a 

horizontal hinge, called the flapping hinge, which permits 

the blades to flap up and down. Each blade can move up and 

down independently of the others. 

In a rigid rotor system the blades, hub, and mast are 

rigid with respect to each other. In this system, the 

blades cannot flap or drag but can be feathered. At the 

present time there are no FAA certificated helicopters using 
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the rigid rotor system. 

The semirigid systems are representative of the main 

rotor systems contained in the helicopter data base. In a 

semirigid system the rotor blades are rigidly interconnected 

to the hub, but the hub is free to tilt and rock with re-

spect to the rotor shaft. Only helicopters with two-bladed 

rotor systems are representative of semirigid systems. The 

rotor flaps as a unit with one blade flapping up while the 

other blade flaps down an equal amount. 

The main rotor includes the hub and blades. The main 

rotor hub is composed of the yoke, trunnion, grips, pitch 

horns, mast moment springs, fittings, blade-attach bolts, 

rotor lock assembly, trunnion bearing support, and bearings. 

The components of the main rotor hub are shown in figure 7. 

The yoke forms the basic support for the other hub assembly 

components. In some cases the grips and pitch horn assembly 

are manufactured from titanium. 

The main rotor blades aft element includes the fabri-

cation and assembly effort for the spar, spar closure, aft 

spar, nose block, aft stiffener, aluminum and nomex honey-

comb core, tip weight, root end doublers, grip plate, and 

fiberglass skin. A typical cross section of a rotor blade 

is illustrated in figure 8. 

Tail rotor. The second element of the rotor group is 

the tail rotor which includes the hub and blades. The tail 

rotor hub is composed of the yoke assembly, trunnion assem-

bly, two grip assemblies, and elastomeric and uniball bear-



70 

Trunnion assembly 

Moment spring 
housing 

Pitch horn 
assembly 

Nuts & bolts 

Yoke assembly 

Elastomer bearings 

Grip assembly 

Figure 7. Main rotor hub components. 
(Source:, Confidential) 
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ings. Typically, each of the tail rotor blades consists of 

an assembly of a root fitting, stretched-formed spar, skins, 

aluminum honeycomb core, root end doublers, and tip struc-

ture. 

Rotating Controls, The remaining element of the rotor 

group is the rotating controls for the main and tail rotors. 

The main rotor rotating controls include the swashplate as-

sembly, swashplate antidrive linkage, and pitch links. The 

tail rotor rotating controls consist of a crosshead assem-

bly, drive plate, control sleeve, control levers, idler 

links, control support, and pitch links. 

The swashplate consists of two primary elements 

through which the rotor mast passes. One element is a disc, 

linked to the cyclic pitch control. This disc is capable of 

tilting in any direction but does not rotate as the rotor 

rotates. This nonrotating disc, often referred to as the 

"stationary star," is attached by a bearing surface to a 

second disc, often referred to as the "rotating star," which 

turns with the rotor and is mechanically linked to the rotor 

blade pitch horns. 

Drive system 

The typical drive system transmits power from the en-

gines to the main rotor and tail rotor through the input 

drive shaft, main transmission, tail rotor drive shaft, and 

the tail rotor gearbox. In some cases, power is also trans-

mitted from an auxiliary power unit through the accessory 

gearbox to drive electrical and hydraulic power units to 
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operate all aircraft systems when the two engines are shut 

down. The components of the drive system are illustrated 

in figure 9. 

The drive system includes all of the transmission 

gearboxes with their associated shafts, bearings, and han-

gers. Also included in the drive system are the mast and 

rotor brake. 

Transmission, Hast, and Rotor Brake. The transmission 

system transmits engine power to the main rotor, tail rotor, 

generator, and other accessories. 

The engine of a helicopter must operate at a rela-

tively high speed while the main rotor turns at a much lower 

speed. This speed reduction is accomplished through re-

duction gears in the transmission system and is generally 

somewhere between six-to-one and nine-to-one (that is, be-

tween six and nine engine revolutions per minute (RPM) to 

one main rotor RPM). In a helicopter with a six-to-one 

ratio, if the engine turns at 2700 RPM, the main rotor turns 

at 450 RPM. With a nine-to-one ratio, if the engine turns 

at 2700 RPM, the main rotor turns at 300 RPM. 

The main transmission elements include a top case, 

main case, various quill assemblies, a self-contained lubri-

cating system, mast, compression tube, bearings, numerous 

gears and other miscellaneous hardware. The rotor brake, 

which is mounted on the transmission, consists of the disc 

and hydraulically actuated pucks. 
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Gearboxes. In some cases, two gearboxes are used to 

transfer power from the transmission to the tail rotor 

blades. One of these gearboxes transfers the power on the 

driveshaft by an angle of forty-five degrees and mounts at 

the base of the vertical fin onto the tailboom. The other 

gearbox, known as the tail rotor gearbox, mounts to the 

vertical fin and makes the final reduction in drive speed to 

the tail rotor. Since the tail rotor gearbox also turns the 

drive line ninety degrees, it is often called the ninety 

degree gearbox. Both gearboxes consist of a case, sleeves, 

spiral bevel gears, bearings, and seals. In addition, the 

tail rotor gearbox contains the tail rotor mast which is 

splined for mounting the tail rotor hub, 

Prive shafts. Also included in the drive system are 

the drive shafts. The drive shafts consist of the engine-

to-main- transmission input drive shafts, the drive shaft 

from the main transmission to the accessory gearbox, the 

tail rotor drive shafts from the accessory gearbox to the 

tail rotor gearbox, bearings, hangers, and couplings. 

Propulsion Installation 

The propulsion installation category includes the 

following: (1) engine mounts and controls, (2) cowling, 

(3) air management, (4) fire protection and firewalls, and 

(5) fuel systems. Since most of the engines used in heli-

copters are provided as government furnished equipment, the 

costs of the engines are excluded from this category. 
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Engine mounts and controls. This element- consists of 

the lines, clamps, linkages and miscellaneous hardware 

necessary to install an engine in the helicopter. 

Cowling. The cowling element consists of the struct-

ure above and adjacent to the engine zones. Typically, the 

cowling includes a forward fairing, a transmission cowl, an 

air induction cowl, engine access cowling and an aft fair-

ing. The transmission, forward, and aft fairings are usu-

ally constructed with aluminum skin, frames, and stringers. 

The air induction cowling is often fabricated of honeycomb 

and fiberglass skins which contain the engine's air inlet 

ducts. In some cases, the engine cowling is contructed of 

titanium skins. 

Fire protection and firewalls. The engine compartment 

has quick-acting fire detectors, amplifiers, and wiring for 

electrical indication on the control panel. Also included 

in fire protection are extinguisher bottles with mounting 

supports and distribution tubes for directing adequate dis-

charges into the engine compartment. Fire extinguisher 

bottles are located in the upper aft fuselage area aft of 

the baggage compartment. 

The firewalls are constructed of reinforced titanium 

sheet. All joints, openings, and fittings are fume tight. 

The forward firewall extends upward from the airframe stru-

cture. The aft firewall is in the area of the tail pipes 

and extends upward from the airframe structure. 
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When the helicopter is powered by two engines, the 

engines are separated by a vertical firewall which incor-

porates a fire shield for the tail rotor driveshaft. The 

vertical firewall extends from the forward to the aft fire-

walls and from the fuselage structure upward to the engine 

cowl center section. 

Fuel System. The fuel system is composed of fuel 

cells and associated components required for engine fuel, 

fuel quantity measurement, and refueling. The fuel cells 

are capable of carrying enough fluid to allow a helicopter 

to complete its primary mission. The fuel cells are often 

located below the cabin floor or aft of the cabin bulkhead. 

If the helicopter has wings, additional fuel cells are 

usually located in the wing area. The fuel cells in the 

more recent vehicles are constructed of self-sealing mater-

ials to enhance the safety aspect. 

Other components typically in a fuel system include a 

fuel pump, interconnect fittings and lines, valves, and fuel 

filters. 

Electrical Group 

The electrical group is composed of two types of hard-

ware: (1) electrical equipment and wiring and (2) instru-

ments and navigational equipment. Items furnished by the 

government are excluded from this category. The electrical 

equipment and wiring consist of components for generation, 

conversion, distributions, control of electrical power, and 

airframe illumination, including cables and wires. 
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The primary electrical equipment items include the 

starter, generator, battery, voltage regulators, and the 

necessary control components, the system also contains nec-

essary wiring, controls, and indicators to provide for sub-

system control, signal transfer and status illumination. 

Wiring on a typical helicopter is included for (1) the 

fuel system, (2) engine fire detection, (3) smoke detection, 

(4) instruments. The wire harnesses are constructed from 

standard aircraft wire. 

Instruments and navigation. This element contains the 

instruments and instrument panel necessary for visual flight 

rules (VFR) such as the airspeed indicator, altimeter, atti-

tude indicator, turn and slip indicator, and rate of climb 

indicator. In addition, instruments for condition monitor-

ing of the power plant, warning and caution system and 

electrical condition indicators are considered in this sys-

tem. Other navigation and communication aids provided 

either as government furnished equipment or as a commercial 

kit added to the basic helicopter system, are excluded from 

this category. 



CHAPTER VI 

EXPERIMENTAL DESIGN 

The components of the experimental design are de-

scribed in this chapter. The discussion focuses on nor-

malization methodology, data sources (including selection of 

variables), statistical techiques, and equation selection 

criteria. These benchmarks provide the foundation for 

understanding the data analysis presented in chapter VII. 

Normalization Methodology 

The task of normalization of historical cost data in-

volves two steps. One of these steps is the adjustment of 

cost data to a common base year in order to reflect economic 

trends, while the other step is the adjustment of basic cost 

data (that is in hours for labor and dollars for material 

and subcontracted items) to consistent overhead rates. 

Economic Normalization 

The historical cost data available for this research 

encompass the time period beginning in 1958. The historical 

cost data are collected in incurred-year dollars and exclude 

overhead factors. 

As a means to avoid inconsistencies in the historical 

data due to economic escalation, the data are normalized to 

constant July 1978 dollars. This adjustment means that the 

cost data reflect a comparable economic level of prices of 

79 
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the base time period. A constant dollar cost is what the 

cost of the historical aircraft would be if price levels had 

always been the same and always remained the same as in-

curred in the base period, July 1978. 

The approach used in this research to normalize the 

historical cost data is the development of composite infla-

tion factors used to adjust the data to constant July 1978 

dollars. Two candidate indexes which are common to defense 

contracts were considered. A sample was collected of high 

dollar purchased parts for a mature helicopter program for 

the years 1971 to 1974. A comparison of actual costs was 

made between a composite index, consisting of the Wholesale 

Price Index for Industrial Commodities (sixty percent) and 

the Industry Wage Rate (forty percent), and the Implicit 

Price Deflator of the Gross National Product as illustrated 

in figure 10. The composite index of the Wholesale Price 

Index for Industrial Commodities and Industry Wage Rates 

Standard Industrial Classification (SIC) Code 372 provides a 

close approximation to the actual costs . 

The Wholesale Price Index for Industrial Commodities 

is used as a reasonable proxy for industrial material used 

in building a helicopter. Table 1 presents the annual index 

values of the Wholesale Price Index for Industrial Commodit-

ies from 1958 to July 1978 with a base year of 1967 equals 

100. The third column of the table presents the data trans-

formed to a material cost factor with June 1978 as 100. The 

transformation is made by dividing each year's index value 



81 

u 
o 
JQ 
rd 
a 
M-i 
0 

-M 
cu 
0 
Q 

to o 
•H 
-P 
CO 
•H 
4-> 
fd 
-P 

O -Q 
«3 

m 
o 
S3 
fd 
CD 
M 
S3 

to 
4J 
U 
<tS 
a. 
no 
<D 
CO 
fd 
XI 
o 
U 
3 & 

M -
0 ̂  
uj • 
co 

CO ̂  
'd 9} 
a •§ 
si 

>t'ti 
M £ «fl' g 
C a 
0 i—i 
"£j rg 
rd " 
<4-i 
a 
•H 

*H 
0 

fd 
a 
•H 
S-f 
o: © 

a) 
a 
H 
a 

-P 
CO 
•H 
33 

1—1 ca * 

r̂  o 
<T\ H 
H 

w a) u •M 
PS-
CD tn| o •H ' 
to En ) 

& 
fd 
cu > 
< 

o 
o 
H 



82 

TABLE 1 

WHOLESALE PRICE INDEX FOR INDUSTRIAL 
COMMODITIES AND MATERIAL COST 
FACTOR FROM 1958 TO JULY 1978 

Wholesale Price Index Material 
for Industrial Commodities Cost Factor 

Time Period 1967 » 100.0 July 1978 = 100.0 

1958 93.6 224.3 
1959 95.3 220,3 
1960 95.3 220.3 
1961 94.8 221.4 
1962 94.8 221.4 
1963 94.7 221.6 
1964 95.2 220.5 
1965 96,4 217.7 
1966 98.5 213.1 
1967 100.0 209.9 
1968 102.5 204,9 
1969 106.0 198.0 
1970 110.0 190.8 
1971 114.0 184.1 
1972 117.9 178.0 
1973 125.9 166.7 
1974 153,8 136.5 
1975 171.5 122.4 
1976 182.3 115.1 
1977 195.1 107,6 
1978, July 209,9 100,0 

SOURCE; Wholesale Prices and Price Indexes, Various 
Bulletins, United States Department of Labor, Bureau of 
Labor Statistics 
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by the July 2978 value of 209.9 and multiplying each result 

by 100. 

The average hourly wage rate for aircraft production 

workers from the SIC Code 372 is a representative indicator 

of the factory worker wage rates in the industry. The 

industry average wage rates of the twenty-year period cover-

ed by the cost data are presented in the second column of 

table 2, The third column of the table presents a normali-

zation to the wage rates to a labor cost factor with 100.0 

being set at July 1978 rates. The normalized labor cost 

factor is derived by dividing each annual average hourly 

rate by the July 1978 of $7.46 and multiplying the result by 

100. 

The composite factor used in the normalization of the 

historical cost data to constant July 1978 dollars is the 

weighted sum of the normalized cost factors shown in the 

third column of tables 1 and 2. A typical example of the 

procedures used in obtaining the composite cost factor is 

illustrated on table 3. 

In the example, the composite cost factor for 1958 is 

transformed to July 1978 constant dollars based on a mix of 

sixty percent of the material cost factor and forty percent 

of the labor cost factor. The composite cost factors used 

in the analysis for economic normalization from 1958 to July 

1978 are presented in table 3. Historical costs are inflat-

ed to constant July 1978 price levels when the historical 

costs for subcontract and materials are multiplied by the 
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TABLE 2 

HOURLY EARNINGS FOR AIRCRAFT PRODUCTION 
WORKERS AND LABOR COST FACTOR 

FROM 1958 TO JULY 1978 

Aircraft Production Workers Labor Cost 
SIC Code 372 Factor 

Time Period (Hourly Earnings) July 1978 = 100.0 

1958 $2.51 297.2 
1959 2.62 284.7 
1960 2.71 275.3 
1961 2.78 268.3 
1962 2.87 259.9 
1963 2.95 252.9 
1964 3.05 244.6 
1965 3.14 237.6 
1966 3.30 226.1 
1967 3.44 216.9 
1968 3.63 205.5 
1969 3.87 192.8 
1970 4.13 180.6 
1971 4.36 171.1 
1972 4.74 157.4 
1973 5.02 148.6 
1974 5.40 138.1 
1975 5.99 124.5 
1976 6.45 115.6 
1977 6.91 108.0 
1978, July 7.46 100.0 

SOURCE; Employment and Earnings, United States, Various 
Bulletins "Production Worker, Average Hourly Earnings," Air-
craft and Parts, SIC Code 372. 
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TABLE 3 

COMPOSITE COST FACTOR FROM 
1958 TO JULY 1978 

Time Period 

Composite Cost Factor 
60% Material, 40% Labor 

July 1978 = 100 

1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978, July 

253.5 
246.1 
242.3 
240.3 
236.8 
234.1 
230.1 
225.7 
218.3 
212.7 
205.1 
195.9 
186.7 
178.9 
169.8 
159.5 
137.1 
123.2 
115.3 
107.8 
100.0 

Sample calculation: 

1958 

1958 

Material Cost Factor 224.3 
Material Percentage x ,60 

Labor Cost Factor 297.2 
Material x . 40 

Composite Cost Factor (July 1978 = 100) 

Rounded Composite Factor 

134.58 

+118.88 

253.46 

253.50 
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composite cost factor. 

The ratio between material and labor of 60/40 respec-

tively is based upon the proportion of labor and materials 

in an Army Request for Proposal for a major attack helicop-

ter. This is representative of the methodology suggested by 

Harry Hazlett, as well as Melvin Baas and Bobby Welch.85 

Overhead Normalization 

The basic historical cost data used in this study ex-

clude the overhead costs. Therefore, the cost data must 

include overhead factors in order to provide adequate data 

necessary for building parametric cost estimating models. 

Overhead rates have changed over the time period when the 

basic cost data was incurred due to shifts in work load and 

production volume, as well as definitional changes in ac-

counting policy. 

Since the basic cost data have been inflated to the 

July 1978 constant dollars, July 1978 overhead rates for 

military proposals are used to normalize the basic cost data 

to a burdened cost level. Since the rate of profit varies 

with each individual program depending on whether the custo-

mer is military or commercial, profit is excluded from the 

overhead rates used in this research. 

85United States Congress, House, Feasibility of Con-
structing Price Indexes for Weapon Systems. Report B-159896, 
(Washington D.C., April 10, 1972); Harry Lynn Hazlett, "The 
Determinates of Cost Escalation in the Aerospace Industry." 
(PH.D. dissertation, George Washington University, 1975); 
Melvin T. Baas and Bobby 0. Welch, "An Evaluation of Index-
ation of Material Costs as a Basis for Economic Price Ad-
justment of Fixed Price Contract," Research Study presented 
to Air University, May 1975. 
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Using the budgetary rates in effect for July 1978, 

composite overhead rates are established for each cost 

category. The composite rates for each cost category are 

presented in table 4, 

The manufacturing labor cost-category includes a per-

centage rate for the cost element, called process labor. 

Process labor consists of the labor associated with heat 

treating, painting of detail parts, corrosion protection, 

and similar processes for which the labor costs cannot be 

charged to each particular part. The basic cost data, which 

were accumulated for the helicopters built before 1962, have 

a factor of sixteen percent for process labor already added 

to the manufacturing labor cost. In order to avoid double 

counting, the manufacturing labor costs for helicopters 

built prior to 1962 have been reduced by this sixteen per-

cent before the composite overhead rate is applied to the 

basic cost data. 

By normalizing the historical costs to July 1978 for 

both economic levels and overhead rates, the resulting bur-

dened cost reflects what each of the helicopters in the data 

base would have cost if they were built in July 1978. Thus, 

after normalization the cost data are adjusted to a consist-

ent basis with the autocorrelation effects of inflation 

normally found in data collected over various time periods 

removed. 
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TABLE 4 

COMPOSITE OVERHEAD RATES 

Cost Category Rates 

Final Assembly Labor $ 45.17 

Manufacturing Labor $ 53.36 

Raw Material 107.5% 

Standard Vendor Material 107.5% 

Subcontract 130.6% 

SOURCE: Confidential 



89 

Data Sources 

The helicopters included in the data base have been 

manufactured by a leading company in the industry. The firm 

produced seventy-two percent of the helicopters procured by 

the United states Government between 1966 and 1978. 

The development of a parametric cost estimating rela-

tionship requires two types of data. One is cost that is 

used as the dependent variable. The other type of data is 

the physical and performance characteristics which are used 

as the independent variables.86 

Dependent Variables 

Historical cost data for forty-six production lots 

have been extracted from the records of the aforementioned 

helicopter manufacturer. The cost data are in a format of a 

ship buildup (Figure 11), a collection of actual recorded 

costs for each detailed part and subassembly on the helicop-

ter. Four types of cost data found in the typical ship 

buildup include standard vendor costs, subcontract costs, 

raw material costs, and labor manhours. These basic costs 

are not adjusted for inflation and exclude overhead burdens. 

In order to generate meaningful Cost Estimating Rela-

tionships (CER), cost data of the forty-six different his-

torical programs from 1958 to 1978 need to be normalized to 

July 1978 dollars. This is accomplished through the selec-

tion and use of appropriate economic escalation indexes as 

86Hatry, "Statistical Cost Estimating Relationships," 
pp. 23-25. 
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discussed above. In addition, the costs are normalized for 

accounting system changes through the application of 1978 

factory overhead rates. The adjustment of the basic data to 

a constant year provides consistency to the cost data and 

allows a more valid comparison of costs for statistical 

analysis. 

The cost data obtained for this study are based on the 

average costs for a particular lot of aircraft which can be 

translated to a unit cost of a certain quantity of helicop-

ters produced. 

It should be noted that all of the historical data are 

actual costs except for two programs. In both cases, the 

production costs are estimated from prototype actuals for a 

production design and quantities, since the two helicopter 

programs have not gone into the production stage. The 

sources of the estimates are ship buildups developed in 

Sufficient detail to support Design-to-Cost estimates. Be-

cause of the scrutiny of these Design-to-Cost estimates by 

company management and government reviews, these estimates 

were considered to be valid enough to be included in the 

data base. These two programs also represent advanced tech-

nological developments that may be more representative of 

the future generations of helicopters. 

The July 1978 normalized total costs for each heli-

copter system included in the data base are presented in 

table 5. The helicopter names have been coded to conceal 

the identity of the company cost data and are shown in the 
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first column. Hie first twenty-one models in the table are 

medium size utility helicopters, the next nine models are 

light observation and commercial helicopters, and the re-

mainder are military gunship helicopters. The next column 

presents the year in which the data were collected, The 

remaining columns contain the normalized cost data for the 

five cost categories considered in this cost research. The 

cost data are the dependent variables in the multiple re-

gression analysis used to derive parametric cost estimating 

models. 

In the production stage, production control releases 

orders for detailed parts and subassemblies in groups of 

various sizes called lots. The costs actually incurred dur-

ing the manufacture of the detailed parts and subassemblies 

are averaged over the entire lot released. These averages 

are the basic costs used in creating the ship buildups sub-

mitted to the government customer. 

The costs associated with the final assembly labor and 

major fixture labor are not included in the ship buildup 

since they are accumulated by individual helicopter serial 

number. Therefore, the hours incurred for each helicopter 

must be averaged for each production lot in order to be con-

sistent with the ship buildup data. The source for these 

data is the "Major Fixture and Final Assembly" reports pre-

pared by the data base company and submitted to the mil-

itary. 
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Independent Variables 

For any cost estimating relationship, an underlying 

supposition is the existence of a functional relationship 

between one or more independent variables and cost. In this 

study, aircraft design and performance parameters were con-

sidered statistically in terms of their effect upon the five 

cost elements. Since these relationships are to be used 

mainly in analyses of conceptual design, it is desired that 

the independent variables be available in the early design 

stages. This requirement naturally limits the number of 

potential independent variables. Not all of the variables 

considered as potential costs drivers are actually incor-

porated into the parametric cost models. The following 

paragraphs identify these variables as well as present the 

source of the data. 

Weight. The size87 of the helicopter is represented 

by this variable and is generally recognized as a key vari-

able in previous cost analyses. 

Three weight variables considered in this analysis are 

(1) weight empty, (2) design gross weight, and (3) individ-

ual weights associated with the five cost elements. 

Weight empty. The variable weight empty is defined to 

include the total weight of all manufactured and purchased 

87G. S. Levenson and others, "Cost Estimating Rela-
tionships for Aircraft Airframes,11 Rand Corporation, RM-
4845-PR (Abridged, 1966), pp. 72-72; Joseph P. Large and 
others, "Parametric Equations for Estimating Aircraft Air-
frame Costs," Rand Corporation, R-1693-1-PA&E (February 
1976), pp. 1-4; Robert J. Devens, "Parametric Cost Estimat-
ing," Report, Defense systems Management School, 1974, pp. 
19-20 * 
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parts that comprise the basic helicopter. The weight of 

fuel, oil and lubricants, as well as added kits and specific 

mission oriented personnel and equipment, are excluded from 

weight empty. The value of weight empty for each helicopter 

system in the data base is obtained from "Actual Weight and 

Balance Reports" corresponding to the specific helicopter 

produced within the time frame corresponding to the histori-

cal cost data. The weights are found in the format defined 

by Military Standard 451 and 1374. In the case of the two 

helicopters, which have not entered the production phase, 

calculated weight and balance reports are used as the basis 

for the values of weight empty. 

Design Gross Weight. Design gross weight consists of 

the operational weight plus the primary mission payload and 

primary mission fuel. The primary mission payload includes 

all mission related weapons. The operational weight in-

cludes weight empty, crew, and unusable fuel and oil, The 

design gross weight is possibly a cost driver for the air-

frame structure, as well as rotor and drive systems. The 

sources for design gross weight are the same weight and 

balance reports used as sources for the weight empty. 

Cost Component Weights. The individual weight of each 

of the five subsystems analyzed is also included in this 

list of independent variables. The weights for the air-

frame, rotor, drive, propulsion installation, and electrical 

groups are totaled using the weight and balance reports 

established by Military Standard 451 and 1374 as discussed 
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in the section on weight empty . 

Airframe Descriptors. The descriptors of airframe 

physical dimensions include: (1) overall fuselage length, 

(2) maximum fuselage height, (3) maximum fuselage width, (4) 

fuselage volume, and (5) fuselage surface area (also known 

as wetted area). These characteristics primarily provide a 

measure of size of the airframe and is used as an explana-

tory variable for the airframe structure cost category. The 

variables are obtained from the dimensional and structural 

data provided at the end of each weight and balance report. 

Other possible variables that influence the design of 

the airframe structure are the payload, maximum thrust cap-

ability of the helicopter, service ceiling, maximum speed, 

operating radius, rate of climb, takeoff horsepower, dive 

speed, number of engines, main rotor tip speed, and rotor 

characteristics. These variables are obtained from either 

the dimensional and structural data found at the end of the 

weight and balance reports or in the details of the heli-

copter system specification reports. 

Rotor characteristics. The main rotors constitute the 

key element in the design of a rotor system. The hub and 

rotating controls are designed with respect to the char-

acteristics of the main rotor. Therefore, many of the vari-

ables that describe the rotor system pertain to the main 

rotor. In addition to the rotor system weight, a number of 

other variables are considered as possible candidates for 

inclusion in the rotor system parametric cost models. The 
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variables considered include the following: (1) main rotor 

diameter, (2) tip speed, (3) main rotor blade area, (4) 

solidity ratio, (5) disc area, (6) maximum rotor thrust cap-

ability, (7) disc loading, (8) mast revolutions per minute 

(RPM), and (9) maximum design horsepower. The values for 

these items are obtained from either the weight and balance 

reports or the system specifications reports. However, the 

maximum rotor thrust capability is a value computed from 

several other variables as illustrated in the following 

equation. 

T m = tc • C • p • R • (OR)
2 

Where; - maximum rotor thrust capability 

tc = thrust coefficient 

C = chord (in feet) 

p = air density (.002377 at sea level stand-
ard day) 

R = radius 

(ft) = rotational speed in radians per second 

Drive system characteristics. Since the key element 

in the drive system is the main transmission, most of the 

characteristics used in this study refer to the transmis-

sion. Besides the drive system weight and design gross 

weight, independent variables considered include input RPM, 

torque, and horsepower, as well as the number of stages in 

the transmission, the number of accessory drives, the mast 

(or output) RPM, the number of engines, and the power re-

duction ratio. The values for these parameters are obtained 
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from systems specification reports and weight and balance 

reports. 

Propulsion Characteristics. Although the engine is 

excluded from the cost data, the engine horsepower is con-

sidered a possible variable relating to the propulsion in-

stallation. The weight of the propulsion installation group 

is also considered a possible explanatory independent vari-

able. Other parameters considered include the service ceil-

ing and gross weight, gallons of fuel capacity, limit dive 

speed, range, and number of engines. 

Electrical characteristics. The weight of the elec-

trical system is considered a potential parameter in the 

analysis. In addition, variables such as battery ampere 

rating, speed, operating radius, number of batteries, number 

of crew members, service ceiling, rate of climb, and various 

engine parameters are considered. These variables are pos-

sibly related to the size and number of components in the 

electrical system. The data sources for this information 

consist of the system specification reports and the weight 

and balance reports corresponding to the helicopters in-

cluded in the data base. 

Improvement curve characteristics. An important cost 

driver involves the degree of learning curve improvement. 

The learning curve concept applies to the manufacture of a 

helicopter since it expresses the decreasing costs required 

to accomplish any repetitive operation as the operation is 

continued. The data base company accumulates its cost data 
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based on production lots which vary in size. The algebraic 

midpoint of each lot can be determined mathematically. How-

ever, Frank Dahlaus88 states that many authorities use a 

rule of thumb known as the "one-third rule'1 for determining 

the algebraic lot midpoint. 

The rule for calculating the algebraic midpoint is as 

follows: 

1. The first lot midpoint is one-third of the way 

through lots of ten or more units or halfway 

through lots of less than ten units, 

2. The follow-on midpoint is halfway through each 

succeeding lot. 

Unit quantity included, as an independent variable in 

the analysis, is computed using the "one-third rule." The 

use of quantity in the analysis accounts for the degree of 

learning curve improvement in each of the cost estimating 

models derived during this study. The autocorrelation ef-

fect relating to the learning curve on the cost data is an 

important part of the cost models since the variable, quan-

tity, is representative of the learning curve effect. 

Technology factor. Another variable considered in the 

analysis is a technology factor. This variable is defined 

as the year the cost data for a particular lot minus 1955. 

For example, if the cost data for one of the data points is 

1976, then the technology factor is 21 (1976 minus 1955). 

Frank J. Dahlhaus, "Learning Curve Methodology for 
Cost Analysts," United States Army Material Command, 1967, 
pp. 1-8. 
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The technology factor is expected to reflect the changes in 

manufacturing costs due to changes in manufacturing tech-

nology. It is assumed that the technology factor follows a 

pattern that can be represented by the number of years from 

1955. The year was chosen since the cost data used in this 

research was obtained after 1955 and the data reflected a 

new generation of helicopter design. 

Statistical Techniques 

The statistical techniques used in the analysis of 

data include a computerized routine for multiple linear 

regression and correlation, analysis for autocorrelation and 

a determination of the presence of multicollinearity. 

Multiple Regression and Correlation 

The primary statistical routine for processing the 

historical data to determine the functional relationship for 

estimating cost is multiple linear regression and correla-

tion. By way of background, it would be well to clarify 

some definitions of "regression" and "correlation" since 

they are often used interchangeably. Regression is con-

cerned with determining the equation of the line, plane, or 

curve relating to two or more variables, and the variance 

associated with any predictions to be made from the model. 

On the other hand, correlation is associated with a correla-

tion coefficient which measures the closeness with which 

variables are related. 

The procedure for multiple linear regression is mathe-

matically equivalent to determining the best-fitting hyper-
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plane in some hyperspace as judged by the least squares 

criteria. Since many cost relationships may not be linear, 

multiple regression procedures used in this study have not 

been restricted to a simple linear form. Although computer-

ized procedures existed for practically an unlimited number 

of transformations, experience has shown that the most sig-

nificant form of equation is either a nontransformed vari-

able against linear cost or logarithms of variables against 

the logarithm of cost.89 Therefore, the present study con-

sidered only these two forms. The multiple regression com-

puter program used during this study offers a wide choice 

of variable transformations on up to eighty independent 

variables, and is an adaptation of the basic International 

Business Machines subroutine package. 

Computerized Procedures. The procedure used by the 

computer program is described as a step-wide multiple re-

gression in which the regression equations are generated by 

adding additional variables as each step is taken. An exam-

ple of this process is shown in figure 12. The dependent 

variable, cost of rotor system, is entered into the comput-

er. The cost data have been normalized to July 1978 dol-

lars. In addition, design and performance parameters, such 

as tip speed, maximum thrust, disc loading, and diameter, 

are also fed into the step-wise multiple regression and 

89Levenson and others, "Cost Estimating Relationships 
for Aircraft Airframes," pp. 32-49; Sevenson and others, 
"Cost Estimating Relationships for Aircraft Airframes," pp. 
72-76; Large and others, "Parametric Equations for Estimat-
ing Aircraft Airframe Cost," pp. 16-17. 
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correlation models . The outcome of the model is set out in 

various steps. In this example, the first variable entered 

is "D," which is the diameter of the rotor system. The 

multiple correlation coefficient is .795 and the standard 

error of the estimate is $5,528. In the second step, the 

variable 11 or maximum thrust is entered into the equa-

tion. With the addition of the second variable, the mult-

iple correlation coefficient has increased to .992. The 

model continues with output for additional steps. However, 

the optimum equation, based on the multiple correlation 

coefficient and the standard error of the estimate, has two 

variables and has passed through two steps of the computer-

ized multiple correlation and regression model. The deter-

mination of which variable is to enter the equation on each 

succeeding step is based on the "F" statistics for analysis 

of variance. 

Statistical Analysis Procedures. The basic statisti-

cal values calculated through the use of the computer pro-

gram90 are described in the following paragraphs. 

This computer program performs a multiple regression 

analysis for a dependent variable and a set of independent 

variables. 

Beta weights are calculated using the following equa-

tion: 

9°"System/360 Scientific Subroutine Package," Inter-
national Business Machine Corporation, Report GH-20-02G5-4, 
New York, 1970, pp. 37-46. 



105 

k 

B. = \ x * # r-
3 Z J 13 

i-1 
A . ' L 

where r^y - intercorrelation of i independent vari-

able with dependent variable 

r. ."1 - the inverse of intercorrelation r. . 

*J 3-J 

i = j = 1, 2, — , k are independent variables 

r. and r< ."*1 are input to this subroutine. 
iy x j 

Then, the regression coefficients are calculated as 

follows: 
s 

b. = B. 
3 3 Sj 

Where s = standard deviation of dependent variable 
* * 

s . * standard deviation of j independent vari-
J able 
j = 1, 2, — , k 

sy and Sj are input to this subroutine. 

The intercept is found by the following equation: 

k 

k(j = Y * ^ b j xj 

j*l 
where Y * mean of dependent variable 

til 

Xj = mean of j independent variable 

Y and X^ are input to this subroutine. 
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Multiple correlation coefficient, R, is found first by 

calculating the coefficient of determination by the follow-

ing equation: 

k 

R2. « V B.r. 

zL i ly 

i=l 

and taking the square root of R2: 

R - , R2 

The sum of squares attributable to the regression is 

found by: 

SSAR = R2 • Dyy 

where D = sum of squares of deviations from mean for 
Jfj 

dependent variable 

Dyy is input to this subroutine. 

The sum of squares of deviations from the regression 

is obtained by: 

SSAR « D -SSAR 
yy 

Then, the F-value for the analysis of variance is 

calculated as follows: 

SSAR/k _ SSAR(n-k-l) 
SSDR/<n-k-l) ~ SSDR(k) 

Certain other statistics are calculated as follows; 

Variance and standard error of estimate: 

s2 _ SSDR 
y.12...k n-k-1 
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where n = number of observations 

Sy.l2 — k ~y ^ . 1 2 — k 

Standard deviations of regression coefficients: 

SK I D,« • * S- ^ a -i 
bj \j 35 y.l2...k 

where Djj - sum of squares of deviations from mean for 

th 
j independent variable. 

D.j is input to this subroutine 

j = 1# 2, ... j k 

Computed t: tj bj 
S 
bj 

j = 1, 2, ..., k 

Autocorrelation 

Economic data ordered in a time sequence, such as 

helicopter costs, can seldom be regarded as random samples. 

An observation on prices of raw materials and subcontract 

items in a given year is usually correlated with the same 

value of that variable in a previous year. This lag cor-

relation of a particular time series is known as autocor-

relation or serial correlation.91 The presence of autocor-

relation often detracts from the desirable characteristics 

91David A» Aaker, ed., Multivariate Analysis in Mar-
keting: Theory and Application. (Belmont, California: 
Wadsworth, 1971), pp. 36-38, 52-53. 
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that good estimates of population parameters should possess. 

The problem of autocorrelation of the helicopter cost data 

due to inflation is expected to be minimized in this re-

search project since the cost data are being normalized to a 

July 1978 baseline. The autocorrelation effect relating to 

the learning curve on the cost data is expected to be an 

important part of the resulting cost models, since the 

"quantity" variable represents the learning curve effect. 

Multicollinearity 

Multicollinearity is often common to multiple regres-

sion and correlation techniques. This phenomenon was re-

cognized by R. Frisch to be typical of many time series an-

alyses. 

Multicollinearity92 is said to be present when the 

independent variables are highly correlated among them-

selves. This condition reduces the efficiency of the esti-

mates for the regression parameters. A warning as to when 

multicollinearity is serious is that sampling errors in 

individual coefficients become large. It is desirable to 

use observations of independent variables that exhibit as 

low a correlation among themselves as possible. While 

observational data often exhibit high multicollinearity, 

careful selection of variables can minimize the damage. If 

the problem still exists, it is possible to combine two or 

more independent variables into a new variable and use that 

92Michael J. Brennan, Preface to Econometrics (Cin-
cinnati: Southwestern, 1965), pp. 348-349. 
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for computing the regression line through the technique 

known as principal components analysis . 

Principal component analysis is not a statistical or 

conceptual model, but is only a set of geometric operations 

that have the objective of reducing the number of dimensions 

involved to a small number while returning the interpoint 

distance information contained in the original data set. 

The procedure involves axis rotation to reduce the number of 

variables into an artificial variable. While this appraoch 

is beneficial in reducing the effects of multicollinearity, 

it is not used in this study since the causal impact of each 

untransformed independent variable is considered a key 

factor in helicopter design. 

Selection and Evaluation Criteria 

Initially, a stepwise least-squares procedure is used 

to determine which of the many explanatory variables con-

sidered were statistically significant. Most of the pos-

sible variables are eliminated immediately because they 

seemed to have so little predictive value. The four or five 

remaining variables are then examined from the standpoint of 

logic. The question posed in each case is, "Can a defens-

ible hypothesis be constructed that would explain why cost 

should be influenced by this variable?" 

The multiple-regression computer program used calcu-

lates the usual statistical measure of fit—coefficient of 

correlation, coefficient of variation, F-value, etc. 
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The selection and evaluation of the cost estimating 

relationships is accomplished by using the following cri-

teria: 

In general, the multiple correlation coefficient and 

the coefficient of multiple determination is used in the 

evaluation. Those relationships with higher coefficients 

are chosen for further evaluation. 

The relationship should contain from two to six inde-

pendent variables. An equation with the lesser number of 

variables is preferred if the other criteria are achieved. 

The relationship of predicted values versus actual 

values should fall within acceptable limits as determined by 

data plots and percentage comparisons. These criteria actu-

ally measure the consistency of the estimating equation. 

Also used as a criterion is the listing of the multi-

ple correlation coefficient, R, for each equation consid-

ered, This is because the degree of relationship between 

the equation and the dependent variable is indicated by the 

multiple correlation coefficient. The coefficient of deter-

mination, (R2), is a measure of the proportion of variation 

explained by an estimating relationship. 

When the incremental differences in correlation co-

efficients are slight, the coefficient of variation is used 

to aid in the determination of the equations to be sel-

ected. This method is chosen over the standard error of the 

estimate, which is defined as the square root of the unex-

plained variance of the Y's in the sample. Thus, the 
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standard error of the estimate shows how nearly the estimat-

ed values agreed with the values actually observed for the 

variable being estimated. The standard error of the esti-

mate is not used exclusively since it is an absolute measure 

of accuracy of an estimating relationship. The coefficient 

of variation, therefore, reflects a relative measure of ac-

curacy and can be used in comparison between equations. The 

coefficient of variation, usually represented as a percent-

age, relates the standard error of the estimate to the mean 

of the sample Y's: 

C = |(100}% 

where 

C = Coefficient of variation 

S •= standard error of the estimate, and 

Y = Mean of the sample Y'S. 

The value of a relative measure, such as the coeffi-

cient of variation, is that comparisons of one equation can 

easily be made with other equations. As a general rule, a 

coefficient of variation of C < 25% is desirable,93 

Another method employed in the evaluation and selec-

tion of the final estimating relationship is a comparison of 

the predicted value, as applicable, to estimates of recent 

or proposed systems. 

93G. S. Levenson and others, "Cost Estimating Rela-
tionships for Aircraft Airframes," p. 72-76. 



CHAPTER VII 

ANALYSIS OF DATA 

The relationships between historical helicopter pro-

duction cost data and design parameters available during 

preliminary design are discussed in this chapter. Included 

is a brief description of the system and the size of the 

sample. The evaluation and selection process is discussed 

with respect to the candidate equations. The sensitivity of 

the equations to the parameters is also described. 

The analysis of data is presented by major helicopter 

subsystem in the following order; (1) airframe, (2) rotor, 

(3) drive, (4) propulsion, and (5) electrical groups. 

Airframe Subsystem 

The major components of the airframe include the for-

ward fuselage, mid fuselage, wings, tailboom, and horizontal 

and vertical fin assemblies as described in chapter V. The 

cost data for the airframe include the labor and material 

costs for the manufacture of detail parts and subassemblies, 

as well as the costs associated with major fixture assembly 

and final assembly. 

Airframe Data Base 

A total of forty-six observations form the sample for 

airframe costs as previously shown on table 5. Included in 

112 
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this data base are costs for sixteen different models. Each 

of the models is assumed to represent a new design for 

purposes of establishing a point on a learning curve since 

quantity was used as an independent variable in the analy-

sis . 

A data base containing twenty-nine independent vari-

ables is established for use with each of the airframe 

costs. Appendix A presents a list of the variables (includ-

ing cost) used in the derivation of the airframe Cost Esti-

mating Relationships (CER). 

Multicollinearity. Initially all twenty-nine inde-

pendent variables are available for selection by the step-

wise multiple regression program. However, it is determined 

that some of the variables are highly correlated with each 

other causing the problem of multicollinearity. Included in 

this category are airframe weight, weight empty, and wetted 

area. Separate attempts are made to include each of these 

variables while excluding the other two. 

The step-wise multiple regression and correlation 

program contains an option whereby several selections can be 

run at one time. The selections define the dependent vari-

able as well as any independent variable that is to be 

omitted or forced into the regression solution. The com-

puter model is utilized to generate both linear and ex-

ponential forms of equations. 
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Airframe Equations 

Twenty-nine selections of combinations of independent 

variables are made for both linear and exponential power 

forms. The highest multiple correlation coefficient for the 

linear attempts is .60 with five variables compared with 

over .95 for the exponential form. 

The following exponential equations, containing three, 

four, five, and six independent variables, are selected as 

finalists for predicting airframe costs on the basis of the 

highest multiple correlation coefficient for each number of 

variables. 

I. A * 30.384 Q- 2 0 2 1 3 Wl'67745 ROC56747 

II. A = 2576.62 Q"*19416 MGWT*75605 ROC*65116 CEIL**63820 

III . A = 6932.34 Q-*20248 MGWT*85684 ROC*67466 CEIL"*57836 

RPM""29455 

IV. A = 197505.9 q""*20!9? WE*21636 ROC*94979CEiL"1*05193 

RPM~ *4535 TMAX*65762 

where: 

A - Airframe cost in July 1978 dollars 

Q = Unit quantity 

WE = Weight empty 

ROC - Rate of climb 

MGWT = Maximum gross weight 

CEIL = Service ceiling 

RPM = Takeoff maximum engine revolutions per minute 
(REM) 

TMAX = Maximum Thrust 
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Statistical Parameters. The statistical parameters 

for these four equations are presented in table 6 and are 

adjusted for degrees of freedom. The multiple correlation 

coefficients presented in the table are greater than 0.95 

while the coefficients of other equations not shown range 

as low as 0.60. 

The multiple coefficient of determination for each of 

the four equations is a measure of the proportion of vari-

ance in cost explained by the variations in each of the in-

dependent variables included in the equation. Thus, the 

multiple coefficient of determination for Equation I (three 

independent variables) explains over 90 percent of the 

variation, while the multiple coefficient of determination 

for Equation IV (six independent variables) explains 96 

percent. 

Each of the equations shown in table 6 has an F-value 

for analysis of variance in excess of 139.216. Using an 

F-test with a null hypothesis of no correlation between cost 

and the independent parameters, the cutoff point at the . 01 

level of significance94 ranges from 4.26 for the three-vari-

able equation to 3.29 for the six-variable equation. Since 

the observed F-value exceeds this cutoff point, the null 

hypothesis is rejected at the .01 level of significance for 

each of the four equations. 

94George W. Snedecor and William G. Cochran, Statisti-
cal Methods, 6th Ed. (Ames, Iowa: Iowa State University 
Press, 1967), pp. 560-563. 
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TABLE 6 

AIRFRAME EQUATION STATISTICS 

(Adjusted for Degrees of Freedom) 

Equation 

Statistics I II III IV 

Number of Variables 3 4 5 6 

Multiple Correlation 
Coefficient .951 .964 .974 .980 

Multiple Coefficient 
of Determination .904 .931 .949 .960 

F-Value for Analysis 
of Variance 139.216 145.211 163.586 176.212 

Standard Error of 
Estimate (Log) .073 .064 .055 .049 

Standard Error of 
Estimate ($) $57,037 $55,920 $44,377 $35,392 

Coefficient of Varia-
tion (Log) 1.35 1.18 1.02 .911 

Coefficient of Varia-
tion (%) 19.99 19.60 15.56 12.407 
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The coefficients of variation for these equations 

range from 12.407 percent to 19.99 percent, these fall 

within the acceptable range as discussed in chapter V. In 

the 1976 Rand Corporation Report,95 the coefficient of 

variation for airframe costs is based on logarithms and has 

values ranging from 1.15 percent to 7.18 percent. The 

coefficient of variation based on logarithms for the four 

airframe candidates shown in table 6 are less than the best 

results reported by Joseph Large. 

Data Base Accuracy. Comparisons are made among the 

four equations of the predicted values versus the actual 

values. The number of actual cost data predicted within the 

limits of 5, 10, 20, and 30 percent are summarized in table 

7. Equation IV fares better than the other candidates by 

predicting costs closer to the actuals than the other equa-

tions. However, the computed costs by Equation III are 

quite close to the actuals. The percent variance and dollar 

differences between the actual and the costs computed by 

using Equation III for each observation in the sample are 

shown in table 8. These results are computed by a computer 

program developed to facilitate the numerous computations 

necessary for this study (see Appendix B). 

As shown in table 8, the computed airframe cost for 

observation number 10 using Equation III has a 130.9 percent 

95Joseph Large and others, "Parametric Equations for 
Estimating Aircraft Airframe Costs," pp. 65-107. 
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TABLE 7 

ACCURACY OF PREDICTED VERSUS ACTUAL 
AIRFRAME COSTS 

Number of Observations Predicted 

Equation 

Accuracy 
Limits I II III IV 

0 - 5% 12 16 16 20 

5.1 - 10% 6 11 14 9 

10,1 - 20% 16 14 12 16 

20.1 - 30% 10 4 3 1 

Over 30% 2 1 1 0 
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COMPARISON OF ACTUAL VERSUS 
COMPUTED COSTS USING EQUATION III 

119 

PERCENT 
[RVATION ACTUAL COMPUTED MARIANCE DIFFERENCE 

1 532816, 618913, 116.15 86097, 
"> 459965. 438249. 95.27 -21715. 
3 390930. 377450. 96,55 -13479, 
4 299378, 269209. 89.92 -30168. 
5 321404. 299632. 93,22 -21771, 
6 223441 . 232446, 104.03 9005, 
7 268749 . 213121 , 79.30 -55627. 
8 245898. 207626. 84,43 -38271. 
9 234638, 209717. 89.37 -24920. 

334672, 438166. 130.92 103494. 
i i 241233. 259887. 107,73 18654. 
12 139709, 171362. 122,65 31653, 
1 3 140963. 154276. 109,44 1 331 3, 
14 132706, 145406. 109.57 12700. 
15 571971i 570431, 99.73 -1539. 

' 16 292118, 289485. 99.09 -2632, 
17 251207, 214422, 85,35 -36784. 
18 461010, 431720. 93.64 -29289. 
1? 322636 * 309999. 96.08 -12636,: 

20 272848, 275863. 1 01 .10 301 5. 
21 267893, 256303, . 95.67 -11590. 
•;> o 
*5... «'«*« 

183089, 192354. 105.06 9265, 
23 . 7720&» 879-1:2. _ 1.13,86 10706. 
24 61656. 56274, 91.27 " -53827 
•;;> ^ 120729, 110354. 91.40 -10374. 
26 71354, 76443, 107.13 5089. 
27 245302, 270369, 1 1 0,21 25067. 
28 208292. 191954. 92.15 -16337. 
29 163731, 156860. 95.80 -6870, 
30 291235, 289327. 99.34 -1907. 
31 840241, 680839. 81.02 -159401 . 
32 554438. 454819. 82.03 -99618, 
33 301897, 307931. 101.99 6034. 
34 220720, 226576, 102,65 5856. 
35 199904, 207620. 103,86 7716. 
36 221869. 205849. 92,77 -16019. 
37 185702. 203503. 109,58 17801. 
38 181116, 200620. 110,76 19504, 
39 326711. 330508. 101,16 3797. 
40 328907, 278094, 84,55 -50812. 
41 410682. 482814. 117,56 72132, 
42 321463. 321069, 99,87 -393, 
43 258726. 273693. , 105.78 14967, 
44 249943. 245900. 98,38 -4042. 
45 284333, 345114, 121,37 60781. 
, 46 407552. 448162, 109.96 40610., 
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variance from the actual cost. A likely explanation lies in 

the fact that the helicopter airframe, represented by ob-

servation 10, is considered as new for purposes of the 

learning curve input data, while the aircraft is actually a 

modification of the previous model. The airframe modifica-

tion consists of an added section of approximately twenty-

seven inches but retains commonality with the nose section, 

tailboom, and fin assemblies. The cost of a modified air-

craft is normally expected to be less than that of a new 

airframe. Using Equation 111, it appears that an airframe 

modification similar to that of observation 10 may cost ap-

proximately thirty percent less than that of a new aircraft 

for a quantity less than fifty airframes. 

Selection of Airframe Equation. The statistics pre-

sented in table 6 and the accuracy of the four equations 

shown in table 7, indicate that Equation IV is a slightly 

better predictor of airframe costs than the other three 

equations. However, on another evaluation of the correla-

tions among the independent variables, it is determined 

that the problem of multicollinearity exists between the 

variables of weight empty and maximum thrust. These two 

variables have a correlation coefficient of .92 between them 

as shown in table 9, which is a tabulation of correlation 

coefficients for the selected independent variables. There-

fore, Equation IV is eliminated from further consideration 

as the selected CER for the airframe category. 
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CORRELATION COEFFICIENTS BETWEEN KEY 
AIRFRAME PARAMETERS 
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Variable Cost Qty. 
Wt. 
Empty 

Rate 
of 
Climb 

Service 
Ceiling 

Rotor 
RPM 

Max. 
Thrust 

Max. 
Gross 
Wt. 

Cost - .67 .60 -.07 -.33 .26 .447 .56 

Quantity .67 - .02 .42 .44 -.07 .11 .09 

Weight 
Empty 

.60 .02 - -.07 -.01 .49 .92 .99 

Rate of 
Climb 

-.07 .42 -.07 - .52 -. 12 -.05 .02 

Service 
Ceiling 

-.33 .44 -.01 .52 - .12 .26 .09 

Rotor 
RPM 

.26 -.07 .49 -.12 .12 - .60 .51 

Maximum 
Thrust 

.447 .11 .92 -.05 .26 .60 - .94 

Maximum 
Gross 
Weight 

.56 .09 .99 .02 .09 .51 .94 
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Of the three remaining equations, the statistics as-

sociated with Equation III are higher than those of Equa-

tions I and II. Also, the predictions of Equation III 

reflect a closer approximation to the actual costs than the 

other two equations. Therefore, Equation III is selected as 

the equation for the airframe cost model, because it does 

not have the multicollinearity problem associated with 

Equation IV, it possesses a multiple correlation coefficient 

of .974, a standard error of the estimate of $44,377 and a 

coefficient of variation of 15.56 percent, and it reflects 

close accuracy when projected costs are compared to actual 

costs. 

Airframe Sensitivity Analysis. The sensitivity of 

cost to some of the parameters in Equation III is illus-

trated in graphical form in Figure 13. The independent 

variables of quantity, service ceiling, and takeoff maximum 

engine RPM are considered as constants for this graphical 

analysis. The other two variables in Equation III, maximum 

gross weight and rate of climb, are allowed to vary through-

out their range. The cost for a helicopter airframe at unit 

100 with a maximum gross weight of 10,000 pounds is predict-

ed to range from $202,000 (for a helicopter with a rate of 

climb of 1000 feet per minute) to $423,656 (for one with a 

rate of climb of 3000 feet per minute). 

Sensitivity analysis, when illustrated in graphical 

form, must hold some of the variables constant while varying 

others if more than two independent variables are present in 
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an equation. In reality, however, when one of the heli-

copter design parameters changes, one or more of the other 

parameters may also change. This is one of the advantages 

of having an equation in which cost is a function of more 

than one or two variables as used in the fixed-wing aircraft 

airframe equations developed by the Rand Corporation.®6 

Another test is conducted concerning the logic of the 

exponent value for the variable Quantity. Using table 10, 

the exponent of -.20248 for Quantity in Equation III, is 

translated to a learning curve of approximately 86 percent, 

which is realistic for helicopter programs at the data base 

company. Typical airframe learning curves at the data base 

company range from 80 percent to approximately 90 percent 

depending upon the maturity of the helicopter program. 

Rotor Subsystem 

The rotor-subsystem cost data include the costs for 

labor and material necessary in the manufacture of component 

parts and assembly of these parts to form the rotor sub-

system. This subsystem consists of blades, hub, and rotat-

ing controls for both the main rotor and tail rotor. 

Rotor Data Base 

Initially, the same forty-six observations shown in 

table 6 are planned to be used as the data base for the 

rotor subsystem. However, it is determined that the main-

rotor blades for four of these observations are furnished 

by the government. The costs of Government Furnished Equip-

9 6 Ibid. pp. 18-54. 
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TABLE 10 

DETERMINATION OF LEARNING CURVES 
BASED ON EXPONENTS 

Exponent Value Percent Learning Curve 

-.51460 70 

-.49404 71 

-,47394 72 

-.45407 73 

-.43448 74 

-.41501 75 

-.39594 76 

-.37707 77 

-.35850 78 

-.34003 79 

-.32193 80 

-.30406 81 

-.28628 82 

-.26881 83 

-.25157 84 

-.23453 85 

-.21762 86 

-.20088 87 

-.18447 88 

-.16812 89 

-.15198 90 

-.13607 91 

-.12035 92 

-.10474 93 

-.08923 94 
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ment (GFE) are not included, in the cost history found in the 

ship buildup. Therefore, these four are excluded. 

Of the forty-two remaining observations twelve differ-

ent models are represented since some of the different air-

frames use the same rotor subsystem. Each subsystem is 

assumed to represent a new design in establishing the vari-

able Quantity. 

A data base consisting of thirty independent variables 

and subsystem cost is used in developing the rotor subsys-

tem parametric CER's. The data base is the same as previ-

ously shown in Appendix A except for three changes and addi-

tions. The changes include the historical cost for rotor 

subsystems, changes in the variable Quantity, and the use of 

subsystem weight in lieu of airframe weight. The additional 

variable is a ratio of rotor-subsystem weight to airframe 

weight. 

Multicollinearity. After an initial attempt at cor-

relation, one of the best predictive equations includes both 

weight empty and rotor weight. Since there is a high cor-

relation between these two variables, an additional vari-

able—the ratio of rotor-subsystem weight to weight empty-

was created as an independent variable. 

Rotor Equations 

Linear and exponential equations to predict cost are 

attempted to be obtained. As in the case of the airframe 

analysis, the linear form for the rotor subsystem does not 

provide a correlation coefficient as high as the exponential 
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form. For example, the best linear equation with four vari-

ables provides a correlation coefficient of 0.878 compared 

with .953 for the exponential. 

In deriving the equations for the rotor subsystem, 

fifteen selections are made in an attempt to resolve the 

problem of multicollinearity. Three equations, containing 

two, three, and four independent variables are selected for 

final analysis for predicting airframe costs. It is deter-

mined that the equations with more than four independent 

variables suffer from the problems of multicollinearity. 

The three candidate CER's for the rotor subsystem are: 

I. R = 136.4489 Q~*12173 RWT*95723 

II. R s 21462.979 Q~*11191 RWT2*25605 MGWT"1*54867 

III. R * 7.656 x 10® Q— » 11437 ^-2.45096 

TECH- 2 0 2 7 8 

where: 

R - Rotor-subsystem cost in July 1978 dollars 

Q = Unit quantity 

RWT = Rotor subsystem weight 

MGWT = Maximum gross weight 

BAREA = Blade area (one blade) 

VT = Main rotor tip speed 

TECH = Technology factor (year - 1955) 

Statistical Parameters. The statistical parameters 

for each of the candidate rotor-subsystem CER's are found in 

table 11. The parameters shown are adjusted for degrees of 

freedom. 
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ROTOR-SUBSYSTEM EQUATION STATISTICS 

(Adjusted for Degrees of Freedom) 

128 

Equation 

Statistics I II III 

Number of Variables 2 3 4 

Multiple Correlation 
Coefficient .927 . 957 .947 

Multiple Coefficient 
of Determination . 859 . 916 .897 

F-Value for Analysis 
of Variaa.ee 121. 145.6 87.28 

Standard Error of 
Estimate (Log) .097 .075 . 083 

Standard Error of 
Estimate ($) 14,509 12,241 15,574 

Coefficient of Varia-
tion (Log) 2.07 1.60 1.77 

Coefficient of Varia-
tion (%) 25.9 21.89 27.8 
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The highest multiple coefficient of determination is 

for Equation II, which is .916, This means that less than 

9 percent of the variation is unexplained by the CER. The 

coefficient of determination for Equation I with a value of 

.859 is close to that of Equation II. 

The F-value for analysis of variance is over 87.28 for 

each of the equations as shown in Table 12. A null hypoth-

esis is postulated that no correlation exists between cost 

and the independent parameters. Using an F-test on the null 

hypothesis, the cutoff point at the .01 level of signif-

icance97 ranges from 5,18 for the two variable equation to 

3.18 for the four variable equation. Therefore, since the 

observed F-value exceeds the cutoff point, the null hypoth-

esis of no correlation is rejected at the .01 level of 

significance for all of the potential rotor CER1 s. 

The coefficient of variation for the equations ranges 

from a high of 27.8 percent for Equation III to a low of 

21.89 percent for Equation II. It should be pointed out 

that even though Equation III has more independent vari-

ables, its coefficient of variation exceeds the coefficient 

of variation for Equation I which has only two independent 

variables. 

A comparison of the coefficient of variation based on 

logarithms has values ranging from 1.60 percent to 2.07 per-

cent. The results of the three equations for the rotor 

97Snedecor and Cochran, Statistical Methods. pp. 560-
563. ; : 
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subsystem indicate that their coefficient of variations are 

comparable to the best results reported by the Rand Corpora-

tion as noted in the analysis of airframe equations. 

Data Base Accuracy. The computed values are compared 

with the actual costs for each of the three equations. In 

this analysis, the number of actual cost data predicted 

within the limits of 5, 10, 20, 30 percent, and greater is 

computed. As shown in table 12, Equation III produces 

eleven estimates within five percent of the actuals, but on 

the other hand, is highly variable in that twelve estimates 

miss the actual costs by over twenty percent. 

Selection of Rotor Equation. A rotor equation is 

chosen using the statistics shown in table 11 in conjunction 

with the accuracy of predictions found in table 12. Each of 

the three candidate CER's for the rotor subsystem possesses 

statistical data that is quite close to each other. How-

ever, when the results of the prediction of the data base 

are analyzed, as shown in table 12, the selection of rotor 

Equation III is rejected because of the high degree of 

variability in its predictive behavior. 

Further investigation of the remaining two Equations 

(I and II) has shown that Equation II has the potential pro-

blem of multicollinearity. The correlation between the in-

dependent variables of rotor weight and maximum gross weight 

is .98. This value nullifies the argument that they are 
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TABLE 12 

ACCURACY OF PREDICTED VERSUS 
ACTUAL ROTOR COSTS 

Number of Observations Predicted 

Equation 

Accuracy 
Limits I II III 

1 
o 8 9 11 

5.1 - 10% 7 9 6 

10.1 - 20% 17 19 13 

20.1 - 30% 4 3 8 

Over 30% 7 2 4 
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mutually independent. An attempt to develop an equation 

using a ratio of these two variables proves to be fruitless, 

since the ratio does not prove to be correlated with rotor 

cost, the dependent variable. 

Equation I, which is the remaining equation, is sel-

ected as the rotor-subsystem equation through the process of 

elimination. The statistics associated with this equation 

are comparable with those of the other two equations. In 

addition, the accuracy of Equation X is also quite good and 

does not have the potential problem of multicollinearity. 

Therefore, rotor Equation I is selected as the rotor CER. 

Rotor Sensitivity Analysis. Figure 14 illustrates the 

sensitivity of rotor-subsystem cost to the variable of 

rotor weight for the quantities of 100, 300, 500 and 1000. 

In this example, the cost at unit 100 ranges from $16,310 

for a rotor system with a weight of 300 pounds to $112,552 

for a rotor weight of 2000 pounds. The 300-pound rotor 

system represents the lower rotor weight limits of the data 

base while the 2000-pound rotor represents the upper limit. 

As shown on Figure 14, the cost of the rotor subsystem 

decreases as the quantity increases, as would be expected 

with a learning improvement curve. Using table 10 as shown 

previously, the learning curve value for the subsystem is 92 

percent, based on the exponent value of -.12173. This 

learning curve value is fairly flat, which is typical of a 

machining operation. In the case of the rotor subsystem, 
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this is a reasonable assumption since some of the highest 

cost items include the main-rotor and tail-rotor hub which 

are usually machined forgings. the swashplate portion of 

the main-rotor rotating controls also requires a significant 

amount of machining. 

Drive Subsystem 

The drive subsystem for a typical helicopter consists 

of the main-transmission gear box, drive shafts, and tail-

rotor gear box. The cost data for the drive subsystem in-

cludes the labor and material costs associated with the 

fabrication of detail parts and subassemblies. 

Drive Data Base 

The data base for the drive subsystem includes forty-

six observations as previously presented in table 5. How-

ever, four of the observations appear low when compared to 

the drive system costs of similar models. The cost data for 

these four observations exclude the main transmission. The 

main transmissions are discovered to have been furnished by 

the government, thus explaining the low drive-subsystem 

costs of these observations. Therefore, these four observa-

tions are omitted from the drive group analysis. 

The cost data for the drive subsystem represent ten 

different subsystems since some of the different airframes 

utilize a common drive subsystem. In establishing a 
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quantity for the learning curve effect, each drive group is 

considered to represent an entirely new model. 

The data-base variables for the drive group consists 

of the twenty-nine variables listed in Appendix A with these 

exceptions. The historical cost data is changed to drive-

subsystem costs, the quantity is changed to quantity of 

drive subsystem, and the drive-subsystem weight is used in 

lieu of airframe weight. 

Multicollinearity. The first attempt at developing a 

CER for the drive subsystem results in the determination of 

several independent variables with high correlation among 

themselves, for example, maximum thrust, weight empty, disc 

loading, and horizontal speed are among the variables highly 

correlated with subsystem weight. Therefore, in an attempt 

to reduce the problem of multicollinearity, these variables 

are excluded when subsystem weight is included as a variable 

in a relationship. 

Drive Equations 

As in the case of the airframe and rotor subsystems, 

an attempt is made to obtain both linear and exponential 

equations that can be used to estimate the cost of a heli-

copter drive system. 

Linear. One of the linear equations has a correlation 

coefficient of 0.948 for an equation with five variables. 

This equation is as follows; 
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D = 263471.69 - 524.19 <VH) - 7.334 (Q) -208.49 (VM) 

+ 280.27 (DRWT) - 16.8445 (MGWT) 

where: 

D - Drive system cost in July 1978 dollars 

VH = Maximum horizontal speed 

Q = Unit quantity 

VM » Maximum speed 

DRWT « Drive subsystem weight 

MGWT = Maximum gross weight 

In this case, the problem of multicollinearity is outstand-

ing, since (1) drive subsystem weight and maximum gross 

weight have a 0.945 correlation coefficient, (2) drive sub-

system weight and maximum speed have an 0.873 correlation 

coefficient, and (3) maximum speed and maximum gross weight 

have an 0.892 correlation coefficient. In addition, the 

constants for each of the variables except subsystem weight 

are negative. In a sensitivity analysis of the linear 

equation in which one variable such as maximum speed, is 

increased, the cost of the drive subsystem is reduced. This 

result does not match the correlation of maximum speed and 

cost, which are positively correlated. The negative coeffi-

cient—which defies the logic of cause and effect—results 

from the problem of multicollinearity present in the linear 

equation. Therefore, the linear equation for the drive 

subsystem is excluded from further consideration. 

Exponential equation. Using the stepwise regession 

computer model, sixteen selections are made in finding a 
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valid prediction equation for a helicopter drive subsystem 

that may not have the problem of multicollinearity. As a 

result, three equations are selected for final analysis for 

predicting drive costs. One of the equations contains three 

independent variables while the other two equations contain 

five variables each. All of the equations with four vari-

ables are eliminated because of the high degree of multi-

collinearity or low correlation coefficient. Potential re-

lationships that include six or more independent variables 

also suffer from multicollinearity. The three potential 

CER's for the drive subsystem are as follows: 

1< D * 829354 Q -* 1 3 9 7 8 DRWT#88532 TECH**20597 

II. D a .003544 Q"*12227 up-3793 RPM'95752
 VT1.10141 

III. D * 679.157 Q"*12673 RPM*81133 VH~2*9714 VT 2 , 3 9 8 1 

TECH"*27706 

where: 

D = Drive-subsystem cost in July 1978 dollars 

Q = Unit quantity 

DRWT - Drive subsystem weight 

TECH = Technology factor (year - 1955) 

HP - Takeoff horsepower 

RPM = Takeoff maximum engine RPM 

VT * Main-rotor tip speed 

VH = Maximum horizontal speed 

Statistical Parameters. The statistical parameters, 

which are adjusted for degrees of freedom, are presented in 
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table 13 for the three exponential drive system CER's. 

As shown in table 13, Equation II has the highest 

multiple correlation coefficient with a value of 0.974, as 

well as the highest coefficient of determination with a 

value of 0.949. Thus, Equation II explains all but five 

percent of the variation. Equation I has a coefficient of 

variation of .893 which is slightly less than that of Equa-

tion II. 

The F-value for analysis of variance ranges from 

112.361 for Equation I to 149.552 for Equation II. The null 

hypothesis postulates that there is not any correlation 

between cost and the independent parameters. The F-test is 

conducted with a cutoff point at the .01 level of signifi-

cance.98 The range of the F-value is approximately 4.33 for 

the three variable equation to 3.56 for the five variable 

equation. Since the observed F-value exceeds the cutoff 

point, the null hypothesis of no correlation is rejected at 

the .01 level of significance for all three potential drive 

system equations. 

The standard errors of the estimate for Equations II 

and III are at least $7,000 lower than the $17,960 associ-

ated with Equation I. The standard error of the estimate is 

a fundamental statistic in determining the coefficient of 

variation as discussed in chapter VI. 

The coefficients of variation for Equations II and III 

of 11.9 and 15.0 percent respectively, are much lower than 

98 Ibid. 
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DRIVE-SUBSYSTEM EQUATION STATISTICS 

(Adjusted.for Degrees of Freedom) 
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Equation 

Statistics I II III 

Number of Variables 3 5 5 

Multiple Correlation 
Coefficient . 945 . 974 .972 

Multiple coefficient 
of Determination .893 . 949 .945 

F-Value for Analysis 
of Variance 112.361 149.552 137.127 

Standard Error of 
Estimate (Log) .087 . 062 .064 

Standard Error of 
Estimate ($) $17,960. $8,684. $10,980. 

Coefficient of Varia-
tion (tog) 1.82 1.29 1.34 

Coefficient of Varia-
tion (%) 24.6 11.9 15.0 
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that for Equation.I. In fact, the coefficient of variation 

of 24.6 percent associated with Equation I is two times that 

of Equation II, 

The values for coefficient of variation based on 

logarithms for the three drive-subsystem equations range 

from 1.29 to 1.82 percent, in this case all three equations 

have values comparable to the best results reported by the 

Joseph Large of the Rand Corporation as noted in the section 

on airframe equations. 

Data Base Accuracy. The computer program listed in 

Appendix B is used to compute the subsystem cost as pre-

dicted by each equation. Based on the results of the com-

putation, the number of actual costs that are predicted 

within the limits of 5, 10, 20, 30 percent, and greater than 

30 percent is summarized in table 14. 

In the prediction of the drive-subsystem costs for the 

helicopter in the data base, Equation II .results in slightly 

better predictions than Equation III. However, when Equa-

tion I is used, the predictions for four of the drive sub-

systems in the data base are missed by over 30 percent. 

Drive Subsystem Equation Selection. Based on the 

evidence presented in tables 13 and 14, Equation I is elim-

inated from further consideration as the equation for the 

drive group. The statistics and accuracy of the remaining 

two equations are quite comparable. 

The next step in the analysis is an evaluation of the 

independent variables used in the equations. In both cases, 
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TABLE 14 

ACCURACY OF PREDICTED VERSUS ACTUAL 
DRIVE-SUBSYSTEM COSTS 

Number of Observations Predicted 

Equation 

Accuracy 
Limits I II III 

1 
o
 8 14 11 

5.1 - 10% 5 11 13 

10.1 - 20% 14 10 11 

20.1 - 30% 12 7 6 

Over 30% 4 0 1 
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four of the independent variables are common to both equa-

tions. Each of these four variables—quantity, technology, 

main*-rotor tip speed, and engine RPM logically relate to the 

drive subsystem. 

The unique variable in Equation II is horsepower. As 

stated in chapter V, the purpose of drive subsystem is to 

transmit the horsepower of the engine to main rotor and tail 

rotor. Therefore, it is logical that one of the parameters 

required in designing this subsystem in the preliminary 

design stage is engine horsepower. 

The unique variable in Equation III is horizontal 

speed. Maximum horizontal speed is a desired helicopter 

performance parameter that is only indirectly linked to a 

particular system such as the drive subsystem. Maximum 

horizontal speed is the result of the design of the total 

helicopter including the airframe, propulsion, drive, and 

rotor subsystems. Thus, it is not as logical a choice as 

engine horsepower in predicting the cost of the drive sub-

system. 

As a result of the above analysis, Equation II is 

selected as the CER that will be utilized in predicting the 

cost of a helicopter drive subsystem. 

Drive Sensitivity Analysis. The sensitivity of drive 

subsystem cost to the parameters in Equation II is presented 

in figure IS. The independent variables of quantity, engine 
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RPM, and main rotor tip speed are considered as fixed vari-

ables while the other two variables of horsepower and tech-

nology are allowed to vary throughout their range. 

From the graph it can be seen that the technology 

factor represents a decline in costs at a constant quantity, 

tip speed, and engine RPM as the year of the cost data moves 

forward from 1955, For example, an aircraft having a two-

thousand horsepower engine is estimated to have a drive sub-

system costing over $113,000 in 1960, Due to the advance-

ment of technology, namely the addition of some numerical 

control machinery, the cost of a drive subsystem with the 

same parameters is reduced to $59,500 in 1975. 

It should be pointed out that when the cost equation 

is projected into the future beyond the technology of the 

data base, such substantial cost savings may not occur. An 

inherent assumption of parametric cost analysis is that new 

programs on which the CER is to be used will be affected by 

the cost influencing factors in approximately the same man-

ner as they affected the historical programs used to derive 

the CER." In this respect, it is assumed that technologi-

cal advancements will continue into the future. 

Propulsion Subsystem 

The cost data used in this analysis includes the labor 

and material costs for the manufacture of detail parts and 

subassemblies for the propulsion subsystem. It is important 

"Hatry, "Statistical Cost Estimating Relationships." 
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to note that the costs of the engines used in the helicopter 

are excluded from this analysis, since most are provided as 

government furnished equipment. The primary components in-

cluded in this category are the engine mounts and controls, 

cowling, air management, fire protection and firewalls, and 

fuel system. 

Propulsion Data Base 

All of the observations for the propulsion subsystems 

presented in table 5 are used to form the data base with the 

exception of observation number twenty-five. This excep-

tion is made because the historical cost data for this 

helicopter, which is a commercial model, does not include 

the costs of commercial kits, while the weight data pertain-

ing to the helicopter propulsion subsystem includes the 

weight of the kits. Thus, a valid and consistent compari-

sion of cost and weight does not exist for this observation. 

The propulsion subsystem data represent twelve dif-

ferent models. The unit quantity used in establishing a 

learning curve assumes each of the different subsystems re-

presents a new design for the entire system. 

Twenty-nine variables including cost are considered 

as possible independent parameters for the propulsion sub-

system. The parameters are the same as shown previously in 

Appendix A except for the following changes: (1) propul-

sion-subsystem cost, (2) propulsion quantity, and (3) pro-
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pulsion-subsystem weight (excluding engines) are used as 

replacements for the equvalent airframe variables. 

Multicollinearity. Independent variables that ex-

hibited high correlations among themselves are eliminated 

from consideration when the other variable is included as a 

possible candidate in the CER. For example, the correlation 

coefficient between propulsion weight and takeoff horsepower 

is 0.950, which strongly indicates that they are not mutu-

ally independent and should not be in the same relation-

ship . This results in the exclusion of at least one poten-

tial CER even though it exhibits a high multiple correlation 

coefficient. 

Propulsion Equations 

Both linear and exponential forms are attempted in the 

quest for a functional relationship between propulsion sub-

system cost and design and performance parameters. The 

highest multiple correlation coefficient for the linear form 

is 0.880 for an equation with five variables. When the 

linear form is compared with the results of the exponential 

form/ which has a multiple correlation coefficient ranging 

as high as 0.982 for an equation with five variables, fur-

ther analysis is concentrated on the exponential form. 

Using the flexibility of the stepwise multiple regres-

sion computer program, sixteen selections are made in an 

attempt to resolve the problem of multicollinearity for the 

propulsion system. As a result, four equations are chosen 
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for additional analysis* Each of the four equations con-

taining three, four, five, and six independent variables 

represent the highest correlation for their number of vari-

ables when the problem of multicollinearity is removed. The 

four equations selected for futher evaluation for the pro-

pulsion-subsystem cost are as follows: 

I. P = 5615.908 Q*"-17353 pWTl.38158 ppM~.58552 

II. P = 5594.484 Q~*16126 pWT1*28917 RPM""* 5 3 5 0 4 NE*29517 

III. P = 2956.038 Q~*11696 PWT1*61657 VOL""*82*732 NE*58026 

TECH""*45546 

IV. P - 1818.230 Q--11189 PWT1*62434 VOL-*98305RPM*10384 

m>61673 tech--49484 

where: 

P = Propulsion-subsystem cost in July 1978 dollars 

Q = Unit quantity 

PWT - Propulsion-subsystem weight 

RPM = Takeof f maximum engine RPM 

NE = Number of engines 

VOL = Volume 

TECH = Technology factor (year - 1955) 

Statistical Parameters. Table 15 presents a summary 

of the statistical parameters for the four candidate equa-

tions. The parameters shown in the table are adjusted for 

degrees of freedom. 

Equation III has the highest multiple correlation 

coefficient of the four equations with a Value of 0.982. 

The coefficient of determination for Equation III is .964 
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PROPULSION-SUBSYSTEM EQUATION STATISTICS 
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(Adjusted for Degrees of Freedom) 

Equation 

Statistics I II III IV 

Number of Variables 3 4 5 6 

Multiple Correlation 
Coefficient .949 .953 .982 .981 

Multiple Coefficient 
of Determination .901 .908 .964 .962 

F-Value for Analysis 
of Variance 130.623 107.657 227.481 188.567 

Standard Error of 
Estimate (Log) .110 .107 .069 .020 

Standard Error of 
Estimate ($) 16,694 15,512 13,654 14,362 

Coefficient of Varia-
tion (Log) 2.30 2.25 1.45 1.45 

Coefficient of Varia-
tion (%) 23.30 21.60 19.00 20.00 
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which means that all hut 3.6 percent of the variation in the 

data is explained by the equation. The coefficient of 

determination for Equation IV of .962 is quite close to that 

of Equation III. Both Equations I and II have a coefficient 

of determination near 0.90, which is also close to a perfect 

value of 1.00. 

Each of the four equations has an observed F-value 

that are over 107.0 as shown in table 15. The null hypothe-

sis is that no correlation exists between cost and the inde-

pendent parameters in the equations. Using the F-test on 

the null hypothesis, the cutoff point at the .01 level of 

significance100 ranges from 4.29 for the three variable 

equation to approximately 3.3 for the six variable equa-

tion. The null hypothesis of no correlation is therefore 

rejected at the .01 level of significance for each of the 

four potential propulsion CER's. 

The range of the coefficient of variation for the four 

equations is from 19.0 percent to 23.3 percent. The coeffi-

cient of variation, adjusted for degrees of freedom with 5 

variables, for Equation III is 19.0 percent which is slight-

ly less than that for Equation IV at 20.0 percent. This 

indicates that the additional variable found in Equation IV 

does not improve all the equation statistics. This can be 

seen through a comparison of the standard error of the 

estimate for Equations III and IV. The standard error of 

the estimate is at a minimum for Equation III with five 

10dSnedecor and Cochran, Statistical Methods, pp. 560-
563. 
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independent variables and a value of $13,654. The standard 

error of the estimate for Equation IV is $708 dollars higher 

even though the equation has an additional independent 

variable. 

The coefficients of variation based on logarithms 

range from a low of 1.45 percent for Equations III and IV to 

a high of 2.30 percent for Equation I. These values are 

also comparable to the best results reported by J. P. Large 

in the Rand Corporation study on airframe equations. 

Data Base Accuracy. The predicted costs are calcu-

lated using the computer program of Appendix B. A compari-

son of the predicted costs as a percentage of the actual 

costs is summarized for each of the equations in table 16 

using the same limits discussed in the previous sections. 

It should be pointed out that Equations III and IV predict 

19 and 22 of the observations in the data base, respective-

ly, within five percent of the actual cost while the other 

two equations predict fewer than half that number. On the 

other end of the spectrum, Equations I and II miss the 

actual costs by over 30 percent for ten of the data points. 

Selection of Propulsion Equation. By analyzing the 

statistical parameters shown in table 15 and the accuracy of 

the predictions presented in table 16, an equation is sel-

ected for predicting the cost of helicopter propulsion 

subsystems. While the statistical parameters for each of 

the four equations are quite good, it is observed that Equa-

tions III and IV reflect better statistical values than 

Equations I and II. 
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TABLE 16 

ACCURACY OF PREDICTED VERSUS ACTUAL 
PROPULSION SUBSYSTEM COSTS 

Number of Observations Predicted 

Equation. 

Accuracy 
Limits I II XII IV 

0 - 5% 9 7 19 22 

5.1-10% 5 11 13 10 

10.1 - 20% 15 10 4 4 

20.1 - 30% 6 7 7 7 

Over 30% 10 10 2 2 



152 

Equations I and II are rejected from selection pri-

marily based upon the accuracy analysis in which the pre-

dictions produced ten estimates that had errors in excess of 

30 percent. 

The investigation of Equations III and IV is concent-

rated on the statistical parameters of the two equations 

since their accuracy in predicting the data base is almost 

identical. The standard error of the estimate plays a key 

role in this portion of the analysis. Also important is 

selection of a less complex equation with fewer variables, 

as long as the other criteria is achieved, as stated in 

chapter VI. Thus, Equation III with five variables and a 

standard error of the estimate of $13,654 is selected over 

Equation IV with six variables and a standard error of 

$14,362. 

Propulsion-Subsystem Sensitivity. The sensitivity of 

propulsion-subsystem cost to some of the parameters in Equa-

tion III is illustrated in figure 16. Considered as con-

stants in this graphical analysis are the independent vari-

ables of quantity, aircraft volume, and technology factors. 

The other two variables in the equation, propulsion-sub-

system weight and number of engines, are allowed to vary 

throughout their range. 

It can be seen from the graph that a helicopter with 

one engine and a propulsion weight of 400 pounds would have 

a propulsion-subsystem cost of approximately $43,000, ex-

cluding the cost of the engine at unit 100. If a helicopter 
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of the same size and technology have two engines and the 

other variables remain the same, the cost of the propulsion 

subsystem would increase to nearly $65,000, which represents 

an increase of nearly fifty percent. 

It should again be noted that when the graphical form 

is used, as illustrated in figure 16, some of the variables 

are held constant while one or two of the variables are 

allowed to vary. However, in reality, when one of the vari-

ables is allowed to change—such as propulsion-subsystem 

weight—then one or more of the other variables is likely to 

change. In this case, when the subsystem weight is varied 

from 100 pounds to 1000 pounds, it is unreasonable to 

expect that a variable such as volume would remain at the 

same value. Thus, the graphical form represents an abstrac-

tion of reality by illustrating the influence of some of the 

variables in the equation on subsystem cost while the others 

remain constant. 

Electrical Subsystem 

Material costs and the labor used in the manufacture 

of detail parts and subassemblies are included in the cost 

data for a helicopter's electrical subsystem. The cost for 

government furnished equipment is excluded from this study 

since the cost data is not found in the helicopter ship 

buildup data. The key components in the electrical sub-

system are (1) electrical equipment, (2) wiring, (3) in-

struments, and (4) navigation equipment. 
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Electrical Data Base 

The cost data pertaining to the electrical subsystem 

as presented in table 5 is reviewed along with the inde-

pendent parameters. As a result of this review, two of the 

forty-six observations are omitted from the study. 

Observation 25 is omitted from the data base because 

the cost data reflects a bare-bones electrical subsystem. 

The cost data include the costs for only (1) a landing 

light, (2) a console assembly without instruments, and (3) 

electrical cable assemblies. The rest of the electrical 

subsystem is provided as part of a set of customized com-

mercial kits. The cost data for the kits is excluded from 

the ship buildup data. However, the weight data includes 

the weight of a complete set of electrical hardware for one 

particular customer's helicopter. 

The other observation deleted from the study is ob-

servation 45. In this case, the historical cost data found 

in this ship buildup does not properly distinguish between 

the costs from the normal electrical wiring and instruments 

that corresponds to the definition of the electrical subsys-

tem as used in this study and the wiring and instruments 

pertaining to the armament system. In this case, the heli-

copter is heavily armed with highly sophisticated anti-tank 

weapons. Therefore, due to the intermingling of cost for 

armament, this observation is omitted from the analysis. 

The data base of the remaining forty-four observations 

represent twelve substantially new and different electrical 
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subsystems. Each of these new electrical subsystems are 

assumed to represent an entirely new subsystem in order to 

derive a learning curve effect. 

Multicollinearity. Two of the variables that ex-

hibited a high degree of multicollinearity are weight empty 

and maximum thrust with a correlation of 0.932 between 

them. The approach taken to avoid this problem is to not 

include the highly correlated variables at the same time 

when attempting to obtain an equation for the electrical 

subsystem. 

Electrical Equations 

The analysis of the data relating to the electrical 

subsystem results in four equations both linear and 

exponential forms — with high multiple correlation co-

efficients. The potential CER's for the electrical sub-

system are presented in the linear form for Equations I and 

II and in the exponential form for Equations III and IV as 

follows. 

I. E = 8115 + 4.61072 (RPM) + 24.67274 (HP) -15.97582 

(ROC) -2.42982 (Q) 

II. E « 9013 + 4.67412 (RPM) + 24.60924 (HP) -16.26514 

(ROC) -53.96387 (TECH) -2.35217 (Q) 

,,, _ 08139 ̂ .«„-.60499 78978 71886 
III. E - 30.514 Q ROC HP /03"° RPM / x o o u 

«-.06621 49827 ̂ ^„-.55276 ̂ *...1.26381 
IV. E - .0011668 Q * V O V A X EWT .ROC WVL 

yjjl. 45144 
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where: 

E ~ Electrical-subsystem cost in July 1978 dollars 

RPM = Takeoff maximum engine REM 

HP = Takeoff horsepower 

ROC = Rate of climb 

Q = Unit quantity 

TECH - Technology factor (year - 1955) 

EWT = Electrical subsystem weight 

VD = Limit dive speed 

Statistical parameters. Shown in table 17 are the 

statistical parameters associated with the four possible 

equations for the electrical subsystem. 

The multiple correlation coefficient for Equation I 

is the highest with a value of 0,975 and a coefficient of 

determination of 0.951, which means that the equation ex-

plains all but five percent of the total variation. Equa-

tion III has a relatively high correlation coefficient, even 

though its value of 0.952 is the lowest of the four equa-

tions presented in table 17. 

In each case, the observed F-value for analysis of 

variance ranges from 102.820 for Equation III to 201.435 for 

Equation I, The null hypothesis is that there is not any 

correlation between the electrical subsystem cost and the 

independent parameters. The F-test is conducted with a cut-

off point at the .01 level of significance. The F-value101 

for four variable equations is approximately 3.83 and for 

101Ibid. 



TABLE 17 

ELECTRICAL-SUBSYSTEM EQUATION STATISTICS 

(Adjusted for Degrees of Freedom) 
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E<juation 

Statistics I II III IV 

Number of Variables 4 5 4 5 

Multiple Correlation 
Coefficient .975 .974 .952 .963 

Multiple Coefficient 
of Determination . 951 . 949 .906 .927 

F-Value for Analysis 
of Variance 201.435 157.189 102.82 106.908 

Standard Error of 
Estimate (Log) .103 .093 

Standard Error of 
Estimate ($) 7,993 8,197 7,280 8,786 

Coefficient of Varia-
tion (Log) 2.27 2.05 

Coefficient of Varia-
tion (%) 17.93 18.40 17.10 19.70 
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the five variable .equations., it is 3.53. Based on the 

observed F-values for the four equations, the null hypothe-

sis of no correlation is rejected at the .01 level of signi-

ficance for all four candidate CER's. 

The standard error of the estimate is the lowest for 

exponential Equation III at $7280 while the two linear Equa-

tions I and II have a standard error of the estimate near 

$8000. 

The coefficient of variation for the four equations is 

under twenty percent. Therefore, the coefficient of varia-

tion associated with each equation for the electrical sub-

system reflects acceptable values as discussed in Chapter 

V. The values for Equations I and III have nearly compar-

able values for the coefficient of variation. 

The values of the coefficient of variation based on 

logarithms are applicable only on Equations III and IV, 

since the other two equations are in the linear form. The 

coefficient of variation ranges from 2.05 to 2.27 for the 

two exponential equations which reflect comparable values to 

the best results reported by Joseph Large in the Rand air-

frame study. 

Data base accuracy. The number of actual costs that 

are predicted within the limits of 5, 10, 20, 30 percent, 

and greater than 30 percent is summarized in table 18. Ac-

cording to the results shown, Equation II produces more 

estimates within the five percent range. The results of 

Equations I and II are reasonable as shown by the table. 
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TABLE 18 

ACCURACY OF PREDICTED VERSUS ACTUAL 
ELECTRICAL SUBSYSTEM COSTS 

Number of Observations Predicted 

Equation 

Accuracy 
Limits I II III IV 

0 - 5% 10 13 a 15 

5.1 - 10% 7 6 7 a 

10.1 - 20% 14 16 13 13 

20.1 - 30% 7 4 11 3 

Over 30% 6 5 5 5 
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However, the actual costs for observation 26 of $7170 are 

estimated by Equations I and II to be in the range of 

$24,000, which is a variance of 3.35 percent. Because of 

this inaccuracy, as well as at least four other estimates in 

excess of thirty percent, Equations I and II are deleted 

from further consideration. 

Selection of Electrical Equation. Using both the 

statistics shown in table 17 and the summary of equation 

accuracy presented in table 18, an equation for predicting 

the costs of a helicopter electrical subsystem has been 

selected. 

While the statistical parameters associated with the 

four candidate equations are quite close to each other, 

Equations I and II were eliminated from further considera-

tion because of the large amount of error on observation 26 

as discussed above. 

Of the remaining two equations, both of which are of 

the exponential form, Equation III has the lowest standard 

error of the estimate with a value of $7,280 and a coeffici-

ent of variation of 17.10 percent. Both of these statistics 

represent slightly better values than possessed by Equation 

IV. An analysis of the accuracy of the two equations sum-

merized on Table 19 reveals that Equation IV had a larger 

number of observations predicted within ten percent than 

Equation III. However, as a result of a reconciliation of 

the apparent inconsistancy between the two equations, it is 

discovered that when Equation III was a large percentage 
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variance, the dollar value is small. For example, the vari-

ance of approximately fifteen percent for Equation III is 

$2,622, while the variance of Equation IV is $20,169 with 

the same percentage. Based on the above analysis, Equations 

III and IV are nearly equal in prediction ability as well as 

statistical criteria. Equation III is selected as the CER 

for predicting the cost of a helicopter electrical subsys-

tem, since the selection criteria stated in chapter VI is 

that an equation with the lesser number of variables is 

preferred, if the other criteria are achieved. 

Electrical Subsystem Sensitivity. Figure 17 illustr-

ates the sensitivity of the electrical subsystem cost to the 

independent parameters included in Equation III. In this 

analysis, the values for rate of climb and engine RPM are 

considered as constants. The other variables—takeoff horse 

power and quantity—are allowed to vary throughout their 

range. 

It can be observed from the graph that the electrical 

subsystem cost for a helicopter with a horsepower of 2000 

pounds, can vary from $52,160 for a quantity of 100 to 

$43,250 for a quantity of 1000. 

The exponent associated with the quantity variable is 

.08139 for Equation III. Using Table 10, this can be trans-

lated to a learning curve with a value between 94 and 95 

percent. A major portion of the electrical subsystem used 

on a helicopter is procured from outside sources, thus a 

relatively flat learning curve is expected which is similar 

to the results observed in this analysis. 
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Cos t Model Summary 

As a result of the data analysis, a functional rela-

tionship has been found between helicopter subsystem costs 

and design and performance parameters. Parameters CER's for 

the five helicopter subsystems are derived by application 

of the statistical techniques of multiple regression and 

correlation. The equations chosen for the helicopter 

Design-to-Cost model are as follows: 

Airframe Subsystem. 

2.34 Q~' 
,-.29455 

20248 85684 67466 57836 A s 6932.34 Q MGWT ROC CEIL 

RPM 

Rotor Subsystem. 

R = 136.4489 Q"*12173 RWT*95723 

Drive Subsystem. 

D = .003544 Q-.12227 ̂ .3793 Rp]yr 95752 ̂ 1.10141 

TECH""*46^9® 

Propulsion subsystem 

.038 Q~' 
.-.45546 

P - 2956.038 ^^,1.61657 yoL"*12732 NE*58026 

TECH 

Electrical Subsystem. 

E « 30.514 08139 R0C"--60499 ̂ .78978 71886 

where: 

A == Air frame-subsystem cost in July 1978 dollars. 

R = Rotor-subsystem cost in July 1978 dollars. 

D = Drive-subsystem cost in July 1978 dollars. 

P = Propulsion-subsystem cost in July 1978 dollars. 

E = Electrical-subsystem cost in July 1978 dollars. 

Q = Unit quantity. 
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MGWT - Maximum gross weight. 

ROC = Rate of climb. 

CEIL = Service ceiling. 

RPM = Takeoff maximum engine RPM. 

RWT ~ Rotor subsystem weight. 

HP « Takeoff horsepower. 

VT = Main-rotor tip speed. 

TECH - Technology factor (year - 1955). 

PWT = Propulsion subsystem weight. 

VOL ~ Volume. 

NE - Number of engines. 

Aggregate Prediction Accuracy 

In order to test the validity of the five helicopter 

subsystem CER's, an analysis is conducted comparing the 

actual and calculated costs of the aggregate helicopter 

costs for the five subsystems. The actual costs are ob-

tained from the sum of the subsystem costs for fourteen of 

the different helicopter models shown in table 5. The heli-

copter observations are chosen within each model to reflect 

mature helicopters instead of the first helicopters pro-

duced. This choice is made to reflect more closely, the 

ground rules that might accompany a Design-to-Cost est-

imate . 

The aggregate actual and predicted costs for the five 

subsystems of the fourteen models are compared in table 19. 

Also shown in the table is the percent variance of the pre-

dicted costs from the actual of which the largest variance 
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TABLE 19 

ACCURACY OF PREDICTED VERSUS ACTUAL AGGREGATE 
OF SUBSYSTEM COSTS 

(July 1978 Dollars) 

Helicopter 
Model Tear 

Actual 
Cost 

Predicted 
Cost 

Percent 
Variance 

A 1959 $538,339 $476,706 12.9 

B 1963 395,616 420,758 -6.0 

C 1965 410,705 416,604 1.4 

D 1965 377,448 420,194 -10.2 

E 1969 252,980 271,774 -6.9 

F 1971 499,202 474,792 5.1 

G 1975 683,343 699,935 -2.4 

H 1969 145,337 150,278 -3.3 

L 1976 241,686 239,963 0.7 

M 1978 603,900 522,751 15.5 

N 1968 422,973 403,708 4.8 

P 1974 538/496 537,499 0.2 

S 1975 941,312 992,806 -5.3 
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is sixteen percent. Of the fourteen models presented in the 

table, eleven of the aggregate predictions made using the 

subsystem CER's are within ten percent of the actual 

costs. 

Hypothetical Example 

A hypothetical example using each of the selected sub-

system CER's derived in this report is included in this sec-

tion. The CER's can be utilized to predict a design-to-cost 

estimate in July 1978 constant dollars for five major sub-

systems associated with a new helicopter program. Since 

this is a hypothetical helicopter program, comparison cost 

data is not available in which cost comparisons can be made. 

In this example the hypothetical mission of the heli-

copter is to observe enemy tanks and to direct firepower 

from the ground or from other helicopters. The Design-to-

Cost estimate for the five helicopter subsystems is at the 

three hundredth unit. The maximum gross weight of this ob-

servation helicopter is 6000 pounds. In the performance 

categories, the rate of climb is 1800 feet per minute and a 

service ceiling of 12,000 feet. The aircraft has two 

engines with an engine RPM of 10,000 and the takeoff horse-

power of 1600 pounds. The rotor weight is estimated as 800 

pounds and the propulsion weight is 450 pounds, excluding 

the weight of the engines. The volume of the helicopter is 

550 cubic feet. The main-rotor tip speed is 700 feet per 

second. The aircraft is expected to reach the unit 500 in 

1984. 
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Using the selected subsystem CER's in conjunction with 

the helicopter design and performance characteristics, the 

Design-to-Cost estimate for each of the five major subsys-

tems of the hypothetical helicopter are calculated. These 

results in a predicted cost of $376.3 thousand are summar-

ized in table 20. 

As stated in chapter V, the costs related to the five 

subsystems represented in this analysis constitute approxi-

mately eighty-nine percent of helicopters total recurring 

unit cost, (excluding government-furnished equipment and 

engines). An estimate of the recurring cost of a total 

helicopter—excluding government furnished equipment and 

engines—is obtained by multipling the total cost estimate 

for the five subsystems by the reciprocal of eighty-nine 

percent. Therefore, using the models derived in this re-

port, the recurring cost for the hypothetical helicopter is 

estimated to be $422,800 in constant July 1978 dollars. 

The cost analayst using the CER's for the five heli-

copter subsystems must make assumptions based on judgement 

or analogous historical situations to determine whether the 

predicted costs are reasonable. In addition, the analyst 

using the CER's is able to adjust the results through his 

knowledge about the types of material or advanced computer-

ized manufacturing techniques being proposed for the new 

helicopter. For example, the helicopter airframes in the 

data base are manufactured primarily from sheet metal and 
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TABLE 20 

DESIGN-TO-COST ESTIMATES FOR HYPOTHETICAL 
OBSERVATION TYPE HELICOPTER SUBSYSTEMS 

(Thousands of July 1978 Dollars) 

(1) Airframe . . $171.9 

(2) Rotor . 44.9 

(3) Drive ... 55.5 

(4) Propulsion . . . . . . . 51.5 

(5) Electrical . . . . . . . 52.5 

Subsystem Total $376.3 
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honeycomb bonded panels. If the new helicopter is to be 

manufactured entirely from composites using hand or auto-

matic lay-up techniques, then the cost predicted by using 

the airframe equation may not be reasonable. The analyst 

can apply his knowledge and expertise to adjust the results 

obtained through the use of the airframe CER. The CER will 

aid in the confidence of the cost analysts Design-to-Cost 

estimate and can be documented as a portion of the cost 

rationale and justification. 



CHAPTER VIII 

Conclusions and Recommendations 

This chapter presents conclusions, states potential 

contributions,and sets forth suggestions for additional 

research. 

The purpose of the research is to develop parametric 

Design-to-Cost models for selected major helicopter subsys-

tems. The research is accomplished by analyzing the rela-

tionships between historical costs and certain design param-

eters available during the preliminary design phase. The 

primary Management Science research tool used in the de-

rivation of the parametric cost estimating relationships 

(CER's) is multiple regression analysis and multiple cor-

relation analysis. 

Conclusions 

Data from a large production base of helicopters was 

analyzed to test the null hypothesis; 

Hq: Design-to-Cost estimates for selec-

ted subsystems of certain helicopters 

are not functionally related to parame-

ters available during the preliminary 

design stage of the helicopter life 

cycle. 

171 
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Analysis of the historical cost data and helicopter 

led to the selection of parametric CER's for the air frame, 

rotor, drive, propulsion, and electrical subsystems. In 

each case, the F-test was used to test null hypothesis. The 

results of the F-test at the .01 level of significance led 

to the rejection of the null hypothesis. 

The principal conclusions resulting from this study 

are listed as follows 

1. The development of a generalized procedure for use 

in assessing both present and future recurring 

production costs of five helicopter subsystems is 

feasible and was actually accomplished, as evid-

enced by the CER's for the airframe structure, 

rotor group, drive subsystem, propulsion installa-

tion and electrical subsystem. 

2. The coefficient of multiple determination, which 

is a statistic used to measure of the proportion 

of variation in subsystem cost explained by the 

estimating relationship, ranges from 0.859 for the 

rotor subsystem to 0.964 for the propulsion in-

stallation. 

3. A data base is established for forty-six different 

production lots of helicopter subsystems encom-

passing up to sixteen different models. 

4. The five CER's selected for the helicopter sub-

systems can be utilized in cost-performance trade-
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off studies with confidence, because predictions 

of aggregrate costs for eleven of fourteen heli-

copter models are within ten percent of actual 

costs. 

5. Using the CER • s, Design-to-Cost goals may be est-

ablished for five helicopter subsystems that ac-

count for approximately eighty-nine percent of the 

total recurring cost (excluding profit and govern-

ment furnished equipment) since the independent 

variables used in the equations are known during 

preliminary design. 

6. CER's can be applied as tools in the decision mak-

ing process related to long-range planning and 

evaluation. The relationships, as now formulated, 

have limitations. 

(A) The CER's are not intended for the auditing 

of detailed contractor estimates. However, 

the relationships could be used to support 

such estimates and to audit estimates gener-

ated in study-type contracts. 

(B) The accuracy of the predictions generated by 

the estimation is affected by helicopter's 

design and performance characteristics that 

fall outside the minimum or maximum limits of 

the sample base data. 
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Potential Contributions 

As a result of this research, potential contributions 

to the Management Science discipline, government and indus-

try are identified. The disipline of Management Science is 

defined by Wagner102 as a scientific approach to problem 

solving for executive management. The application of Man-

agement Science involves the construction of mathematical, 

economic, and statistical models of decision and control 

problems concerning complex and uncertain situations. A 

contribution of this research is a practical illustration of 

a Management Science application, since parametric Design-

to-Cost models have been constructed for key helicopter sub-

systems using multiple regression and correlation techni-

ques. In addition, the results of this research can be used 

as a decision tool for management because key helicopter 

subsystem cost drivers are identified and their impact on 

recurring costs can be assessed through sensititivity 

analysis. 

A practical illustration of the problem of mulitcol-

linearity, which is often associated with multiple correla-

tion and regression analysis, is another benefit to the 

Management Science discipline. For example, a linear equa-

tion for predicting the cost of the drive subsystem contain 

multicollinearity between (1) drive subsystem weight and 

maximum gross weight (.945 correlation coefficient), (2) 

102Harvey M. Wagner, Principles of Operations Research 
with Applications to Managerial Decisions, (Englewood 
Cliffs, N. J.: Pretlce-Hall, 1969), pp. 3-6. "" 
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drive subsystem weight and maximum speed (.873 correlation 

coefficient), and (3) maximum speed and maximum gross weight 

(.872 correlation coefficient). Because of the problem of 

multicollinearity, the constant terms for each of the vari-

ables except subsystem weight are negative. The negative 

coefficients associated with the parameters defy the logic 

of cause and effect since the cost and some of the other 

variables are positively correlated. 

Since the Department of Defense (DoD) initiated the 

Design-to-Cost concept in 1971, a unit production cost goal 

must be established prior to development. This allows 

greater opportunity for DoD to control the acquisition costs 

of the system. The parametric cost models, developed as a 

result of this research effort, can be used to assist the 

Department of Army—the largest customer of the industry—in 

setting Design-to-Cost goals for major subsystems of heli-

copter programs. Also, the use of the models enables the 

Army to review and evaluate cost proposals from industry 

contractors as to their credibility by deriving an independ-

ent cost estimate. 

An independent cost estimate generated through the use 

of the CER's can help the Department of the Army in justify-

ing its estimate and contractors' proposals to DoD's Cost 

Analysis Improvement Group (CAIG). It is possible that if 

these parametric cost models had been available in 1973, the 

DoD would not have had a thirty-day delay in the development 
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of the Advanced Attack Helicopter.103 This delay was neces-

sary in order for CAIG to perform an intensive review of 

projected unit costs as well as review of the winning con-

tractors' cost data and identification of additional cost 

reduction possibilities to assure that the Design-to-Cost 

goal will be achieved. 

The development of Design-to-Cost models can be used 

by companies within the helicopter industry to assess the 

cost of their helicopter program during the preliminary 

design stage. If the costs predicted by use of the model 

exceed the Design-to-Cost target set by the government, then 

the company can iterate its helicopter design by performing 

cost-effective tradeoffs. Increased visibility into cost 

driving parameters of helicopter subsystems can lead to 

optimized performance and cost. 

Another benefit of the model development is that only 

a relatively small amount of manpower is required to make a 

cost estimate. In conjunction with the amount of manpower 

required, exercising the models follows a systematic pro-

cedure that can provide consistent estimates and which can 

be replicated. Potential accuracy advantages also accrue 

(when compared to other estimating techniques) since the 

approach is derived from statistical data and is exercised 

in a systematic manner. 

The application of the parametric Design-to-Cost 

models can provide credible estimates for helicopter unit 

103Meyers and Horton, "Advanced Attack Helicopter," 
pp. 37-38. 
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production costs. This allows DoD to procure, within the 

budget set by Congress, the military helicopters needed to 

maintain adequate defense. 

Recommendations 

No study of the type described in this dissertation is 

ever complete. One analysis of a helicopter subsystem leads 

to another ad infinitum, until at some point it is necessary 

to halt, and report the latest results. This leads to a 

number of recommendations for future study. 

1. A systematic program of updating and improving the 

cost estimating relationships should be pursued, 

widening the sample base to include the collection 

of cost information for aircraft not yet in the 

sample is suggested. 

2. The sample may be stratified into helicopter types 

defined by mission, such as utility troop trans-

port, weapon platforms, observation, or executive 

transport, and CER's for the subsystems may be 

derived for the stratified sample. 

3. In a future study, the researcher may consider a 

breakout of the helicopter subsystems considered 

in this research into their lower level components 

and derive CER's for this level of components. 

For example, the primary components of the rotor 

subsystem include the main and tail rotor blade, 

hub, and rotating controls that could result in 

six parametric CER's for a helicopter rotor system. 



APPENDIX A 

Dependent and Independent Variables Used in 
the Airframe Analysis 

1. 

2. 

3. 

Airframe Unit Cost 

Unit Quantity 

Airframe Weight 

16. 

17. 

Primary Mission Gross 
Weight 

Main-Rotor Blade Area 
(one blade) 

4. Weight Empty 18. Main-Rotor Disc Area 

5. Volume 19. Main-Rotor Solidity 

6. Wetted Area 20. Main-Rotor Diameter 

7. Length 21. Disc Loading 

8. Height 22. Limit Dive Speed 

9. Width 23. Maximum Horizontal Speed 

10. Maximum Speed 24. Number of Engines 

11. Operating Radius 25. Main-Rotor Tip Speed 

12. Rate of Climb 26. Maximum Gross Weight 

13. service Ceiling 27. Maximum Thrust 

14. Takeoff Horse Power 28. Fuel Weight 

15. Takeoff Maximum Engine 
RPM 

29. Technology Factor 
(year - 1955) 
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DIFSQ = 0 ^ 0 
ACT = 0 , 0 
R E A I) ( 5.. 1 ) N (3 B S , N V A R N J. N D 

FORMAT ( 3 1 5 ) 
READ (5/2) < EX < J > > J ::= 1 . NMAN) 
FORMAT (3 F 1 0 , 0 ) 

( 6 , 1 0 ) EX ( 1 ) . 
f -i a X . ' f: n M P U T A1" 10 N 0 F P A R A M E "i" R IC E Q U A i .1. U N S ' / 
'CONSTANT = ' , F 2 0 , 6 / 2 X , 1 M A R I A B L E EXPUNLN1 
( 6 , 2 0 ) ( ( J . E X ( J ) ) , J :::: 2 , NMAR) 
( 2 X , 15 , 5 X , F 1 2 , 7 ) 
( 6 s - .5) ( r . y-. 
( / /' / 1 0 X , ! 0 B S E R M A T10 N A C T U A i... U U n i-' u i c a J 

VARIANCE DIFFER EN C E 1 ) 
DO 100 I :::: 1 .N0BS 
COST = EX (1 ) 
READ ( 5 , 3 ) ( A < I , J > , J - NMAK) 
FORMAT ( 8 F 1 0 , 0 ) 
DO 200 J = 2,NVAR 
COST COST •» A ( I , J ) w w EX ( J ) 
ACT = A ( 1 , 1 ) 
MAR COST / ACT 1 0 0 , 
D IFF = COST - ACT 
DIFSQ ~ DIFSQ + D IFF * D IFF 
DIFSM ~ DIFSM + D IFF 
XMACT = XMACT + ACT 
W R IT E ( 6 , 4 0 ) I , A C T C 0 S T , M A R , D I hi- • „ .. 
F 0 R M A T (1 2 X , 15 , 6 X , F1 0 , 2 , 1 X , F1 4 , 2 , 7 X , F1 0 , 5 , t X , !-• i u , ^ > 

WRITE 
FORMAT 

i 

; 

WRITE 
FORMAT 

WRITE 
FORMAT 

PERCENT 

50 

XNOBS 
ACT MM 
MARSQ 
STD 
CMAR 
WRITE 
FORMAT 

STOP 
END 

NOBS 
~ XMACT / XNOBS 
= DIFSQ / ( NOBS - NIND) 
= SORT (MARSQ) 
» STD / ACTMN 
( 6 , 5 0 ) DIFSQ, ACTMN,MARSQ,STD, 

( ' DIFFERENCES SQUARED 
• ACTUAL MEAN COST 
' MARIANCE SQUARED 
! STANDARD ERROR OF EST, ~ 
' COEFFICIENT OF MAR, 
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CMAR 
' 2 0 , 5 . 

1 0 , 5 . 
10 , 5 / 

'20 , 5 / 
F 2 0 , 5 ) 

f : 
F • 
F, 
f : 



APPENDIX C 

Glossary 

AAH - Advanced Attack Helicopter 

C-5A - A heavy strategic transport aircraft 

CAIG - Cost Analysis Improvement Group 

CER - Cost Estimating Relationship 

DoD - Department of Defense 

DSARC - Defense Systems Acquisition Review Council 

F-5 - A single seat fighter - reconnaissance aircraft 

F-15 - A single seat all - weather air-superiority fighter 
aircraft 

F-111 - A two seat all - weather attack bomber/fighter air-
craft with swing wings 

GAO - General Accounting Office 

GFE - Government Furnished Equipment 

SIC - Standard Industrial Classification 

TPP - Total Package Procurement 

IITTAS - Utility Tactical Transport Aircraft System 
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APPENDIX D 

Independent and Dependent Variables Used in 
Cost Estimating Equations 

A - Airframe Cost in July 1978 Dollars 

BAREA - Blade Area (One Blade) 

CEIL — Service Ceiling 

D - Drive subsystem Cost in July 1978 Dollars 

DRWT - Drive Subsystem Weight 

E - Electrical Subsystem Cost in July 1978 Dollars 

EWT - Electrical Subsystem weight 

HP - Takeoff Horsepower 

MGWT - Maximum Gross Weight 

NE - Number of Engines 

P - Propulsion Subsystem Cost in July 1978 Dollars 

PWT - Propulsion Subsystem Weight 

Q - Unit Quantity 

R - Rotor Subsystem Cost in July 1978 Dollars 

ROC - Rate of Climb 

RPM - Takeoff Maximum Engine RPM 

RWT - Rotor Subsystem Weight 

TECH - Technology Factor (Year - 1955) 

TMAX - Maximum Thrust 

VD - Limit Dive Speed 

VH - Maximum Horizontal Speed 

VM - Maximum Speed 

VOL - Volume 

VT - Main Rotor Tip Speed 

WE - weight Empty 
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