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Preface

Although systems engineering and program management (SE/PM)
have long been part of aircraft and weapons systems development and
production costs, there has not been a comprehensive, focused study
that has addressed the issue of developing cost estimates for SE/PM.
This report specifically focuses on techniques that can be used to es-
timate SE/PM costs. It also describes various functions within SE/PM
and investigates possible cost drivers of SE/PM.

Through extensive interviews with government and industry
personnel, a literature search of past studies regarding SE/PM cost
analysis, and analysis of actual SE/PM data, the authors characterize
trends in SE/PM costs and general estimating methodologies. This
study should be of interest to government and industry cost analysts,
the military aircraft and weapon acquisition community, and others
concerned with current and future acquisition policies.

Because of its proprietary nature, the cost information for the
relevant programs is provided in a supplementary RAND Corpora-
tion report (TR-311-AF), which is not available to the general public.
Inquiries regarding the supplement should be directed to the Office
of the Technical Director, Air Force Cost Analysis Agency at (703)
604-0387.

This report is one of a series of reports from a RAND Project
AIR FORCE study entitled “The Cost of Future Military Aircraft:
Historical Cost-Estimating Relationships and Cost-Reduction Initia-
tives.” The purpose of the study is to improve the cost-estimating
tools used to project the cost of future weapon systems and to investi-
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gate the effects of recent management initiatives and government
policies on cost. The study is being conducted within the RAND
Project AIR FORCE Resource Management Program. The research
is sponsored by the Principal Deputy, Office of the Assistant Secre-
tary of the Air Force (Acquisition), and by the Office of the Technical
Director, Air Force Cost Analysis Agency.

Other RAND Project AIR FORCE reports that address military

aircraft cost estimating issues are the following:

Military Airframe Acquisition Costs: The Effects of Lean Manufac-
ruring, Cynthia R. Cook and John C. Graser (MR-1325-AF,
2001). This report examines the package of new tools and tech-
niques known as “lean production” to determine if it would en-
able aircraft manufacturers to produce new weapons systems at
costs below those predicted by historical cost estimating models.
An Overview of Acquisition Reform Cost Savings Estimates, Mark
A. Lorell, John C. Graser (MR-1329-AF, 2001). In this report,
the authors examine relevant literature and conducted interviews
to determine whether estimates on the efficacy of acquisition re-
form measures are sufficiently robust to be of predictive value.
Military Airframe Costs: The Effects of Advanced Materials and
Manufacturing Processes, Obaid Younossi, Michael Kennedy,
John C. Graser (MR-1370-AF, 2001). This report examines the
effect of the use of advanced materials, such as composites and
titanium, on military aircraft costs. The report provides cost es-
timators with useful factors for adjusting and creating estimates
based on parametric cost-estimating methods.

Military Jet Engine Acquisition: Technology Basics and Cost-
Estimating Methodology, Obaid Younossi, Mark V. Arena, Rich-
ard M. Moore, Mark A. Lorell, Joanna Mason, John C. Graser
(MR-1596-AF, 2002). This report updates earlier studies in the
area of propulsion cost analysis, discusses recent engine tech-
nologies, and provides methods and techniques that can be used
to estimate the costs of future engine programs.

Test and Evaluation Trends and Costs for Aircraft and Guided
Weapons, Bernard Fox, Michael Boito, John C. Graser, Obaid
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Younossi (MG-109-AF, 2004). This report examines the effects
of changes in the test and evaluation (T&E) process used to
evaluate military aircraft and air-launched guided weapons dur-
ing their development programs. It also provides relationships
for developing estimates of T&E costs for future programs.

» Software Cost Estimation and Sizing Methods: Issues and Guide-
lines, Shari Lawrence Pfleeger, Felicia Wu, Rosalind Lewis (MG-
269-AF, 2005). This report recommends an approach to im-
prove the utility of software cost estimates by exposing uncer-
tainty and reducing risks associated with developing software es-
timates.

o Lessons Learned from the F/IA-22 and F/A-18E/F Development
Programs, Obaid Younossi, David E. Stem, Mark A. Lorell,
Frances M. Lussier (MG-276-AF, 2005). This reports evaluates
the history of the F/A-22 and F/A-18 E/F programs to under-
stand how costs and schedules changed during their develop-
ment. The study derives lessons that the Air Force and other
services can use to improve acquisition.

RAND Project AIR FORCE

RAND Project AIR FORCE (PAF), a division of the RAND Corpo-
ration, is the U.S. Air Force’s federally funded research and develop-
ment center for studies and analyses. PAF provides the Air Force with
independent analyses of policy alternatives affecting the development,
employment, combat readiness, and support of current and future
aerospace forces. Research is performed in four programs: Aerospace
Force Development; Manpower, Personnel, and Training; Resource
Management; and Strategy and Doctrine.

Additional information about PAF is available on our Web site
at http://www.rand.org/paf.
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Background

Sound cost estimates are essential to developing good budgets and
policy decisions. Some recent RAND studies have looked at estimat-
ing techniques for the nonrecurring and recurring flyaway costs of
military airframes and engines. This study extends the analysis into
what are termed “below-the-line” costs.! Below-the-line costs include
costs for such items as system test and evaluation, data, special test
equipment and tooling, training, operational site activation, indus-
trial facilities, initial spares and repair parts, and systems engineering
and program management. These costs are not directly associated
with the development or the production of the hardware end item.
Nevertheless, they are important cost elements that are necessary for
delivery of the complete end item to the government.

RAND began the investigation of below-the-line costs with a
study of systems test and evaluation costs (Fox et al., 2004). As a
follow-on to that earlier study, this study investigates cost-estimating
techniques that can be used to estimate Systems Engineering and

! Cost estimates for the Department of Defense are usually structured around the product-
centric work breakdown structure described in Military Handbook 881 (Mil-HDBK-881).
The handbook provides a framework for categorizing program costs starting with the hard-
ware and software costs directly associated with the end item and adding the below the line
costs. Below the line costs derive their name from the fact that they are typically displayed in
budget documents and cost estimates as separate cost elements below the hardware cost
elements.

xvii
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Program Management (SE/PM) costs for military aircraft and weap-
ons systems in development and production.

Analysis Approach

Our approach to analyzing SE/PM costs was to first understand the
nature of the content of the work that is performed in this area. We
define what is involved in the systems engineering and program man-
agement disciplines from a general sense of what SE/PM is and de-
scribe the iterative process and tools (such as reviews and documents
that are developed for a program) that are used in the field. The defi-
nition and processes provide a basis for understanding what makes up
the scope of the SE/PM effort.

Our next step was to canvas government and industry personnel
to learn about the current state of techniques used for estimating
SE/PM and to gather data that could be used to investigate various
aspects of SE/PM costs. We used a questionnaire, presented in Ap-
pendix C, and interviews with both government and contractor per-
sonnel to find out how they define SE/PM costs, what techniques
they currently use to estimate SE/PM costs, and what they would
consider potential cost drivers that could be used for predicting costs.
To develop SE/PM cost estimating methods, we collected historical
data from several aircraft and missile development and production
programs. The data included historical costs, the schedule of major
events in the program, and technical information from several aircraft
and missile programs. Cost data were collected from a variety of gov-
ernment cost reports and internal contractor accounting reports on
programs from the 1960s to today. These data were used to investi-
gate trends in SE/PM costs over time and to generate cost estimating
methodologies that cost analysts could use when little program in-
formation is available early in the lifecycle of a program.

Our last step was to investigate the effects of new acquisition ini-
tiatives on SE/PM costs. The three new acquisition initiatives we in-
vestigated were the removal of military specifications and standards,
the use of integrated product and process teams, and the relatively
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new preferred acquisition approach of evolutionary acquisition. Each
of these initiatives could affect SE/PM costs. We tried to determine
whether the SE/PM costs for these types of programs were different
enough from the SE/PM costs for traditional acquisition programs
that some adjustment in cost estimating should be made.

Definitions and Methods

One of the complications in developing SE/PM estimates is deter-
mining what is included in SE/PM costs. We found that the defini-
tion used by the government, as spelled out in (MIL-HDBK-881)
and excerpted in Appendix B of this report, covers tasks associated
with the “overall planning, directing, and controlling of the defini-
tion, development, and production of a system . . . [but] excludes sys-
tems engineering and program management effort that can be associ-
ated specifically with the equipment (hardware/software) element.”
The exclusionary portion of the definition is difficult to implement
because the systems engineering associated with a program is integral
to the development of the hardware and software of the system.

When recording SE/PM costs that are incurred, contractors’ ac-
counting systems may not consistently address this exclusion in the
SE/PM definition. After we interviewed multiple contractors and in-
vestigated their detailed internal accounting data, we found their
costs under the SE/PM category were not always consistent (see page
54). Some of this difference across contractors was anticipated due to
variations in accounting methods. We further found that even within
a single company there were differences from one program to another
as to what was classified as SE/PM costs (see page 57). Although these
differences exist, based on an examination of detailed cost data, we
believe that the main cost sub-elements that represent a large portion
of the SE/PM costs are classified consistently across contractors and
programs (see page 57).

Our discussions with government personnel and contractors re-
vealed a variety of techniques for estimating SE/PM costs. In general,
for aircraft programs that are early in their acquisition lifecycle, the
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government estimates SE/PM using a parametric approach applied at
an aggregate level that includes not only the costs of SE/PM, but also
includes the costs associated with hardware design. The parametric
approaches rely on independent parameters that relate to the overall
design of a system (i.e., weight, speed, first flight). This approach is
consistent with the task of the government cost estimator—to gener-
ate a budget estimate that includes all expected costs, regardless of
how they are classified. However, this high level of estimating does
not allow for understanding the cost drivers specifically associated
with SE/PM and how SE/PM costs are expended through a multiyear
development program. This approach also makes it difficult to isolate
SE/PM costs for any potential adjustments due to acquisition changes
that may have a cost impact. The industry contacts we interviewed
used a variety of techniques for developing SE/PM estimates, ranging
from “top-down” models to “bottom-up” approaches. The type of
model they use generally depends on the desired level of fidelity and
level of detail of the estimate and on the maturity of the program.
Top-down models typically use parametric approaches similar to
those the government uses when little detailed information is known
about a program. Bottom-up approaches are used as a program be-
comes more mature and better information is available that allows
more-detailed comparisons with prior experiences.

Because our objective for this study was to develop methodolo-
gies that could be used to estimate SE/PM costs directly, we used sta-
tistical analysis to develop parametric cost-estimating relationships
(CERs) for aircraft and guided weapons programs in development
and production. We wanted our resulting estimating methods to
utilize parameters directly related to SE/PM costs. Based on our in-
terviews with contractor personnel and on previous cost studies, we
generated a list of potential independent variables that could be logi-
cally related to SE/PM costs. Using step-wise and ordinary least
squares regression analysis, we selected the best CERs most useful to
predicting costs.

Finally, to determine if any adjustments to historically based
CERs are required to account for new acquisition approaches, we
compared the SE/PM cost data from selected sample programs that
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implemented the new acquisition approaches with the SE/PM cost
data for the overall sample of similar programs. We wanted to see
what, if any, differences arose in the SE/PM cost for these programs
under acquisition reform as compared with other programs to deter-
mine if any changes to our estimating methods were necessary to take
these new initiatives into account.

Results and Findings

We first examined historical SE/PM costs over time to determine
what general cost trends seem to be occurring. As the basis for our
quantification of SE/PM development costs, we collected data from a
wide assortment of historical efforts including prototype development
programs, full development programs, and modification programs.
For production analysis, we also used data from several production
lots from multiple programs. The data we gathered on aircraft and
weapons programs from the 1960s up through recent years showed
that SE/PM represents a significant portion of program cost and
seems to be on the rise for aircraft development programs (see page
29). For aircraft development programs, SE/PM represents about 12
percent of the total contractor cost. For weapons development pro-
grams, the SE/PM percentage of the total cost is even larger—28 per-
cent on average. We found the SE/PM cost split between systems en-
gineering and program management is roughly 50/50 for aircraft
programs and 60/40 for weapons programs (see page 34). SE/PM
production data for aircraft showed a large amount of variation, while
production cost for weapons seemed to more closely follow a tradi-
tional cost-improvement curve (also referred to as a learning curve)
(see page 30).

Based on our interviews with contractor personnel and a review
of prior studies of aircraft and weapons costs, we explored a set of in-
dependent variables that we believe could be related to SE/PM cost.
Most independent variables fell into three categories: program scope
variables, programmatic variables, and physical descriptor variables.
Program scope is measured by the cost of the program less SE/PM
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costs in either development or production. Programmatic variables
capture the duration of the effort (in the case of development pro-
grams) and quantity of items produced (in the case of production
programs). Physical descriptor variables are generally weight based,
except in the case of weapons for which diameter was also considered.
In addition to these variables, for aircraft in development, we at-
tempted to relate the amount of integration required (as measured by
air vehicle cost divided by airframe cost) to the overall SE/PM cost.
For weapons in development, we also considered programmatic vari-
ables to account for programs that were not traditional engineering
and manufacturing development (EMD) programs (i.e., prototype
programs or modification programs) and to account for changes over
time (based on the contract award year). We were also sensitive to
using independent variables that could readily be quantified by a cost
analyst early in a program.

We found that for both aircraft and weapons in development,
SE/PM costs were most directly related to the overall size of the pro-
gram (as measured by development cost less SE/PM) (see page 79). In
addition, we found that design duration (as measured by months
from contract award to first flight) played a role in the SE/PM cost
for aircraft development programs (see page 80). In looking at the
funding profile of SE/PM costs, we found that about one-third of the
total SE/PM cost is expended from contract award to critical design
review, the second third of the SE/PM cost is spent from CDR to the
first flight date, and the final third is spent from first flight to the end
of the program (see page 82). Appendix F details techniques that can
be used to time-phase SE/PM development cost estimates.

For both aircraft and weapons, we again determined that scope
(as measured by the recurring unit cost of the aircraft or missile) was a
significant factor in estimating SE/PM cost in the production phase
of the program. In addition, we determined that the cumulative
quantity and production rate were related to the unit cost of SE/PM
in production (see pages 88 and 105). The ratio of the yearly lot size
to the maximum lot size was found to be an independent variable
that improved the predictive capability of our estimating equations
(see page 93). The cost-improvement slopes, used for projecting



Summary xxiii

yearly SE/PM costs, showed a large variation for aircraft programs,
while the slopes for weapons were more tightly grouped (see pages 98
and 111).

Unfortunately, the large degree of variation in the data we used
to develop these parametric estimating methods resulted in a large
standard error for our estimating equations. We tried to further inves-
tigate what might be causing the variation, but were unable to iden-
tify any consistent cause. For example, in the case of aircraft produc-
tion costs, we looked to see whether the high degree of SE/PM cost
variability was related to the change in the aircraft model or to the
introduction of foreign military sales. These two changes did not
align with the fluctuations in the SE/PM cost data (see page 84). For
these reasons, we conclude that the CERs we generated are most use-
ful to a cost estimator in the early stages of a program’s life cycle,
when little is known about the program. When more detailed infor-
mation is available, other techniques could be applied for developing
more-accurate SE/PM estimates. For example, use of a direct-analogy
approach in which a well-understood program is compared with a
new program can lead to less variation in the final outcome and a bet-
ter understanding of the specific cost drivers (see page 125).

Finally, we investigated the potential effect that new acquisition
approaches, such as decreased use of military specifications and mili-
tary standards, use of integrated product teams (IPTs), and the use of
evolutionary acquisition, would have on SE/PM costs. Because there
is not a long history of these types of programs, we compared the
SE/PM costs of the few programs that have implemented these
changes to the overall population of similar programs. We found that
programs that minimized military specifications did not show a sig-
nificant difference from the overall sample of programs, being within
one standard deviation in SE/PM cost from the overall sample aver-
age (see page 114). For programs that used IPTs, SE/PM costs were
either similar to or slightly higher than SE/PM costs for the overall
sample of programs (see page 116). To determine the quantitative
effect that evolutionary acquisition (EA) had on SE/PM costs, we
analyzed SE/PM costs for a program that concurrently developed
multiple variants as a surrogate for an EA program, and we found
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that it exhibited above-average SE/PM costs (see page 121). In addi-
tion, we investigated cost-estimating methodologies employed by one
of the first programs to use EA. The cost-estimating technique used
by one formally designated evolutionary acquisition program suggests
that two areas of SE/PM need to be estimated: the SE/PM cost asso-
ciated with the specific capability increment or “spiral” and the
“overlay” SE/PM cost that is concerned with development and pro-
duction of the overall program (see page 120).

In conclusion, SE/PM costs are a large portion of the acquisition
cost of military aircraft and guided weapons systems. In the case of
aircraft, SE/PM costs appear to be rising over time. There are multi-
ple approaches to estimating the cost of SE/PM, and each has advan-
tages and disadvantages. We developed a set of cost-estimating rela-
tionships that can be used to specifically estimate the SE/PM cost
element for development and production for both aircraft and weap-
ons programs. However, the production CERs we generated were not
as good as the development CERs at explaining the variation in the
historical data. Finally, we found that implementation of new acquisi-
tion approaches had mixed results in changing SE/PM costs.
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CHAPTER ONE

Introduction

Study Background and Purpose

For cost estimators to develop sound estimates for program budgets,
reliable and accurate cost-estimating techniques are needed. As new
programs are fielded and as acquisition management techniques
change, there is a constant need to improve the tools available to cost
estimators. This report explores cost data on historical aircraft and
guided weapons programs and presents techniques for developing
sound estimates of systems engineering and program management
(SE/PM) costs.

In the Department of Defense (DoD), cost estimates and budg-
ets are structured to follow a product-centric, work breakdown struc-
ture that itemizes program tasks and costs in a hierarchical fashion.
Guidelines for developing a work breakdown structure (WBS) are
described in Military Handbook 881 (MIL-HDBK-881). The sug-
gested generalized WBS for aircraft is shown in Table 1.1.

The WBS provides a common structure for understanding and
allocating tasks, expending resources, and reporting to the govern-
ment. Each lower level of the WBS has a “child-to-parent” relation-
ship such that Level 1 encompasses the entire aircraft system. Level 2
costs include air vehicle costs that are associated with hardware and
software that make up the complete flying aircraft. The Level 3 ele-
ments, which are under air vehicle, include the airframe, propulsion,
and all other installed equipment. The other Level 2 cost elements

that begin with SE/PM are typically termed “below-the-line” costs.
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Table 1.1
Generic Aircraft System Work Breakdown Structure

Level 1 Level 2 Level 3

Aircraft System
Air Vehicle

Airframe
Propulsion
Air Vehicle Applications Software
Air Vehicle System Software
Communications/Identification
Navigation/Guidance
Central Computer
Fire Control
Data Display and Controls

Systems Engineering /Program
Management

Systems Test and Evaluation
Training

Data

Peculiar Support Equipment
Common Support Equipment
Operational /Site Activation
Industrial Facilities

Initial Spares and Repair Parts

NOTE: Below-the-line costs are shown in italics.

The below-the-line cost elements (shown in Table 1.1) are
common across multiple types of systems that DoD develops and
procures. Systems engineering and program management costs include
the costs of business management as well as the costs of engineering
and technical control of a particular program. Systems test and evalua-
tion costs are the costs associated with using specific hardware and
software to validate that the engineered design meets the desired per-
formance of the system. Training costs include the costs of services
and equipment to instruct personnel in the operation and mainte-
nance of the system. The data cost element includes the costs of de-
livering to the government data associated with the contract. Peculiar
support equipment (as it is called in MIL-HDBK-881) covers the cost
of developing and producing system-specific equipment to support
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and maintain the system. Common support equipment is associated
with items currently in the DoD inventory that are required to sup-
port and maintain other systems. Operational/site activation costs are
the costs associated with the facilities to house and operate the sys-
tem. I[ndustrial facilities costs are the depot maintenance start-up
costs. [nitial spares and repair parts costs are the costs for initial spares
for a newly fielded system.

SE/PM represents one of the more costly of the below-the-line
elements for military aircraft and guided weapon systems. This report
explores the content of the work performed under SE/PM and looks
at the trends that have been occurring in SE/PM costs for both devel-
opment and production for aircraft and weapons. We also discuss
current methods used by government and industry to estimate the
cost of SE/PM, and we provide some useful cost-estimating relation-
ships (CERs) that can be used for programs early in their develop-
ment. The parameters used in the CERs show how SE/PM costs can
be estimated by knowing some basic information about the program.

We developed parametric cost-estimating approaches that could
be used to directly estimate SE/PM costs as a separate WBS element.
(Traditional estimating approaches estimate SE/PM as part of the
larger design effort.) We found cost drivers specifically related to
SE/PM costs. These cost drivers are quantifiable and determined early
in the acquisition of a program. We used regression analysis to de-
termine how these cost parameters can forecast SE/PM costs.

Another goal of this study is to determine if the DoD’s recent
acquisition-process initiatives—collectively referred to as “acquisition
reform”—affect SE/PM costs. Specifically, we investigate the effect of
three acquisition reform initiatives—the reduction of the number of
military specifications and standards, the use of integrated product
teams, and the use of evolutionary acquisition—on SE/PM costs. Be-
cause these processes have changed the traditional acquisition process,
we wanted to determine what, if any, impact these changes are likely
to have on SE/PM costs.
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Comparison with Previous Work in This Area

Several studies have been performed that discuss methodologies that
can be used to estimate the development and production cost of air-
craft and guided weapons programs. Most of the studies focus on es-
timating higher-level elements of cost (i.e., total engineering) rather
than just focusing on the SE/PM costs associated with a program.
Typically, SE/PM costs are grouped with engineering costs and are
not estimated separately. A description of some of the previous work
in this area is provided below.

RAND has done research in the area of cost analysis for military
aircraft and weapons since the 1950s. Many of these reports use his-
torical cost information to develop parametric estimating equations
that link cost to various independent variables that usually measure
physical or performance characteristics of the systems. In 1987,
RAND developed a series of CERs for estimating airframe costs for
military aircraft programs (Hess and Romanoff, 1987) that used air-
craft weight empty (WE) and speed as independent variables.

Over time, the increased complexity of aircraft has created the
desire to investigate other independent variables to predict airframe
costs. In 1991, RAND published a report (Resetar, Rogers, and Hess,
1991) that looked at the relative cost of using advanced materials
(such as composites) as compared with the cost of using traditional
metal materials in aircraft development and production. This study
was updated in 2001 (Younossi, Kennedy, and Graser, 2001) and
provided a CER for estimating total nonrecurring engineering hours
to develop an airframe. Included in the CER is the cost of the associ-
ated SE/PM effort; however, the study’s report does not present a
method for extracting SE/PM costs.

In 1988, the Institute for Defense Analyses (IDA) published a
study (Harmon et al., 1988) commissioned by the Office of the Sec-
retary of Defense (OSD), Program Analysis and Evaluation (PA&E)
that investigated the costs of developing military tactical aircraft. This
report was prepared as the Air Force was about to begin the Advanced
Tactical Fighter (ATF) program and the Navy was about to start the
Advanced Tactical Aircraft (ATA) program. The IDA report contains
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descriptive overviews and costs related to the development of 23 dif
ferent programs from the 1960s to the 1980s.

As did the prior RAND and IDA reports, this report provides
parametric cost-estimating approaches that can be used to generate
cost estimates at the beginning of a program’s development before
much detail is known about the program’s design. It is different from
the prior RAND and IDA studies in that it provides a methodology
for estimating the prime contractor’s SE/PM costs directly.

Study Methods and Approach

DoD has in recent years placed a greater emphasis on the rigorous
application of a systems engineering approach to all programs within
the department. The acting Undersecretary of Defense for Acquisi-
tion, Technology and Logistics (USD[AT&L]), Michael Wynne,
stated in a memo that “all programs . . . regardless of acquisition cate-
gory, shall apply a robust SE approach” (USD[AT&L], 2004). Given
the highlighted importance of this approach, and the fact that SE/PM
tends to represent a large portion of the cost for aircraft and guided
weapons systems, it is worthwhile to address the content and costs
associated with SE/PM.

As stated above, the purpose of this study is to investigate the
costs that are specifically categorized as SE/PM costs for aircraft and
weapons programs in development and production. In contrast to
prior studies that grouped SE/PM costs with other engineering devel-
opment costs, we developed CERs for estimating SE/PM costs di-
rectly using explanatory variables that are more closely associated with
the SE/PM effort.

This method would then lend itself to further investigation of
what changes, if any, should be considered for future SE/PM esti-
mates given recent changes in the acquisition environment. One re-
cent change is the evolution of prime contractors toward a greater
lead systems-integrator role, with much of the detailed design and
manufacturing outsourced to lower-level suppliers. Another change is
that contractors are more involved in deriving specifications from
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top-level performance requirements rather than using established
military specifications and standards. DoD programs have incorpo-
rated Integrated Product Teams (IPTs) that require increased levels of
communication and coordination. Evolutionary acquisition and the
use of cost as an independent variable (CAIV) have changed the ac-
quisition approach by generating more design iterations through the
development process rather than using a somewhat fixed design
throughout development.

Our approach was to start by defining SE/PM and understand-
ing the SE/PM process that is used by defense contractors in the ac-
quisition of military equipment. We provide background on the tools
(such as formal documentation and program reviews) that are com-
monly used in DoD programs to provide final products that meet the
user’s requirements. Most of this background information came from
a literature search of related DoD acquisition handbooks and texts.

To better understand trends in SE/PM costs and methods cur-
rently used to estimate SE/PM, we interviewed both government and
industry personnel who perform such estimates. We developed a
questionnaire (provided in Appendix C) that poses questions to per-
sonnel working in the defense industry about the definitions they
follow and the methods they use in estimating SE/PM costs. When
we interviewed contractor personnel, we further asked them what
relevant independent variables could be used to develop parametric
estimating relationships. Finally, we asked what effects the new acqui-
sition initiatives were having (if any) on SE/PM activities and costs.

The cost data we collected for this study generally came from
contractor cost data reports (CCDRs) that covered the initial system
development or system production. This data were supplemented by
data from cost performance reports (CPRs) and from contractors’
internal cost-reporting systems to gain a more thorough understand-
ing of the cost details at lower levels of cost. The data set includes a
mix of actual costs from programs that completed development, are
currently in development, or that were canceled during development.
For aircraft systems, we collected cost information on 26 develop-
ment programs and 13 production programs. For guided weapon sys-
tems, we collected cost data from 37 development programs and
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14 production programs. Tables 1.2 through 1.5 list information on
the programs we investigated and the type of cost information that
we used for this study (CCDRs, CPRs, and contractor/program
data). For guided-weapons production programs, all the data are from

CCDRs provided to the government.

Table 1.2
Aircraft Development Programs, Program Phases, and Sources of Cost Data

Contractor/
Program Name Phase CCDR CPR  Program Data
B-1A FSD X
B-1B FSD X
B-1B CMUP Blk D Modification development X
B-2 FSD
C-5A FSED X
Cc-17 FSED X
A-10 FSD X
AV-8B FSD X
E-2C Modification development X
E-3 FSD X
E-8 FSD X
767 AWACS Modification development X
Air Force One Modification development X
F-14 FSD (Lot | & 1I) X
F-15 FSD (Segment | & II) X
F-16 FSD X X
F/A-18A/B FSD X X
F/A-18E/F EMD X X
F-22 EMD X X
YF-16 Prototype development X
YF-17 Prototype development X
YF-22 Prototype development X
S-3 Development X
T-45 FSD X
V-22 FSD X
V-22 EMD X

NOTES: FSD = full-scale development; FSED = full-scale engineering development;
EMD = engineering and manufacturing development.
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Table 1.3
Aircraft Production Programs, Years of Program, and Sources of Cost Data

Contractor/Program
Program Name Years CCDR CPR Data
F-14A 1970-1980 X X
F-14A Plus 1986-1988 X X
F-14D 1988-1990 X X
F-15A/B 1973-1977 X
F-15C/D 1978-1986 X
F-15E 1987-1991 X
F-16A/B 1977-1982 X X X
F-16C/D 1983-1993 X X X
A-10 1975-1982 X
A-6A 1966-1969 X
A-6E 1970-1988 X
EA-6B 1967-1989 X
AV-8B 1982-1991 X
c-17 1988-1996 X X
C-5A 1966-1968 X
C-5B 1984-1986 X
E-2C 1971-1992 X
E-3 1975-1978 X
F/A-18A/B 1979-1985 X
Table 1.4

Guided Weapons Development Programs, Program Phases, and Sources of
Cost Data

Contractor/
Program Name Phase CCDR CPR Program Data
Air-to-Air
AIM-54A FSED X
AIM-54C FSED X
AIM/RIM-7M FSED X
AIM/RIM-7P FSED X
AIM-155 (AAAM - General
Dynamics and Westinghouse) FSED X
AIM-155 (AAAM - Hughes and
Raytheon) FSED X

AIM-120 FSED X
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Table1.4—Continued

Contractor/
Program Name Phase CCDR  CPR  Program Data
AIM-120 FSED 2nd Source X
AIM-120 P3I Phase | EMD P3I X
AIM-120 P3I Phase Il EMD P31 X
AIM-120 P3I Phase IlI EMD P3I X
AIM-9R FSED X
AIM-9X D&V X
AIM-9X EMD X
Air-to-Ground
AGM-69A FSED X
AGM-131A/B FSD X
AGM-65A FSED X
AGM-65D FSED X
AGM-65C FSED X
Design and

AGM-84A Weapons

System

Development X
AGM-84H EMD X
AGM-88A, Sub Phase | FSED X
AGM-88A, Sub Phase Il FSED X
AGM-88A, Sub Phase IlI FSED X
AGM-86A FSED X
AGM-86B FSD X
AGM/RGM-136 FSED X
AGM-129A/B FSED (Guidance) X
AGM-130 FSED X
CBU-97/B FSED X
AGM-154A EMD X
AGM-154B EMD X
AGM-154C EMD X
GBU-31 EMD (Phase Il) X
AGM-158 EMD X
BGM-109 FSD X
R/UGM-109E EMD X

NOTES: P3I = pre-planned product improvement; AAAM = Advanced Air-to-Air Missile;
D&V = demonstration and validation.
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Table 1.5
Guided Weapons Production Programs, Years of Programs, and Sources of
Cost Data

Program Name Years CCDR
ALCM 1979-1983 X
AIM-120 Hughes 1987-1994 X
AIM-120 Raytheon 1987-1993 X
AGM-88AB HARM 1981-1992 X
AGM-84 Harpoon 1975-1987 X
AGM-65A Maverick 1987-1991 X
AGM-65 IR Maverick Hughes 1977-1982 X
AGM-65 IR Maverick Raytheon 1983-1993 X
AIM-54A Phoenix 1975-1982 X
AIM-9M Raytheon 1966-1969 X
AIM-9L Raytheon 1970-1988 X
SLCM Tomahawk 1967-1989 X
AIM-7M Sparrow General Dynamics 1982-1991 X
AIM-7M Sparrow Raytheon 1988-1996 X
AIM-7F Sparrow Raytheon 1966-1968 X

NOTES: ALCM = air-launched cruise missile; HARM = high-speed anti-radiation missile;
IR = infrared; SLCM = sea-launched cruise missile.

We then combined the information collected through the inter-
views along with the cost data collected from government reports to
generate a set of cost relationships that can be used to directly esti-
mate SE/PM costs early on in a program when, generally, there is
very little known about the specific characteristics of the program de-
sign. Based on the interviews and our own analysis, several independ-
ent variables were chosen as potential explanatory parameters. Our
statistical analysis included performing a step-wise regression analysis
to determine which independent variables would be the best to in-
clude in a cost model. After choosing the independent variables, we
used ordinary least squares regression analysis to arrive at cost esti-
mating equations for SE/PM costs as a function of these independent
variables.

For the final part of our analysis, we used the cost data to inves-
tigate what effects new acquisition processes might have on SE/PM
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costs. We used univariate analysis to determine if there were any dif-
ferences between the SE/PM costs for these individual programs us-
ing the new acquisition processes and the SE/PM costs for the total
sample of programs.

Limitations of the Study

After interviewing personnel from defense companies, it became clear
that each of the companies, and in some cases each program within a
company, defines SE and PM somewhat differently. Part of the rea-
son for these differences is that much of the defense industry has con-
solidated into a few prime-level contractors. The new merged com-
panies are products of several legacy companies that each used
different accounting systems to define the content of SE/PM. Much
of the historical data used in this study comes from a time before the
major mergers and acquisitions occurred. Some companies are at-
tempting to integrate the accounting systems of the legacy companies
and some are keeping legacy accounting systems intact. We highlight
some of these differences in the accounting of SE/PM costs, but we
did not try to normalize accounting systems across companies or pro-
grams.

This report deals only with SE and PM costs from the prime
weapons system contractor (or contractor team) during the course of
a contract. SE and PM costs also occur at the subcontractor level and
within the government, which require consideration when developing
life-cycle cost estimates. However, due to limitations in the availabil-
ity of data, these costs are not analyzed in this report.

Organization of This Report

Chapters Two, Three, and Four provide background information on
systems engineering and program management. Chapter Two defines
the activities involved in SE/PM; Chapter Three explores the trends
in SE/PM costs for aircraft and guided weapons programs, and Chap-
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ter Four presents the current methods used in estimating SE/PM
costs. Chapters Five and Six delve into the analysis we performed in
developing cost-estimating relationships. Chapter Five describes the
methodology used in this study and the cost estimating relationships
we developed. Chapter Six explores the effect that new acquisition
approaches may have on SE/PM cost estimates. Our conclusions
from this study are presented in Chapter Seven.

Appendix A provides information on systems engineering re-
views and how they relate to the acquisition life cycle. Appendix B
excerpts the definition of SE/PM from MIL-HDBK-881. Appendix
C contains the questionnaire we used for interviewing contractors.
Appendix D lists the definitions of the independent variables we that
we chose to represent the potential cost drivers of SE/PM costs in air-
craft programs. Appendix E provides the correlation matrices of the
variables in the datasets. Appendix F describes a method for time-
phasing a point estimate of a development program.

A supplement to this report (RAND TR-311-AF, not available
to the general public) provides proprietary data that were used in this
analysis.



CHAPTER TWO
Defining Systems Engineering and Program
Management

Systems engineering (SE) and program management (PM) are impor-
tant components in the development and production of complex
military weapons systems. The primary focus of SE is to integrate and
balance the work of engineering specialists from the initial design
goals to the production of the final product. PM comprises the man-
agement (i.e., planning, organizing, directing, coordinating, control-
ling, and approving) of the day-to-day activities of a program as it
proceeds through the acquisition process.

This chapter defines systems engineering and program manage-
ment, explains the systems engineering process, and describes the
tools used for managing programs and the various SE/PM tasks.

Systems Engineering Definition

SE first came into being as a separate engineering discipline during
the 1950s with the Intercontinental Ballistic Missile (ICBM) pro-
gram (Przemieniecki, 1993). It was first defined in a military standard
(MIL-STD-499) in 1969, which was updated in draft format by
MIL-STD-499(B) in 1992.1

I The draft MIL-STD-499(B) was never formally released due to the reduction of military
standards (MILSTDs) and military specifications (MILSPECs) under acquisition reform. In
its place, there are three prevailing commercial standards, each developed by a different in-
dustry organization: ISO/IEC 15288, Systems Engineering-System Life Cycle Processes;
ANSI/EIA 632, Processes for Engineering a System; IEEE 1220, Application and Management
of the Systems Engineering Process.

13
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MIL-STD-499(B) defines systems engineering as follows:

An interdisciplinary approach to evolve and verify an integrated
and life cycle balanced set of system product and process solu-
tions that satisfy customer needs. Systems engineering: (a) en-
compasses the scientific and engineering efforts related to the
development, manufacturing, verification, deployment, opera-
tions, support, and disposal of system products and processes;
(b) develops needed user training equipments, procedures, and
data; (c) establishes and maintains configuration management of
the system; (d) develops work breakdown structures and state-
ments of work; and (e) provides information for management
decision making.

As suggested by the above definition, systems engineering is an
iterative process that involves many people from various backgrounds,
not only design engineers, but also logisticians, configuration and
data managers, testers, manufacturing personnel, quality control per-
sonnel, cost analysts, end users, and program managers.>

Many of the common SE functions found throughout programs
are sometimes referred to as “ility” functions—e.g., reliability, main-
tainability, producibility, and survivability/vulnerability. Reliability
engineers are concerned with ensuring that the system will perform as
intended, without a mission critical failure, for a specified period of
time. Maintainability engineers are concerned with the resource re-
quired (time, skills, and material) to repair an item if it experiences a
failure. Producibility engineers evaluate the design for how well it can
be manufactured using existing or new production processes. Surviv-
ability/vulnerability engineers look at “the capability of the system to
avoid and/or withstand a man-made hostile environment” (Ball,
1985).

Besides these “ility” functions, SE is also composed of human-
factors engineering, safety engineering, value engineering, quality as-

2 The DoD definition of systems engineering has evolved somewhat to become, as stated in
the Defense Acquisition Guidebook (December 2004), the “integrating mechanism for bal-
anced solutions addressing capability needs, design considerations, and constraints, as well as
limitations imposed by technology, budget, and schedule.”
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surance, corrosion prevention, life-cycle cost/design-to-cost (DTC),
standardization, and other specific functional areas. Human-factors
engineering relates to the performance and interaction of humans
with systems. Safety engineering performs the technical analysis to
evaluate the design for hazards or potential accidents. Value engi-
neering’s purpose is to achieve the required function at the lowest
overall cost, sometimes resulting in what are called Value Engineering
Change Proposals (VECPs). Quality assurance in SE evaluates the
procedures throughout the entire process (design, development, fabri-
cation, processing, assembly, inspection, testing, maintenance, deliv-
ery, and site installation) to ensure adequate quality. Corrosion pre-
vention analyzes the entire design (prime contractor and
subcontractor components) to determine, prevent, and control corro-
sion of the system in operation. Life-cycle cost analysts develop cost
estimates for the program from inception through production, field-
ing, operations, and disposal. CAIV and DTC analysts consider the
cost implications of design alternatives, oftentimes with a contractual
incentive for meeting a desired unit cost goal. Standardization at-
tempts to minimize the number of unique parts, materials, and proc-
esses within the weapon systems and within the existing industrial
capability.

Systems engineering also has an Integrated Logistics Support
(ILS) component that is concerned with designing the supportability
features of a fielded system. One of the typically larger activities in
this area is the Logistics Support Analysis (LSA). The LSA is an itera-
tive analysis that systematically examines all the elements of a system
to determine the support required to ensure the system operates effec-
tively and keeps operating effectively. The intent is to take the ILS
functions into account as early as possible to influence the design.
Included in this analysis is preparation of the maintenance plan and
performance of a Level of Repair (LOR) analysis to determine the
optimum discard/repair levels for each hardware item. ILS systems
engineering also deals with engineering change proposals; rework
analysis; facilities analysis; ground support equipment management;
spares and repair parts specification; training systems analysis; and
packaging, handling, storage, and transportation analysis.
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The Systems Engineering Process

The basic SE process translates needs or requirements into successful
products and/or processes. It is largely an iterative process that pro-
vides overarching technical management of a system from the stated
need or capability to an effective and useful fielded system. During
the process, design solutions are balanced against the stated needs
along with constraints imposed by technology, budgets, and sched-
ules. The process is illustrated in Figure 2.1 and is described next.

Process Input

The process starts with the input of the customer’s needs and re-
quirements. The input also must include information about the de-
sired mission or capability of the system, the technology to be used,

Figure 2.1
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and any constraints to the system. The input may include output
from a previous phase of the process, program decision requirements,
or specifications and standards to be used.

Step 1—Requirements Analysis. The first iterative step in the SE
process is the requirements analysis. In this step, the systems engineer
attempts to further derive, refine, and define the customer’s require-
ments. This includes determining quantifiable characteristics that the
system must possess to be successful. The relationship among re-
quirements, the priority of the requirements, and the flexibility of the
requirements are determined. The missions, threats, environments,
constraints, and measures of effectiveness are continually reviewed.
Some constraints that are considered are technological availability,
physical and human resources, cost/budgetary impacts, and the risk
of not meeting the stated schedule. The output of this process an-
swers the question “what?” for the functionality and “how well?” for
the performance requirements.

The system engineer should answer the following questions
during the requirements analysis process (Defense Acquisition Uni-

versity [DAU], 2003):

* What are the reasons behind the system development?

e What are the customer’s expectations? How will the perform-
ance of the system be measured?

* Who are the users and how do they intend to use the product?

* What do the users expect of the product?

e What is the users’ level of expertise?

* What environmental characteristics (e.g., operations off of a car-
rier, corrosion from salt, strong electromagnetic fields) does the
system have to take into account?

e What are the existing and planned interfaces?

* What functions will the system perform, expressed in the cus-
tomer’s language?

e What are the constraints—hardware, software, economic, and
procedural—with which the system must comply?

* What will be the final form of the product—model, prototype,
or mass production?
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Step 2—Functional Analysis/Allocation. The second step of the
SE process is the functional analysis/allocation. The goal of this part
of the process is to flow down the overall system requirements to the
lower-level subsystems. System-level functions include the mission,
test, production, deployment, and support functions. Higher-level
functions are decomposed into several sub-functions so that discrete
tasks or activities can be assigned. Each function and sub-function is
allocated a set of performance and design requirements, such that
these low-level requirements can be traced back to the top-level re-
quirements they are designed to fulfill. Special attention is given to
making sure all interfaces, both internal and external, are addressed.
Through the requirements feedback loop, the sub-functions are rolled
up (re-examined) to make sure that they meet the overall require-
ments at the primary level.

Step 3—Synthesis. The synthesis step is the part of the process
during which the allocated requirements are satisfied though design
solutions at the lower levels. The collection of design solutions de-
fines a physical architecture that satisfies the functional architecture
derived in the previous step. Design requirements are set through a
series of iterative design trade-off analyses. These design requirements
are documented and may take the form of product baselines, product
and process specifications, interface-control documents, drawing
packages, facility requirements, procedural and instructional material,
and personnel task loading (budgeting based on the number of peo-
ple needed for each task). Through the design feedback loop, these
lower-level solutions are matched back to the functional allocation
that generated them to ensure that all functions are covered and all
elements are justified by a valid requirement. Also at this step, the
verification feedback loop ensures that the design solution meets the
original requirements. Four types of verification are used to check
that the design matches the requirements: examination, demonstra-
tions, simulations and analysis, and testing.

Process Output
The final output of the entire process should be a design that fulfills
the needs identified in the initial requirements established by the cus-
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tomer. This design is typically documented in a database, system ar-
chitecture, system configuration item, or specification.

System Analysis and Control

Throughout the above steps in the SE process, system analysis and
control are used to balance the requirements analysis, functional
analysis/allocation, and synthesis with cost, schedule, and perform-
ance risks to ensure that the resulting system is an affordable, opera-
tionally effective, and suitable solution for the customer. Trade-off
studies, effectiveness analysis, and risk management are performed
toward this goal. Configuration control, interface management, and
data management are important in ensuring that the entire process
hangs together. Technical reviews are performed to communicate de-
sign solutions to the customer and internal stakeholders. The ques-
tions that should be asked during this part of the process and the
management tools that are used to answer those questions are shown
in Figure 2.2.

Figure 2.2
Management Tools for Answering System Analysis and Control Questions

Question Management Tool
How do | make decisions? Trade studies
Will it do the job? Is it worth the cost?

Are we doing the right thing?

Effective analysis
Risk management
How do | know it works? Technical performance measures
Will it meet the performance criteria?
Will it all work together?

Do we know what we have?

Modeling and simulation
Technical performance measures
Configuration management

Are we ready to go on? Technical reviews

i

How do | run this program?

RAND MG413-2.2

Integrated planning

SOURCE: DAU, 2000, p. 70.



20 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

Program Management Definition

Program management has been defined as “the management of a se-
ries of related projects designed to accomplish broad goals, to which
the individual projects contribute, and typically executed over an ex-
tended period of time” (Wideman, 2001). Program management is
very different from corporate administrative management that in-
volves an ongoing oversight role. Program management usually has
the more specific task of completing a project or set of projects for
which there is a common goal and a finite termination point. The
program manager has the responsibility of planning the project, con-
trolling the project’s activities, organizing the resources, and leading
the work within the constraints of the available time and resources.

Project planning involves mapping the project’s initial course
and then updating the plan to meet needs and constraints as they
change throughout the program. In the planning process, an overall
plan, called an “acquisition strategy,” is formulated by analyzing the
requirements; investigating material solutions (designs); and making
technical, cost, and performance trade-offs to arrive at the best solu-
tion. A formal acquisition plan details the specific technical, schedule,
and financial aspects of a specific contract or group of contracts
within a specific phase of a program. Functional plans detail how the
acquisition strategy will be carried out with respect to the various
functions within the program (i.e., systems engineering, test and
evaluation, logistics, software development). Schedules that are con-
tinually updated are used to ensure that various milestones along a
timeline are being met. Budgeting, another aspect of project plan-
ning, involves developing an initial cost estimate for the work to be
performed, presenting and defending the estimate to parties responsi-
ble for budget approvals, and expending the funding.

Control of the project’s activities is primarily concerned with
monitoring and assessing actual activities and making sure they align
with program goals. Monitoring involves conducting program re-
views, measuring actual costs with planned costs, and testing incre-
mental aspects of the program. It also includes managing the internal
aspects of a program (e.g., the current contract) and monitoring ex-
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ternal organizations (e.g., the services, OSD, or Congress) that may
have a stake in the program’s outcome. From time to time, a program
assessment is needed to determine if the overall requirement is still
being addressed, adequate funds are available, the risks are being
managed, and the initial acquisition strategy is sound.

Organizing resources requires ensuring that appropriate staff
members are in place to perform the activities required for a success-
ful program. Recruiting, training, and motivating personnel are all
part of the program manager’s responsibilities. He or she must ensure
that the organizational structure is optimized to perform the required
tasks. Traditionally, programs have been organized functionally with
hierarchical structures, each of which performs a certain task. Re-
cently, IPTs have become popular for organizing personnel on a pro-
ject. IPTs are multidiscipline teams with the authority and account-
ability to produce a specific product within a program.

Leading the work, given time and resource constraints, involves
not only the previously mentioned tasks, but also directing that tasks
be carried out and maintaining consensus within and outside the
program. The program manager must give direction to his or her or-
ganization and take direction from organizations outside of his or her
direct control. Maintaining a consensus requires making sure that the
competing goals of internal and external organizations remain in bal-
ance and are working toward the desired goal.

Tasks Specific to Contractor Program Management

The weapons system contractor who ultimately performs the devel-
opment and production work on behalf of the government carries out
multiple tasks that are captured under program management costs. A
review of WBS dictionaries, which define the work to be performed
under each element in the WBS, from two programs each performed
by a different contractor, revealed the following tasks in common:
planning and control (also referred to as “business management”),
configuration management, data management, and supplier man-
agement. Typically, there are also tasks that fall under program man-
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agement that are related to performing integrated logistics support
work but may be accounted for in a separate WBS element.

The planning and control task involves managing the mainte-
nance of the program contractor work breakdown structure (CWBS),
updating the project schedules, monitoring the program budget, and
reporting information to the contractor’s higher management and to
the government customer. The CWBS details the activities that are to
be performed on the entire contract and is updated as changes to the
work content are agreed upon. Planning and control also involve re-
sponsibility for maintaining integrated master schedules that detail
the specific work activities and show how they are dependent upon
other activities performed under the contract. Budgeting and cost
control are maintained using a management control system that col-
lects cost information that is used with the schedule information to
determine progress on the contract. The costs from the contract are
reported to the government in cost performance reports, and the re-
ports are used to monitor performance against both the budgeted cost
and the planned schedule.

The configuration management task involves responsibility for
maintaining a documentation trail of changes from the initial con-
figuration to the final end product. This trail ensures that all required
deliverable hardware and software engineering data are identified,
documented, and released to the government. Configuration man-
agement must ensure that the requirements are flowed down to both
the internal and subcontractor parties responsible for performing the
work activities. Configuration management also includes follow-up
with the release of information to make sure it is acceptable to the
government client.

Data management involves administration and control of all the
program data required by the customer.? The government negotiates
with the contractor on the data that are to be delivered and formally

3 For government programs, in addition to the end items to be designed or produced, lists of
required data items are typically part of the contract. These items are typically spelled out in
a Contract Data Requirements List (CDRL) that details the type and form of the data to be
submitted and how often the reports are to be generated and delivered to the government.
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makes this part of the contract as stated in the contractor data re-
quirements list (CDRL). The contractor’s duties involve establishing,
maintaining, and implementing a data management program. Several
current programs have established electronic technical data libraries
that are used by personnel on both the government and contractor
side to share information.

Supplier management involves ensuring that the items under
subcontract and items that the government must supply (govern-
ment-furnished equipment [GFE]) are delivered to the prime con-
tractor. The prime contractor is the chief liaison between the subcon-
tractors and the organizations that provide GFE to the program. This
activity involves tracking and controlling items to ensure that their
status is in alignment with the overall goals of the program.

The program management ILS functions include planning of
the ILS program, demonstrating and evaluating the logistics program,
performing a site/unit activation analysis, and preparing the ILS data
in accordance with the CDRL. Much of this work includes planning,
coordinating, organizing, controlling, and reporting ILS program
objectives.

Tools Used in Systems Engineering and Program
Management

The systems engineer and program manager’s activities revolve
around the basic tasks of planning, controlling, and improving a
product design to meet the customer’s needs. Several different tools
are at the disposal of the systems engineer and program manager for
developing a balanced product.

Planning Tools
In the Planning phase of a program, several tools are used to define
the tasks to be accomplished in the program. Functional planning
tools are also used for more-specific areas of systems analysis.

The Contract. In the planning phase, the contract provides the
agreement between the government and industry contractor with re-
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spect to the system under consideration for acquisition. The contract
is an outgrowth of other documents, including the request for pro-
posal (RFP), the statement of work (SOW) or statement of objectives
(SO0), specifications (SPEC), and the CDRL. The RFP establishes a
need and publicly requests suggested solutions from all possible sup-
pliers who could meet the need. The SOW is the formal statement of
needs to the contractor, the SPEC establishes the technical system
requirements, and the CDRL defines the data to be delivered from
the contract.

The Work Breakdown Structure. The WBS is the formal defini-
tion of the work to be accomplished on the contract, and it ties the
planning documents together. It takes the form of a product-oriented
“family tree” (with lower-level elements summing up to form higher-
level elements) that details all the hardware, software, services, and
data that result from performing the SOW or SOO. Both the gov-
ernment and the contractor use the WBS as a tool to manage the
work with a common terminology. MIL-HDBK-881 (formerly MIL-
STD-881) suggests several different WBSs for various general military
product categories as a guide for developing a WBS specific to the
program of interest. These general WBSs can be tailored to meet the
specific needs of the program.

Functional Planning Tools. Other planning tools include the
Systems Engineering Management Plan (SEMP), the Software De-
velopment Plan (SDP), the Manufacturing Management Plan
(MMP), the Test and Evaluation Master Plan (TEMP), the Inte-
grated Logistics Support Plan (ILSP), and the LSA. The SEMP es-
tablishes the plan for performing the systems engineering process, in-
cluding the plan for management of risk; the analysis, assessment, and
verification of the work to be performed; and the design reviews and
audits to be conducted. The SDP is a management plan that focuses
on the software to be developed. The MMP is an execution plan that
maps the transition from the planning stage to production, and it de-
tails activities such as analysis, modeling, and testing. The TEMP is a
summary management document detailing the tests to be performed
to ensure desired performance. The ILSP and LSA documents detail
the operational support plan and support requirements.
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Controlling Tools

In the controlling phase of the systems engineering process, the de-
sign is under way and the following tools provide the systems engi-
neer with a way to maintain a logical development process through
the design, build, and test stages. The tools generally fall into the
categories of cost analysis, technical performance measures, design
reviews/audits, and test and evaluation.

Cost Analysis Tools. There are three primary cost analysis tools.
Earned Value Management (EVM) provides a means for measuring
the contractor’s costs and progress against the planned work schedule.
Design to Cost (DTC) is a method for tracking production costs with
the goal of minimizing average unit production costs while achieving
the required performance. This method has in recent years given way
to the Cost as an Independent Variable (CAIV) tool. CAIV also uses
cost goals for a program, but considers the entire life-cycle cost and
allows performance and the schedule to be traded off against cost to
achieve affordability for the program.

Technical Performance Tools. Technical performance tools are
measures to assess compliance with program requirements and the
level of risk in a program. Performance of each element in the WBS is
estimated, forecast, and assessed against the performance goals to de-
termine how the overall system performance will be achieved. Exam-
ples of technical performance measures include weight, mean time
between failures, and detection accuracy. Programs have begun iden-
tifying Key Performance Parameters (KPPs) that establish perform-
ance thresholds at higher levels. They are used to measure the success
of a program’s design in terms of the performance that is most impor-
tant to the government customer.

Design Review/Audit Tools. Design review and design audit
tools provide a periodic assessment of the design approach, the risk of
the planned approach not meeting performance, cost, and schedule
goals, and the program’s progress toward production and a fielded
system. The design review tools most frequently used include the Ini-
tial Technical Review (ITR), the Alternative System Review (ASR),
the System Requirements Review (SRR), the System Functional Re-
view (SFR), the Preliminary Design Review (PDR), the Critical De-



26 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

sign Review (CDR), the Test Readiness Review (TRR), the System
Verification Review (SVR), the Production Readiness Review (PRR),
the Physical Configuration Audit (PCA), the Operational Test
Readiness Review (OTRR), and the In Service Review (ISR). The
design audits that are typically conducted are the Functional Con-
figuration Audit (FCA) and the PCA that are used to verify test and
production readiness. The Formal Qualification Review (FQR) con-
firms that the production item can be fielded. As shown in Figure
2.3, the design reviews and audits are used to evaluate performance
and progress and to maintain configuration control. More details on
the specific activities of these reviews and how they relate to a pro-
gram’s life cycle are in Appendix A.

Test and Evaluation Tools. Lastly, engineering and program
management involves testing and evaluation of the designed product.
Low-rate initial production (LRIP) provides a limited number of
produced units and demonstrates that the manufacturing process is
mature prior to beginning full-rate production. Independent Verifica-
tion and Validation (IV&V) is the independent review of the func-
tionality of the system software to ensure its effectiveness.

Figure 2.3
Program Review and Audit Process

ITR ASR SRR SFR PDR
Define C " Technology Prelimi Detailed
capability = fpncep t—> develop- = “;”“.'”afy—» de arie
gaps/needs refinemen ment esign esign
CDR TRR WVR/PRR PCA/OTRR ISR
1 Hardware 1 1 l l
fabrication System Low-rate .
»| and software =-|integration f=p-| initial  f=p Fu(ljl—r.?e | Fielded
coding and and test production production program
test

RAND MG413-2.3



Defining Systems Engineering and Program Management 27

Development Test and Evaluation (DT&E) is performed by the
acquisition organization and assists the design engineers with verifica-
tion of compliance with performance requirements. The government
customer typically performs the Operational Test and Evaluation
(OT&E) to independently verify that the final product is operation-
ally effective and suitable. Recently, the testing and evaluation proc-
esses have become more integrated in attempt to eliminate unneces-
sary duplication of test activities between developmental and
operational testing.

Product-Improvement Tools

The product-improvement tools are concerned with efforts to further
refine the product design to meet new or additional requirements.
The product improvement phase generally occurs after an initial ver-
sion of the product is in production or is fielded. Engineering Change
Proposals (ECPs) are modifications of the end item during develop-
ment or production. Post-Production Improvement (PPI) is a modi-
fication to the system in the operational and support phase after de-
livery of the item has been accepted. Preplanned Product
Improvement (P3I) is a phased approach that secks to satisfy incre-
mentally different requirements relative to the priority of the gov-
ernment customer or the urgency of the need for the item. Evolu-
tionary Acquisition (EA) is the acquisition approach currently favored
by DoD; it recognizes the need, up front, for future improvements
that will be necessary to improve capability. EA is designed to deliver
incremental or spiraling capability, with the understanding that fu-
ture improvements in capability will be incorporated into future de-
sign releases.

The next chapter delves into the cost aspects of SE/PM for air-
craft and guided weapons programs. Cost trends for aircraft and
weapons in development and in production are investigated. Some of
the recent changes in the DoD’s acquisition philosophy that may af-
fect SE/PM costs are also discussed.

4 See Fox et al., 2004, pp. 16-20.






CHAPTER THREE
Cost Trends in Systems Engineering and Program
Management

This chapter examines the trends that have affected SE/PM costs for
military aircraft and guided weapons programs. We illustrate contrac-
tor SE/PM costs over time for aircraft and guided weapons systems in
development. We also show what the typical cost split is between
these two categories. Historical SE/PM production cost information
is presented to show the variability of the data and the overall trends
in average cost throughout the production process. The chapter con-
cludes with a discussion of the new acquisition approaches that may
affect how SE/PM costs should be estimated for future programs.

SE/PM Development Cost Trends

One clear trend that is evident is that SE/PM costs are increasing in
absolute terms for military aircraft development programs. Figures
3.1 through 3.8 depict the average cost for SE/PM activities in air-
craft development programs grouped by decade (contract award
dates) from the 1960s through the 1990s. The figures also note the
number of programs for each time period. The data set includes con-
tracts for Demonstration and Validation (D&YV), Full-Scale Devel-
opment (ESD) or Engineering and Manufacturing Development
(EMD), and developmental modification programs. Programs from
the 1980s and 1990s showed an increasingly larger amount of the
development effort expended on SE/PM activities, with the average

29
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aircraft development cost over the four decades being $441 million
(in fiscal year 2003 [FY03] dollars), as shown in Figure 3.1.

If the SE/PM costs are divided by the total cost of a contract,
SE/PM represents about 12 percent on average of the total cost of
aircraft development programs. Figure 3.2 shows that SE/PM repre-
sents an increasingly larger percentage of the cost of the development
programs.

The data used for this analysis include data on a wide variety of
programs ranging from tactical aircraft platforms, transport aircraft,
electronic/surveillance aircraft, and bombers. An examination of the
data showed that some individual programs had relatively large or
small amounts of SE/PM costs and may have upwardly or down-
wardly impacted the average for a particular decade. Two bomber
programs (the B-1 and B-2) were awarded in the 1980s and were

Figure 3.1
Trend in Aircraft SE/PM Costs for All Aircraft Development Programs,
1960s-1990s
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Figure 3.2
Aircraft SE/PM Costs as a Percentage of Total Development Cost for All
Development Programs, 1960s-1990s
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much more expensive than the fighter/attack aircraft development
programs. Also, the inclusion of D&V programs such as the YF-16
and YF-17 programs during the 1970s has the effect of reducing the
average SE/PM cost, because both the total size and the proportion of
SE/PM costs of the D&V programs were smaller than those of the
ESD programs. For Figures 3.3 and 3.4, we eliminate the bomber
and D&V programs and concentrate only on smaller-sized aircraft
that experienced traditional development programs.! After eliminat-
ing these outlier programs, the figures still show a trend of increasing
SE/PM costs, although the average cost is lower. This trend is true on
an absolute basis (see Figure 3.3) and as a percentage of total program
cost (see Figure 3.4). The large change in the 1970s and 1980s data,
however, is due to the deletion of the bomber and D&V program
data.

! For this subset of programs, we included recent aircraft from the following mission areas:
fighter, attack, electronic warfare, antisubmarine warfare, trainer, and transport. The costs
from these programs came from the larger development contracts.
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Figure 3.3
Trend in Aircraft SE/PM Costs Minus Outlier Development Programs,
1960s-1990s
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In the case of development programs for guided weapons, there
was an initial decrease in absolute cost from the 1960s to the 1970s,
followed by a flat trend continuing to the 1990s (see Figure 3.5). The
1960s data point may be relatively large because it represents the av-
erage of only three weapons programs, one of which is an air-
launched nuclear weapon;? the data points for the later decades repre-
sent a larger number of programs. The more recent programs may
also exhibit lower SE/PM costs because several of them are modifica-
tions of older designs. Also, for the more recent past, we included
prototype development efforts in the database and some programs
that never made it into production. Figure 3.6 further shows that as a

2 The nuclear weapons program incurred the highest SE/PM cost of all the programs in the
dataset. However, eliminating this program did not change the overall trend of SE/PM costs
from the 1960s to the 1990s.
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Figure 3.4
Aircraft SE/PM as a Percentage of Total Aircraft Development Cost Minus
Outlier Development Programs, 1960s-1990s
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percentage of total guided weapons program development cost,
SE/PM averages 28 percent of the program cost, more than double
the average for aircraft programs.

If we include only the programs that could be considered first-
time development FSD/EMD guided weapons programs and elimi-
nate prototype development programs, programs that were never
fielded, and pre-planned product improvement (P3I) programs, the
1980s and 1990s saw an increase in  SE/PM costs as compared with
the 1970s. Also, the average SE/PM cost for this subset of guided
weapons development programs shown in Figure 3.7 is about 1.5
times higher compared with the average of all the programs shown in
Figure 3.5.

Again, if we normalize the data by dividing the SE/PM costs by
the total contract cost for a weapons system, we see the relative
change in the amount of the development effort expended on SE/PM
activities. Figure 3.8 shows that there is not much difference between
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Figure 3.5
Trend in Guided-Weapons SE/PM Costs for All Guided Weapons
Development Programs, 1960s-1990s
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the SE/PM costs as a percentage of development costs for this subset
of programs and the SE/PM costs as a percentage of development
costs for all programs (see Figure 3.6).

From the data we gathered, we were not able to derive a detailed
cost breakout of the SE/PM WBS element. However, for some pro-
grams, we did have a split between SE and PM costs and some insight
into SE/PM ILS costs. Figure 3.9 shows that for development pro-
grams, there is generally a 50/50 split between systems engineering
and program management costs for aircraft programs and a 60/40
split between systems engineering and program management for
guided weapons development programs. For aircraft programs, ILS
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Figure 3.6
Guided Weapons SE/PM as a Percentage of Development Cost for All
Guided Weapons Programs, 1960s-1990s
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did not make up a large part of the SE/PM costs.? For aircraft pro-
duction programs, the data were not detailed enough to determine
the split between SE and PM.

For guided weapons development programs, the split between
SE and PM was more heavily weighted to SE. Also, air-to-air missile
development programs had a higher portion of costs in SE than did
air-to-ground programs. Air-to-air guided weapons development pro-
grams had a 69/31 split between SE and PM, while air-to-ground
programs averaged a 55/45 split. As with the aircraft data, the guided
weapons production cost-history data did not show enough detail to
produce cost breakouts below the total SE/PM cost element.

3 MIL-HDBK 881 generally suggests using separate WBS elements to collect ILS costs such
as training, “peculiar” support equipment, common support equipment, operational site
activation, industrial facilities, and initial spares and repair parts. The portion of ILS effort
under SE/PM is related to the planning and controlling of the ILS activity and the develop-
ment of the LSA plan.
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Figure 3.7
Trend in Guided Weapons SE/PM Costs for FSD/EMD Development
Programs, 1960s-1990s
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SE/PM Production Cost Trends

After examining several datasets on production lots, we found that
aircraft and guided weapons programs exhibited a large degree of
variation in SE/PM as a percentage of air vehicle production costs.
Figure 3.10 shows that aircraft programs display a large amount of
variation in SE/PM percentages across programs as well as across pro-
duction lots. The dashed line in the figure shows the average SE/PM
percentage of total air vehicle cost by lot for several programs, which
are illustrated by the shaded lines in the figure. The overall trend
seems to be larger SE/PM cost percentages for the early lots, followed
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Figure 3.8
Guided Weapons SE/PM as a Percentage of Development Cost for FSD/EMD
Development Programs, 1960s-1990s
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by a gradual decline over the next several lots, and then a wide
amount of variation for the later lots in the dataset.*

As can be seen in Figure 3.11, guided weapons production pro-
grams (indicated by the shaded lines) show some cost volatility in the
SE/PM percentage by production lot, but the average (indicated by
the dashed line) shows an anticipated decline in SE/PM as a percent-
age of production costs as later production lots are delivered. This
may be due to the fact that weapons programs tend to run out pro-
duction of a specific model until completion of a program rather than
incorporate modifications into an existing production line. Usually, a
new development program will include the cost of design modifica-
tions, and the production costs will restart at the top of the program’s
“learning curve.”

4 One of the contractors we interviewed suggested that much of the variation is due to block
upgrades of the programs and the introduction of new management approaches, such as

IPTs.
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Figure 3.9
Average SE/PM Cost Split for Aircraft and Guided Weapons Development
Programs
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Acquisition Initiatives That May Affect Future SE/PM
Costs

During the late 1980s and 1990s, DoD pursued several strategies to
try to reduce the cost of developing and procuring weapon systems,
including acquisition reform. Acquisition reform is the broad array of
proposals for changing the acquisition process to include more com-
mercial-like approaches to the process and reduce the perceived bur-
den of government regulation. RAND developed a taxonomy of re-
form measures in a study of the cost savings from those measures
(Lorell and Graser, 2001). According to this taxonomy, the three
main areas of acquisition reform are “(1) reducing regulatory and
oversight compliance, (2) commercial-like program structure, and
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Figure 3.10
Aircraft SE/PM as a Percentage of Air Vehicle Cost for Successive Production
Programs
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(3) multiyear procurement.” Only the effect of commercial-like pro-
gram structures on SE/PM costs was investigated in this study.>

Commercial-like programs are characterized by an emphasis on
concepts such as CAIV in which costs are given equal importance to
performance and schedule. Levels of mission performance above the
agreed-upon threshold values can be traded for cost savings if the de-
termination is made that the extra increment of performance is not
worth the extra cost. These programs can feature contractor configu-
ration control and design flexibility to allow insertion of commercial
or dual-use technology. Military specification reform and IPTs are
used to implement these changes.

3 The earlier RAND study concluded that relief from regulatory compliance affected over-
head costs and would typically be accounted for in the labor rates used for cost estimates.
The SE/PM data we used were not detailed enough to examine the effects on labor rates.
Multiyear procurement savings typically would be associated only with production contracts.
They are largely associated with savings at the subcontractor level and would not typically
affect the prime contractor SE/PM costs we investigated in this study.
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Figure 3.11
Guided Weapons SE/PM as a Percentage of Production Cost for Successive
Production Lots
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Another area of commercial-like acquisition is the use of evolu-
tionary acquisition. Evolutionary acquisition has recently been pro-
moted in an attempt to reduce the time required for systems to be
produced and fielded. The 5000 series® DoD Directives (DoDDs)
recommend the use of evolutionary acquisition as a way to increase
the responsiveness of the acquisition system by emphasizing the use
of available technology to deliver systems in the shortest time possi-
ble. This evolutionary approach is designed to deliver capability in
increments, with the upfront knowledge that future capability im-
provements will be necessary.” As stated in DoDD 5000.2, “The suc-

6 Department of Defense Directive (DoDD) 5000.1 (DoD, 2003) and DoDD 5000.2
(DoD, 2003b) define management principles that should be used when managing acquisi-
tion programs within DoD.

7 Spiral development and incremental development are two methods used to execute evolution-
ary acquisition. Spiral development is defined as the process by which the desired capability
is known, but the end-state requirements are not known, at the start of a program. Incre-
mental development is similar to spiral development, with the exception that the end-state
requirement is known in advance.
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cess of the strategy depends on consistent and continuous definition
of requirements, and the maturation of technologies that lead to dis-
ciplined development and production of systems that provide in-
creasing capability towards a material concept (DoD, 2003b).” Risk
management and user feedback are used to keep the development
proceeding in the right direction.

The three types of acquisition reform (reduced use of military
specifications [MILSPECs] and MILSTDs, use of IPTs, and use of
evolutionary acquisition) could all potentially affect SE/PM costs on a
given program. Reduction in the use of MILSPECS may alleviate
some of the constraints an engineer faces with a given design and thus
lead to cost savings. However, this change may require some new
commercial specifications to be developed and used, complicating the
SE/PM work and making it more costly to accomplish. The use of
IPTs could benefit the design process by including more inputs ear-
lier in the program before the design is frozen, which could help the
program avoid costs that would not have been anticipated without
this forum for discussion. However, IPTs require more consensus
building, which could result in more effort and time to come to
agreement on a design and, thus, increase SE/PM costs in develop-
ment. Evolutionary acquisition requires risk analysis to understand
how the development is coming along and also requires continuous
reassessment of system requirements. This acquisition approach al-
lows for systems to be fielded with the understanding that future up-
grades will be made to better meet the user’s needs. However, it also
requires a large amount of coordination given that each design release
may resemble a “mini-acquisition” within the larger program. In
summary, it is unclear if these changes would increase or decrease
SE/PM costs. Each of these initiatives is discussed below.

Military Specification Reform

Since the time of World War II, the Department of Defense had
been establishing a library of specifications and standards for defining
components, materials, processes, testing procedures, and quality-
control techniques for use in procuring defense material. The goal of
developing these specifications was to develop a common terminology
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to facilitate communication among engineers regarding complex
ideas. The government used these specifications and standards to en-
sure that the contractors bidding on work understood what was re-
quired and to verify that each contractor complied with the require-
ments of the contract.

In the early 1990s, changes in the defense acquisition environ-
ment, including a smaller defense industrial base, a rapid change in
the pace of technology, and a decreasing DoD workforce, precipi-
tated a change in dependence on military specifications and stan-
dards. As of July 1994, about 45,000 MILSPECs and MILSTDs
were in existence (DoD, Office of Undersecretary of Defense [Acqui-
sition, Technology & Logistics] 2001).8 It was often stated that these
detailed military requirements constituted a barrier to the entry of
new commercial contractors and products to the military acquisition
process. DoD was no longer high-tech industries’ dominating buyer,
and it wanted a means for accessing the most up-to-date technology
in a cost-effective manner.

In June 1994, as part of the acquisition reform effort, DoD de-
creed an end to military standards other than performance specifica-
tions. A memorandum titled “Specifications and Standards—A New
Way of Doing Business,” by Secretary of Defense William Perry,
cited a goal for DoD to increase its access to commercial state-of-the-
art technology and allow for dual-use processes and products from
the commercial sector in the military as a way to expand the potential
industrial base for military equipment and services. The memo stated
that this expanded industrial base would be capable of meeting de-
fense needs at lower costs. A second goal stated in the memo was the
removal of impediments to integration of commercial components
into military systems. A final goal was to speed up the weapons-
system development process, which typically took 12 to 15 years to
field a new system. Evolutionary acquisition hopes to take advantage
of what is perceived to be a faster introduction of technology, as is
done in the commercial sector.

8 This number reflects not only military specifications and standards but also nongovern-
ment standards, commercial-item descriptions, and other documents.
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In response to this memo, the Deputy Under Secretary of De-
fense (Acquisition Reform) chartered a Process Action Team to de-
velop a strategy to reduce the reliance on MILSPECs and MILSTDs.
In 1994, Secretary of Defense Perry approved the Process Action
Team’s recommendation “to use performance and commercial speci-
fications and standards in lieu of military specifications and stan-
dards, unless no practical alternative exists to meet the user’s needs
(Perry, 1994).” Due to this policy, MIL-STD-499(A), which estab-
lished the systems engineering process, was cancelled, and a final ver-
sion of MIL-STD-499(B) was not released.

The Director of Systems Engineering within OSD asked that a
group of organizations collaborate to develop a commercial systems-
engineering standard to replace the military one. The working group
was called the Electronic Industries Alliance (EIA) and was composed
of members from DoD, the Aircraft Industry Association (AIA), Na-
tional Security Industrial Association, Institute of Electrical and Elec-
tronics Engineers (IEEE), and the International Council on Systems
Engineering (INCOSE). The resulting SE standard to replace MIL-
STD-499 was called EIA-632. In parallel, the IEEE developed IEEE-
1220, and the International Organization for Standardization (ISO)
along with the International Electrotechnical Commission (IEC)
jointly developed ISO/IEC-15288. These three commercially derived
standards each address the systems-engineering process at various lev-
els® and would all be needed to fully accomplish systems engineering
within an organization.

The early 1990s also saw the advent of systems engineering ca-
pability-assessment models. The difference between standards and
capability models is in their purpose. Standards are meant to provide
an organization with processes that, if used properly, will result in an
effective and efficient means for engineering a system. Capability as-
sessment models are used to identify how well the standards are being

9 ISO/IEC 15288 covers the life cycle of a system from concept to retirement. EIA 632 is
the next lower-level standard, which addresses the processes for engineering a system (i.e.,
what to do). IEEE 1220 defines the process at the task or application level. See Defense Ac-
quisition University (2004a).
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implemented and point out process improvement. The primary goal
of a capability model is to evaluate a program’s systems-engineering
capability. During the early 1990s, the Software Engineering Institute
(SEI) developed various versions of the Capability Maturity Model
(CMM) that was later extended to systems engineering processes.

It is difficult to determine exactly what impact the cancellation
of certain military specifications and standards had on the cost of de-
veloping and procuring weapons systems. Many in industry did not
anticipate the speed of the outright cancellation of many of the mili-
tary standards. The government called for the creation of hundreds of
nongovernment standards to be created by industrial associations,
which could not keep up with the demand. In several instances, mili-
tary standards were merely renamed and left intact as commercial
standards.

Several pilot programs were selected to incorporate these new re-
form ideas into their acquisition strategies. In particular, the Joint
Direct Attack Munition (JDAM) and the Joint Air-to-Surface Stand-
off Missile (JASSM) programs both attempted to take advantage of
the new acquisition philosophy. JDAM is essentially a strap-on guid-
ance tail kit used on “dumb” bombs, giving them much improved
accuracy by using the global positioning system (GPS) and an inertial
measurement unit (IMU) to provide course correction updates to the
control fins during flight. JASSM is a much more complicated muni-
tion that was a follow-on program to the Tri-Service Standoff Attack
Munition (TSSAM), which failed due to performance shortfalls and
cost increases. These programs were some of the first to look at re-
ducing the number of specifications by defining only a few top-level
performance requirements and allowing contractors great latitude to
make trade-offs to lower cost. In the case of JDAM, there were 87
MILSPEC:s in the predevelopment program RFP, the majority of
which were eliminated by the time of the development phase (Lorell
and Graser, 2001). In the case of JASSM, only three broad KPPs
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were stipulated to be nonnegotiable: range, missile effectiveness, and
aircraft carrier compatibility."

One of the objectives of this study is to determine what, if any,
adjustment should be made to SE/PM cost estimates for future pro-
grams based on acquisition reform. Because both the JDAM and
JASSSM programs have been through development, this report com-
pares the SE/PM development cost of these programs to the sample
of guided weapons development programs for which we collected
data. We compare, in a limited way, the SE/PM costs for these
streamlined programs to the SE/PM costs for programs that were
developed using the conventional acquisition process.

Integrated Product Teams

Along with the introduction of military specification reform, the Sec-
retary of Defense in May 1995 directed that Integrated Product and
Process Development (IPPD) with IPTs be used throughout the ac-
quisition process. DoD defines IPPD as follows: “A management
process that integrates all activities from product concept through
production/field support, using a multifunctional team, to simulta-
neously optimize the product and its manufacturing and sustainment
processes to meet cost and performance objectives” (DoD, 1996).
Rather than using a long, sequential approval process that had be-
come the norm, IPPD attempts to drive down the decisionmaking to
the lowest level possible through the use of dedicated teams of
stakeholders, the IPTs.

An IPT brings together stakeholders with specific relevant expe-
rience and concerns who are committed to delivering a product to a
customer. (In the case of DoD acquisition, the military user is typi-
cally considered the customer.) The expectation is that the team
members will feel free to voice their concerns about a program and
will be empowered to resolve issues in a cooperative fashion. If issues
cannot be resolved at lower levels, the DoD model suggests that these
issues be brought to a higher level for resolution. The goal of this

10JASSM added one more KPP, to address interoperability, in 2000.



46 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

framework is to bring together individuals with a wide array of exper-
tise to work out issues jointly. Theoretically, this process should allow
for a broader collection of alternatives for consideration and a quicker
resolution of problems to produce a product more responsively.

As shown in Figure 3.12, the DoD IPPD framework!" consists
of IPTs at various levels that are used to execute and oversee acquisi-
tion programs. IPPD is a management philosophy that uses multidis-
ciplinary teams composed of representatives from engineering and
other technical specialties (including business and financial analysts)
who along with customers achieve the best design.

Starting at the bottom of the framework, the Program IPT typi-
cally performs the execution of the specific activities on the program.
The Program IPT is composed of government representatives, who
support the program office, and contractor personnel, who work for
the contractor that was awarded the work. The specific functional
experts from both the government and the contractor are expected to
work together to discuss and resolve issues in their respective areas.

The next levels of IPTs are composed of government personnel
who are responsible for the oversight and review of the program.’
Each working-level IPT (WIPT) is composed of experts in a specific
field representing different organizations with different points of
view. Representatives from the WIPTs participate at the next-higher
level—the Integrating IPT (IIPT). An IIPT is typically a multidisci-
plinary group in which WIPT representatives raise higher-level issues
about the program. The next level of oversight is the Overarching
IPT (OIPT), whose role is to provide strategic guidance and resolve
issues raised by the WIPT and IIPT. The ultimate authority for ac-
quisition programs resides with the Milestone Decision Authority
(MDA), who reviews the OIPT’s input and resolves issues raised by
the OIPT to enable a program to obtain approval to proceed to the

11 This framework is described in DoD (1999).

12 Industry personnel may participate in WIPT or IIPT meetings to present information,
advice, and recommendations, but they are not part of government deliberations. See DAU
(2004, Section 10.3.3, “Industry Participation”).
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next program milestone. For ACAT 1D" programs, the milestone
decision authority is USD(AT&L) or the Assistant Secretary of De-
fense for Command, Control, Communications, and Intelligence
(ASD[C3I]).

Two programs that followed this acquisition approach in devel-
opment were the F/A-22 and F/A-18E/F EMD programs. The gov-
ernment and the contractor worked together closely to determine re-
quirements and incorporate changes through multiple reviews of the
programs. There is considerable debate over whether the continuous
involvement between the government and the contractor actually cost
or saved money. In Chapter Six, we compare these programs to our

sample of programs to see how their SE/PM costs differed.

Figure 3.12
Framework for DoD’s IPPD Operational Structure
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SOURCE: DoD, 1999.

13 ACAT is an acronym for Acquisition Category. The “1” indicates a major defense acquisi-
tion program (MDAP), usually defined by its cost. The “D” indicates that the MDA resides
within the Office of Secretary of Defense. For an ACAT ID program, the MDA is the Com-

ponent (usually military service) Acquisition Executive.

14 The ASD(C3I) office has recently been renamed to Assistant Secretary of Defense (Net-
works and Information Integration) (ASD[NII]).
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Evolutionary Acquisition

Evolutionary acquisition is an alternative acquisition approach, the
use of which has recently been encouraged for acquiring weapons sys-
tems."> The impetus behind EA is that the typical serial acquisition
approach used by DoD takes too long to get a program through de-
velopment and into the field. EA was first applied to software-
dominated Command, Control, Communications, and Intelligence
(C3I) systems in which change was occurring so rapidly that it was
difficult to define in detail the operational capabilities before starting
EMD. Also, industry technology was being driven more by the mar-
ketplace than by DoD, and the development-cycle time within indus-
try was much shorter than the typical development time required for
a DoD program. In 2003, DoDDs 5000.1 and 5000.2 formally en-
dorsed EA as the “preferred DoD strategy for rapid acquisition of ma-
ture technology for the user,” expanding its use beyond C3I programs
to all DoD acquisition programs.

The EA construct attempts to “deliver capability in increments,
recognizing, up front, the need for future capability improvements”
(DoD, 2003b). The construct calls for consistent and continuous up-
dating of requirements and evaluation of technologies available to
meet those requirements. Both users and independent testing organi-
zations need to be involved to provide the necessary feedback on how
well industry has identified and applied the new technologies. All of
these efforts need to be balanced against time, cost, and overall priori-
ties. Each EA increment can be treated as an individual acquisition
program within a larger program. Figure 3.13 shows how the EA
process can be modeled; it depicts the incremental progression of the
program through the release of block versions of a system and the
heavy involvement of the user in the development process.

15 Preplanned product improvement and block upgrade programs are precursors to evolu-
tionary acquisition.
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Figure 3.13
Evolutionary Acquisition Model
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SOURCE: Defense Systems Management College, 1995.

Because the EA concept has only recently been formally applied
to weapons acquisitions, the information for assessing its effect on
SE/PM is limited. The Global Hawk program used EA as an acquisi-
tion technique, but the program was an Advanced Concept Technol-
ogy Demonstration (ACTD) program, and historical costs were not
available in the government databases used for this study. Some of the
contractors we contacted suggested that it would be useful to consider
P3I development programs as surrogates for EA programs. One such
program is the Joint Standoff Weapon (JSOW). The program sought
to develop a common “truck” missile airframe that was concurrently
modified to accommodate new sensors and payloads. We used cost
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data from the JSOW program as a surrogate for EA to attempt to de-
termine the impact on SE/PM cost estimates.

Summary

SE/PM represents a significant portion of development and produc-
tion costs for both aircraft and guided weapons systems. Since the
1960s, SE/PM costs for aircraft development programs are increasing,
while they are holding steady for guided weapon development pro-
grams. The split between systems engineering and program manage-
ment costs is roughly 50/50, with guided weapons programs costs
showing a slight tilt toward systems engineering. In production, we
see a large amount of variation in SE/PM costs. Changes to the de-
sign process from incorporation of new acquisition initiatives, such as
military specifications and military standards reform; the use of IPTs;
and the implementation of evolutionary acquisition may affect
SE/PM costs.

In the next chapter, we explore methods of estimating SE/PM
costs that have been used in the past by both the government and by
prime-level contractors. We also highlight the findings from the in-
terviews we conducted with contractors to determine what costs they
include in SE/PM and potential cost drivers that could be used to
estimate SE/PM costs.



CHAPTER FOUR
Cost Data Findings and Current Estimating
Approaches

We collected information for this report primarily through two
means: (1) reviewing historical cost and schedule information from
government reports and some internal contractor accounting infor-
mation and (2) conducting discussions with government and prime-
level defense contractor personnel who develop cost estimates for
programs. (A copy of the questionnaire we used for interviewing con-
tractors is in Appendix C.) From our discussions with contractor per-
sonnel, we found that the historical cost data are not always consis-
tent in terms of which data are reported under each WBS element.
We found that the current government cost-estimating methods tend
to be high level and do not explicitly estimate SE/PM costs. Industry
personnel use different methods to estimate SE/PM depending on the
purpose of the estimate and how much is known about the program.

Cost and Schedule Data Sources

We collected the cost data from a variety of sources. For most aircraft
development programs, we obtained copies of CCDRs or CPRs from

the Defense Cost and Resource Center.! For three development pro-

I CCDR reporting is required for all ACAT 1 programs by DoD Directive 5000.4M (1992)
and generally uses a product-oriented WBS to categorize costs. The goal of collecting cost
data according to this WBS is to create a database of common cost information across differ-
ent programs for systems within the same commodity (e.g. aircraft, guided weapons). The
CCDR also separates the nonrecurring and recurring costs typically associated with a con-
tract. The reporting requirement is flowed down to supporting contractors who perform a

51
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grams, we used internal company reports. For most aircraft produc-
tion programs, we used a database of costs taken from CCDRs that
was developed by an analyst at the Air Force Cost Analysis Agency
(AFCAA) in the late 1990s. This database provided the then-year
costs for programs by major WBS elements. The database referenced
the contract number and date of each CCDR used as a primary
source. For most programs, the database referenced a more complete
and timely set of CCDRs than we were able to obtain elsewhere. For
a few production programs that were not in the database from
AFCAA, we obtained copies of CCDRs. For guided weapons devel-
opment and production programs, we primarily used the CCDR
costs reported in the August 2000 Tri-Service Missiles and Munitions
Database. For the remaining weapons programs, we obtained copies
of CCDRs from other sources.

Because we observed that the duration of a contract could play a
part in the analysis of cost, we obtained major milestone dates from
Selected Acquisition Reports (SARs)? that detailed when the contract
was awarded, the first flight, the end of the development test, and the
first production delivery. We supplemented the data found in the
SARs with schedule data found in external open-source publications.
The schedule information was used to determine the duration of the
development contract by measuring the number of months from con-
tract award to each of the major milestones.

significant portion of the work. CPR reporting is used during the execution of the contract
to measure the status of the work being performed and to document program expenditures.
Unlike the CCDR, it does not separate the nonrecurring and recurring costs, but otherwise it
does typically use a similar WBS cost breakout.

2SARs are status reports provided to Congress that are required by Title 10, USC 2432, for
Major Defense Acquisition Programs (MDAPs). They provide information that covers pro-
gram background, schedule, performance characteristics, funding summaries, and top-level
contract information on the program. The schedule shows major design milestones within
the program as it progresses from development to production and fielding. The funding
summaries show the yearly amount of funding for the various appropriations that are used
for the program. Typically, SARs are produced at the beginning of development and then
annually at the end of the calendar year, but they may be required to be produced more fre-
quently if there are significant changes in a program.
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Cost Data Findings

For several decades, contractors were required to report costs to the
government using a variety of standard reports. The primary govern-
ment reports are the CCDR and the CPR. For the government to
standardize cost reporting for developing a cost database, a standard
WBS is used to categorize costs. MIL-HDBK-881 (DoD, 1998) pro-
vides the sample WBS by commodity (e.g., aircraft, ship, missile) that
can be tailored for the specific content of the program.

The source of the cost data that feed into the government re-
ports is the contractor’s accounting system. Because the cost ac-
counting structure of most contractor’s accounting systems will not
match the approved program WBS, costs are allocated or grouped
into the government-approved program WBS for reporting purposes
(referred to as a “cross-walk” between the accounting system and the
cost report). Because of the long-standing requirement for cost re-
porting, the system produces a useful high-level database of program
costs for many systems. The fidelity and consistency of cost reporting
tend to decrease at lower levels of the WBS and for smaller-sized pro-
grams. Because systems engineering and program management re-
quire multiple disciplines to be involved in the evolution of a pro-
gram’s design, making sure that the appropriate efforts are tracked
and accounted for can be difficult. We started with the government’s
definition of SE/PM costs, found in MIL-HDBK-881, and tried to
determine how consistent various military contractors are in how they
define SE/PM in their accounting systems.

MIL-HDBK-881 Definition of SE/PM

As described above, MIL-HDBK-881 (DoD, 1998) provides a guide
for developing a WBS for detailing the work to be performed on a
program.? It states that SE includes “the overall planning, directing,
and controlling of the definition, development, and production of a
system or program including supportability and acquisition logistics,

3 The complete MIL-HDBK-881 excerpt that defines the content of systems engineering
and program management costs is in Appendix B.
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e.g., maintenance support, facilities, personnel, training, testing, and
activation of a system. [It] excludes systems engineering/program
management effort that can be associated specifically with the equip-
ment (hardware/software) element.” MIL-HDBK-881 defines PM as
“the business and administrative planning, organizing, directing, co-
ordinating, controlling, and approval actions designated to accom-
plish overall program objectives which are not associated with specific
hardware elements and are not included in systems engineering.”

The difficulty with both of these definitions is the stated exclu-
sion of actual design/production engineering and management di-
rectly related to the WBS element with which they are associated. In
practice, this definition is difficult to apply consistently within a
product commodity, within a company, or for an entire program.
Systems engineering is so intimately tied to hardware and software
design that it is difficult to determine how to separately account for
each. Also, with the flow down of requirements to subcontractors,
some systems engineering is also done at the subcontractor level. Fi-
nally, following the mergers and acquisitions that occurred in the de-
fense industry during the 1990s, each of the major DoD prime con-
tractors is composed of several previously stand-alone companies.
This change, along with continuing pressure to reduce overhead, has
resulted in accounting systems that are continually changing at each
of the major contractor organizations.

Definitions Across Multiple Contractors

To try to understand the differences in the definitions of Systems En-
gineering and Program Management, we gathered information from
contractor proposals, WBS dictionaries, and discussions with various
contractors. To get a cross section of the industry, we obtained a rep-
resentative detailed subtask breakout for the major suppliers of air-
craft and weapons. Table 4.1 compares the subtasks that various con-
tractors (companies) report under SE and PM.
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Table 4.1
Comparison of Contractors' Systems Engineering and Program Management
Subtasks

Contrac- Contrac- Contrac- Contrac-
tor A tor B tor C tor D

Systems Engineering Subtasks

System safety

Reliability

Human factors

Maintainability

Producibility

Survivability/Vulnerability program

Quality assurance

Requirements allocation/Validation

Risk management

Standards

Electromagnetic compatibility/
Lightning strike X

DTC/LCC program X

Test equipment

Systems engineering management

Configuration integration X X

Operations analysis

Corrosion prevention program X

Mass properties X

Technical baseline documents

Technical integration

Pilot-vehicle interface

Parts standardization

Weapons integration

Integrity

Logistics support analysis

Depot and intermediate rework analysis

Facilities program

Support equipment program

Spare and repair parts program

Training systems program

x X X X X X X X X
X X X X X X X X X X X X X X
x X X X X

X

X X X X X X x

X X X X X X
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Table 4.1—Continued

Contrac- Contrac- Contrac- Contrac-
tor A tor B tor C tor D

Program Management Subtasks
Planning and control
Data management
Configuration management
Program management
Logistics support management
Support equipment
Program independent analysis
Technical plans and controls
Drawing control and maintenance
Quiality assurance management
Manufacturing management
Integrated logistics data
Training
Foreign customers
Program office
DTC/LCC program X
ILS demonstration and evaluation X

X X X X

x

X X X X X X X
x

X X X X X X X X

As shown in Table 4.1, there are subtask elements in common
across contractors, but also many differences among them. Systems
safety, reliability, human factors, maintainability, producibility, sur-
vivability/vulnerability, quality assurance, and requirements alloca-
tion/validation tend to be included in systems engineering on a con-
sistent basis across most contractors. Some of the differences in SE
tasks may be due to accounting differences among the contractors,
and they may be incorporated in other WBS elements. Several de-
tailed areas of systems engineering (e.g., test equipment, mass proper-
ties, pilot-vehicle interface, and weapons integration) potentially
could be associated with hardware design and violate the MIL-
HDBK-881 definition of systems engineering.

For PM subtasks, planning and control, data management, and
configuration management tend to be consistently reported across the
contractor sample. However, there are subtasks that are included in
SE for one contractor and in PM for another. Specifically, the



Cost Data Findings and Current Estimating Approaches 57

DTC/LCC effort is accounted for under both SE and PM. For
guided weapons programs, we also found that some of the systems
engineering effort was outside the normal SE WBS cost category. The
traditional SE that concerns itself with the integration of the various
components of the guided weapon was accounted for under the nor-
mal SE category. A second type of SE that includes the activities for
integration of the missile on the various aircraft platforms was found
in a separate WBS category. This platform-integration element in-
cludes activities such as systems requirements verification, testability,
human factors, environmental protection, survivability engineering,
environmental qualification, aircraft integration and interface docu-
mentation, and systems validation.

Definition of SE/PM Within a Single Company

We found from our discussions with contractors that even within a
single company the definition of the content of SE/PM may change
from program to program. As shown in Table 4.2, data from five
programs within a single company are presented. SE/PM hours were
collected across four sub-areas: SE (non-ILS), SE (ILS), PM (non-
ILS), and PM (ILS). We found that work in each of these sub-areas
showed differing content from program to program. Further, we
found that within the SE (non-ILS) sub-area, there are work hours
that could potentially violate the MIL-HDBK-881 definition that
excludes design and test work from the SE/PM WBS element. The
elements such as strength analysis, design support, design loads analy-
sis, and mass properties could be classified as air vehicle hardware de-
sign, and the elements such as test support and flutter and vibration
analysis could be classified as system test and evaluation.

Even though there are differences among contractors and across
programs in which tasks are included in the SE and PM categories,
the functions they have in common represent the cost drivers of
SE/PM costs. Figure 4.1 shows the cost breakout of the lower-level
SE/PM tasks for a sample program.
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Table 4.2
Single Contractor's SE/PM Subtasks Across Programs

Program Program Program Program Program Program

A B C D E F
Systems Engineering (Non-ILS)
Technical Support X X X X X X
Other support X X X X
Survivability/

Vulnerability X X X X
LCC/DTC program X X X
Structural design

criteria X X
Producibility program X X
Standardization

program X X
Strength analysis X
Design support X
Test support X
Design loads analysis X
Mass properties X
Systems analysis X
Flutter and vibration

analysis X

Configuration control X X X X X
Reliability/Maintainability
program X X X X
Other systems engineering X X X X
Air vehicle/Subsystem
analysis X X X
Safety engineering X X X
Human factors engineering X X X
System verification X X
Sustaining engineering
(non-ILS) X X
Quiality assurance program X
Environmental analysis X
Systems Engineering (ILS) X
Logistics support analysis X X X X X
Other X X X X X
Facilities program X X

Support equipment
program X
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Table 4.2—Continued

Program Program Program Program Program Program
A B C D E F

Systems Engineering (ILS)—continued
Spare and repair parts X
Training system analysis X
Program Management (Non-ILS)

Planning and control/
configuration

management X X X X
Other project management X X X X X X
Travel X X
Data management X X
Security X X
Proposal preparation X X

Program management/
technical/production
readiness reviews X X

Technical exchanges X
Support to project

management X
Miscellaneous project

management X

Program Management (ILS) X
ILS planning and
management X X X
ILS demonstration and
evaluation X

Contractor support plans X
Other project management
(ILS) X

Government Approaches to Estimating SE/PM Costs

For both aircraft and weapons development programs, we found that
government cost-estimating techniques generally address the total
nonrecurring engineering or development cost of a program and use
an allocation scheme to extract the SE/PM effort for the development
program instead of attempting to estimate SE/PM costs directly. For
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Figure 4.1
Detailed SE/PM Cost Breakout for a Sample Program
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aircraft programs, the Joint Strike Fighter (JSF) program office shared
their technique for estimating SE/PM costs. For missile programs, we
discussed a CER used by the Naval Center for Cost Analysis
(NCCA)* for estimating the engineering effort for development.

The JSF program uses a CER to estimate the total nonrecurring,
non-test engineering (NNTE) hours based on data from six recent
fighter attack aircraft development programs.> NNTE hours repre-
sent the total engineering development associated with the program,
excluding the engineering associated with the contractor test effort.
The CER parameters used as independent variables are the WE of the
aircraft, the percentage of structural weight that is made of compos-

4 NCCA was reorganized in 2002 and is now a division within the Office of Budget that
reports to the Navy’s Financial Management and Comptroller. It has since been renamed the
Naval Cost Analysis Division.

3> The JSF NNTE CER was jointly developed by representatives from various DoD cost
agencies including the Naval Air Systems Command, the Aeronautical Systems Center, and
the Air Force Cost Analysis Agency.
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ites, and a “next-generation variable.” Based on historical ratios of
SE/PM to total design engineering, an allocation of 25 percent of the
total NNTE hours is allocated to SE/PM.

As with the CER used by the JSF program for estimating aircraft
development engineering and SE/PM costs, NCCA regularly uses a
CER for estimating total nonrecurring engineering hours for missile
development. The CER uses three independent variables for deter-
mining engineering development hours: the cumulative average re-
curring cost of the first 1,000 units produced, the EMD phase devel-
opment time, and an adjustment factor to decrement the number of
hours for a product improvement program. No specific allocation is
made to determine how much of this effort is associated with SE/PM.

Both the JSF and NCCA methods for estimating the nonrecur-
ring engineering hours for an aircraft or missile development yield an
estimate of the total hours including the SE/PM effort. These ap-
proaches have the advantage in that they relate the historical data
from previous programs to the program of interest and make sure
that all the engineering hours are accounted for in the final result.
However, there is no direct estimate of the appropriate amount of
SE/PM effort required.

For production programs, we found that the government uses a
variety of approaches to estimate SE/PM costs. Again, early estimates
on the JSF program estimated SE/PM costs as a part of sustaining
engineering costs using parametric equations relating cost to such fac-
tors as weight, material complexity, and the number of units pro-
duced. It relied on cost data from five different fighter and attack
programs. For a recent guided weapon program, NCCA used a factor
of recurring hardware cost based on cost data from a prior program
that varied from lot to lot. Both approaches used a limited amount of
information (more like an analogy approach) rather than a general
cross-section of program cost information.

% The next-generation variable tries to capture the additional cost of a low observable design
that includes internal carriage of weapons, weight criticality, and tightly packed avionics and
subsystems.
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Estimating Approaches Used by Industry: General
Methods

In our discussions with prime weapons systems contractors, we
learned that contractors use different cost-estimating approaches de-
pending on the phase of a program’s life cycle and the purpose for the
estimate. The three major phases of a life cycle are initial develop-
ment, initial production, and the changes required after initial pro-
duction has begun and units are fielded. The purpose of an estimate
changes as a program becomes more defined. Generally, the total
SE/PM cost is estimated at the aggregate level, but the lower-level
tasks are tracked separately within the specific program contract.
Table 4.3 shows the various estimating approaches contractors
use. The “Trade Studies” column represents programs that are very
early in their conception, and estimates are required at a gross level to
choose from various program alternatives. “Rough order of magni-
tude” estimates are performed when a desired program alternative is
chosen, but a large amount of uncertainty about program specifics
still exists. “Budgetary” estimates are performed when the chosen
program alternative requires a greater level of detail over the perform-
ance period that the program will cover. “Firm” cost estimates are
required when a contractor is providing a bid on a program for which

Table 4.3
Contractors’ SE/PM Estimating Approaches

Estimate Purpose

Phase of Program Rough Order
Life Cycle Trade Study of Magnitude Budgetary Firm
New development Top-down Top-down Top-down Bottom-up
Bottom-up Top-down
Combination
New production Top-down Top-down Top-down Top-down
Bottom-up
Change Top-down Top-down Top-down Top-down

Bottom-up Bottom-up Bottom-up
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a definite scope of work has been defined. Firm estimates require the
most amount of detail and the highest level of accuracy.

A “bottom-up” approach utilizes a variety of techniques based
on the task, the schedule, individual judgment, and parametric ap-
proaches at a detailed level. This approach is generally used when the
estimates are at a more mature stage and represent a firm quote. The
“top-down” approach uses CERs at a gross or high level. The top-
down approach is generally used early in a program when trade stud-
ies and rough order of magnitude estimates are required. Analogies to
previous programs, in which specific comparisons with other pro-
grams are made to develop estimates for the new program, can be
used for either the bottom-up (at a detailed level of cost) or the top-
down (performed at a higher level of cost aggregation) approach.
These analogies are used in either early program estimates or for a
firm final estimate.

Estimating Approaches Used by Industry: Development
Programs

To determine the methods that DoD contractors use to estimate
SE/PM costs, we reviewed several recent proposals that showed vari-
ous techniques that have been used on aircraft and missile programs.
For development programs, three general methods are used to esti-
mate SE/PM costs. The first uses a constant percentage of total or de-
sign engineering hours. The second uses a percentage that varies with
the total design engineering hours. The third uses a level-of-effort
build-up technique.

Figure 4.2 depicts variations on how SE/PM can be estimated as
a constant percentage of the design effort. Each variation is differenti-
ated by what is considered to be the “base” design effort and by what
is included in the percentage applied to the base cost. The base cost is
first estimated parametrically or by using an analogy to other pro-
grams deemed to be comparable to the program at hand. Each of
these three constant-percentage approaches uses a percentage applied
to the base cost for determining SE/PM costs. The arrows in Figure
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4.2 indicate the base hours or costs that are used to multiply against a
certain percentage to arrive at an SE/PM estimate.

For the NNTE allocation approach, the SE/PM hours are esti-
mated along with engineering design and engineering technical staff
hours. This method is a factored approach used in recent government
estimates of aircraft development programs. NNTE hours are esti-
mated parametrically. Using a historical percentage, the portion of
the NNTE effort associated with SE/PM is determined and allocated
to the SE/PM WBS element. The NNTE allocation approach ac-
knowledges the difficulty of separating out the SE/PM effort from the
overall engineering design effort by estimating all the NNTE hours
together and allocating the hours back to the engineering design, en-
gineering technical staff, and SE/PM categories.

The two other constant-percentage approaches portrayed in
Figure 4.2 use the same engineering design base cost for determining
the SE/PM costs, but they are used to determine SE/PM costs sepa-
rately or along with engineering technical staff cost. When the
SE/PM costs are estimated separately, we call it the “direct factor of
design” approach. When SE/PM costs are estimated along with engi-
neering technical staff costs, we call it an “indirect factor of design.”
In the direct-factor approach, the engineering design effort is esti-
mated using parametric approaches or analogies to other programs.
SE/PM costs are then directly estimated as a percentage of the design

Figure 4.2
Variations on SE/PM Cost Estimating as a Constant Percentage of the Design
Effort

NNTE Direct Factor Indirect Factor
Allocation of Design of Design
Engineering design | | [ Base | [ Base |

Engineering technical staff [ | [ |

SE/PM [ | [ |

NNTE Base [ | [ |

RAND MG413-4.2
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cost. With the indirect-factor technique, SE/PM and engineering
technical staff support are estimated together as a factor of engineer-
ing design hours. Engineering design hours include those associated
with the wing, fuselage, empennage, landing gear, power subsystems,
cooling systems, fuel systems, flight controls, electrical subsystems,
cockpit systems, and weapons delivery systems. The tasks under engi-
neering technical staff are more-general functions in which the tech-
nical engineers are experts in a specific area and support the product-
specific engineers assigned to the program. Those tasks include
weights/mass properties analysis, strength analysis, flight and ground
loads analysis, structural dynamics, guidance and control, aerody-
namics, thermodynamics, materials and processes, propulsion, loft,
liaison, integrated design modeling, design quality, and observables.
The next major approach used by industry to estimate SE/PM is
to use a percentage that varies according to the total design hours es-
timated for a program. As the design hours of a program increase,
those hours as a percentage of SE/PM decrease. Figure 4.3 plots this
trend (the curve) against cost data from five of the company’s histori-
cal programs (SE/PM and technical support as a percentage of design

Figure 4.3
SE/PM and Technical Support as a Percentage of Engineering Design Hours
Versus Actual Design Hours

SE/PM and technical support as a
percentage of design hours

Design hours
RAND MG413-4.3
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hours versus the actual design hours incurred on a program). (Actual
percentages are not shown in the figure to avoid presenting proprie-
tary information.)

The third major approach that contractors use is a level-of-effort
estimating technique, which was found in several proposals prepared
for EMD contracts. This approach estimates a headcount for specific
tasks based on analogies to prior programs and multiplies the
headcount by an expected duration for the tasks to determine the es-
timated hours. This method requires detailed knowledge of both the
historical program used as a basis for the estimate and the new pro-
gram to be estimated. The contractors also use expert judgment and
parametric approaches for estimating SE/PM.

Estimating Approaches Used by Industry: Production
Programs

In production program estimates, the SE/PM engineering hours are
usually part of the total production engineering hours that are esti-
mated according to the specific type of engineering to be used. For
projecting staffing for future production lots, one contractor we in-
terviewed used a function of staffing hours versus the number of pro-
duction lots. The annual number of staffing hours declined until the
peak production rate was reached and then flattened for the remain-
ing production lots. Another contractor used lower-level CERs for
estimating SE/PM associated with engineering change proposals. The
common base used for these estimates is the engineering design hours
multiplied by a factor to account for the SE/PM costs.

Summary

Given the highly integrated nature of the work under the SE/PM
category, we found differences in the definitions of what is included
in the cost data for SE/PM. We found differences across contractors
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and within a single contractor. However, we found that the major
cost drivers within SE/PM tend to be consistently reported.

Our examination of the various government and industry ap-
proaches to estimating SE/PM costs shows that different methods are
used depending on the circumstances involved in each estimate. The
methods used by government tend to focus on estimating SE/PM as
part of the overall engineering effort and do not explicitly estimate a
cost for SE/PM. The methods used by industry vary depending on
the maturity of a program, the phase of the life cycle of a program,
and the amount of information available about a program. Various
contractors estimate SE/PM costs based on the amount of engineer-
ing design effort required. Contractors use either a constant percent-
age of design effort or a percentage that varies with the total design
hours estimated. Level-of-effort approaches were also used to generate
detailed SE/PM cost estimates.

In the next chapter, we describe various analytic approaches to
estimating SE/PM costs. We focus on methods that cost analysts can
use early in a program when the program’s content is still being

defined.






CHAPTER FIVE

Analytic Approach for Estimating SE/PM Costs

In this chapter, we discuss our approach to developing cost-
estimating methodologies, the process we used to choose cost drivers,
the results of our data analysis, and our recommended cost-estimating
relationships. The CERs we generated estimate SE/PM contractor
costs (less general and administrative [G&A] costs)! in constant FY
2003 dollars.

We developed a list of potential cost drivers during discussions
with weapon system contractors. The list was shortened considerably
when we applied two criteria to each potential cost driver: Is it readily
quantifiable, and is it known and generally available to estimators
early in a program? This chapter covers the estimating parameters
that we chose to represent the potential cost drivers, the use and re-
sults of regression analysis to empirically test our expectations, and a
recommended set of CERs for SE/PM costs in aircraft and guided
weapons development and production programs. Appendix D lists
these variables (i.e., cost drivers) and the definitions for each. Appen-
dix E contains correlation matrices for the variables considered for
each CER. Appendix F provides techniques for spreading a point es-
timate for weapons system program development costs generated by
CERs to produce a year-by-year expenditure profile.

1'We used SE/PM costs without G&A expenses because our primary data for aircraft and
guided weapons are CCDRs that report costs without G&A. Also, G&A costs can vary from
company to company, contract to contract, and year to year. A cost analyst using these CERs
in developing estimates should account for this added expense using the specific G&A rate
for the program.

69



70 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

Analysis of Potential Cost Drivers

We asked analysts at prime-level defense contractors what they be-
lieve are the cost drivers for SE/PM that could be used as inputs to
parametric CERs. We wanted to focus on program parameters that
could be associated with historical SE/PM cost data and would be
available to the eventual users of the CERs. We also sought quantita-
tive measures that were consistently reported and could be used as
inputs to our CERs. The contractors’ responses are summarized in
Table 5.1.

As can be seen from Table 5.1, the size of a program, its dura-
tion, system complexity, technical maturity, the amount of subcon-
tractor work, number of reviews, and level of security were all
thought to be potential drivers that could affect SE/PM costs. System
complexity was defined more specifically by the number of source
lines of code (SLOC) developed, the number of stated requirements,
the number of drawings produced, the weight of the system, and the

Table 5.1
Summary of Contractors’ Responses Regarding SE/PM Cost Drivers

Quantifi- Available

Contractor Contractor Contractor cation to Cost

Suggested Cost Drivers A B C Possible? Analyst?
Size of program X X Yes Yes
Duration X X Yes Yes
System complexity X X X No No
SLOC X X X Yes Yes
Number of requirements X Yes No
Number of drawings X X Yes No
Weight X X Yes Yes

Number of subsystems

(LRUs) X Yes No
Technical maturity X X Yes No
Subcontract work X X Yes No
Number of reviews X X Yes No
Security X No No
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number of subsystems or line replaceable units (LRUs) in the plat-
form. However, it is clear that it would be difficult to quantify some
of these cost drivers, and the information might not be available to a
cost estimator at the beginning of a development program (quite pos-
sibly before the contractor is chosen to perform the work).

Size of a program is a logical cost driver that is quantifiable and
available to a cost analyst early in a program’s life cycle. It can be
quantified consistently by using the cost of the initial development
contract. It is available to the cost analyst as a result of estimating the
cost of the other various WBS cost categories and using that estimate
as the cost driver for the SE/PM estimate.

Duration of a contract is another variable that has a logical rela-
tionship to SE/PM and is quantifiable and available. However, dura-
tion can be difficult to determine for historical programs. The begin-
ning date is typically the date of the development contract award, but
the end of the development program can last well into the initial pro-
duction lots for a program. The SE/PM effort also stretches across the
total development contract and into the early production phase.

To determine what would be a good way to measure duration,
we plotted SE/PM expenditures versus the percentage of the time
elapsed on various aircraft development programs and compared this
expenditure profile to the occurrence of major program events. Fig-
ures 5.1 and 5.22 show SE/PM expenditures and total weapon system
program expenditures against the program development time for two
different aircraft development programs. Major program events are
also shown on the horizontal axes of the figures. These figures show
that SE/PM expenditures occur throughout the development pro-
gram, from contract award and beyond the end of developmental test

(DT End).

2 The data used to create Figures 5.1 and 5.2 are derived from semiannual contractor cost-
data reports from two programs. Data from six other aircraft development programs were
also obtained and plotted in a similar fashion.
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Figure 5.1
SE/PM Expenditure Profile over Time: Large Upfront SE/PM Effort
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The expenditure data we plotted fell into two general categories:
high up-front expenditures for SE/PM that preceded overall program
expenditures and SE/PM expenditures that tended to follow the
timing of the program expenditures. Figure 5.1 further shows a pro-
portionally large amount of SE/PM spent up front in the program as
compared with the overall program expenditures for the contract.
The program depicted in Figure 5.2 shows how SE/PM expenditures
can closely follow the timing of expenditures over the entire program.
The data we collected on six other programs evenly fell into these two
categories. The figures also show that much of the effort is expended
by the first flight date and the expenditures continue through the test
phase. The SE/PM expenditures generally tended to trail off after DT
end, making DT end a reasonable point for measuring the end of the
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Figure 5.2
SE/PM Expenditure Profile over Time: Program Expenditures Closely
Following Timing of Expenditures over the Entire Program
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development program. We call the time from contract award to first
flight the design duration and the time from contract award to DT
end the development duration. We use these two approaches to meas-
ure the duration of the development program.

Several contractors suggested that there be some means for
measuring the complexity of a program. Some suggested measures of
complexity were SLOC, the number of requirements, the number of
drawings, the weight, and the number of complex subsystems (such
as the number of LRUs). Except in the case of weight, we were un-
able to determine good quantitative metrics that were consistently
available from historical programs and that would be available for
new programs.

SLOC is a quantifiable measure available early in program de-
velopment that a cost analyst could use for determining complexity of
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a program. However, there were some SLOC-count data available on
a few of the more recent programs, but we could not find consistent
data on the bulk of the historical programs in our data set. To further
complicate the use of SLOC as a measure of complexity, there was no
way to determine if the SLOC data we did have were consistent in
the methodology used to count the SLOC.?

The number of program requirements is a possible measure of
complexity that was suggested as a SE/PM cost driver. Although the
number of requirements is a quantifiable variable, it may not be very
useful for generating methods for early initial-development cost esti-
mates. It is problematic as a measure of complexity because not all
requirements take an equal amount of work to achieve, and require-
ments from one program to another can be very different. Recent
programs have tried to use a few top-level KPPs to focus on achieving
a limited set of goals rather than the many detailed specifications used
for older development programs. However, these newer programs
seem to show an increasing cost for SE/PM, as depicted by the cost-
trend figures in Chapter Three.

The number of drawings is another measure of complexity of a
program suggested by defense contractors. Although drawings are
quantifiable, their use as cost drivers can be problematic. Typically, a
count of the drawings is not fully determined until after a contractor
has been awarded a contract to perform the development work. As
with the SLOC and number-of-requirements measures, there are dif-
ficulties in consistently counting the number of drawings across pro-
grams. With the advent of computer-aided design and manufacturing
and different types of drawings being generated on programs, this was
not a measure we could consistently define as a means for estimating
SE/PM costs.

The number of subsystems or LRUs is a factor in the complexity
of technology that one contractor suggested. The subsystems and
LRUs are quantifiable, but their number is generally not known until

3 See Pfleeger et al. (2004), which more fully describes various methods of software sizing,
including counting lines of code. The authors detail some of the inconsistencies in the meth-
ods used to count code.
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much of the design has been done, and by then it is too late for early
cost estimating. The number of subsystems and LRUs also was not
something that could be easily determined across the set of historical
programs we investigated. Use of this measure is further complicated
by the degree of modularity or the addition of a weapon subsystem
beyond that originally envisioned in the EMD phase.

The only complexity measure that could both be consistently
defined and be available to a cost estimator at the time when initial
program estimates are needed is the weight parameter. This measure
has historically been one of the most widely used parameters in cost
estimating and has historically been a good predictor of cost.

Technical maturity is another possible parameter suggested as a
driver that could affect SE/PM costs for a program. Various measures
of technical maturity have been proposed by organizations to define a
quantifiable level of maturity.* However, technical maturity is diffi-
cult to quantify for the historical programs we studied given the cur-
rent level of technology, and it is difficult to quantify for new pro-
grams without a significant amount of judgment being involved.
Another problem with using technical maturity is determining how
to measure it for a system such as an aircraft or guided weapons sys-
tem that may have varying levels of technical maturity for various
subsystems within the overall program. In the past, aircraft have
benefited from ongoing research and development in areas such as
materials, engines, and electronics that have occurred outside of the
specific program of interest. Also, several guided weapons programs
continue to focus upgrades on specific components, such as the guid-
ance and controls, and use existing components, such as the warhead
and rocket motor, from previous versions of the same guided weapon.
The ongoing AIM-9 Sidewinder program is a good example of this
type of continued development.

The amount of subcontract work was also mentioned as a po-
tential cost driver for SE/PM costs. The rationale behind this sugges-
tion is that an increasing number of subcontractors require greater

4 For example, NASA uses a series of technical readiness levels (TRLs) to characterize the
maturity of systems and subsystems.
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coordination by the prime contractor, complicating overall planning
and control and requiring additional effort to keep the entire subcon-
tractor team updated on the evolving system design. However, this is
a very difficult cost driver to measure because the amount of subcon-
tract work to be performed is not often known at the time when ini-
tial government development estimates are required for budgeting.
Changes to “make versus buy” decisions regularly occur within pro-
grams through development and production. Given these difficulties,
this variable was not considered further.

The number of formal program reviews was also thought by
prime contractors to be a cost driver for SE/PM costs. Again, quanti-
fication of this type of variable is not often known at the start of a
program and can greatly depend on the difficulty of the individual
reviews rather than on just the simple number of reviews. Also, the
number of reviews of historical programs is not readily available for
the programs we investigated.

The final cost driver suggested in our discussions with contrac-
tors is the level of security required for a program. The thought was
that a high-security environment requires restrictions on data, per-
sonnel, and facilities that could affect SE/PM costs. However, consis-
tent quantification of this cost driver is difficult, and this variable
changes over time on a program. Also, different parts of a program
may experience differing levels of security. Because of these difficul-
ties, security level was not considered further in the quantitative
analysis.

Aircraft Development SE/PM Cost-Estimating Analysis

We used the cost drivers recommended by contractors as a means for
specifically defining independent variables for our analysis. We chose
four general categories of cost drivers that account for the following
four program characteristics: program scope, duration, physical size,
and amount of integration. These general categories are further re-
fined to specific parameters that could be quantitatively defined and
compared to determine if they are good predictors of SE/PM costs.
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Regression analysis was then used to determine what specific CERs
were the best ones that could be developed using this analysis ap-

proach.

Aircraft Development SE/PM Cost-Estimating Parameters
As stated above, the cost drivers meeting our criteria for estimating
SE/PM costs early in a program were program scope, duration, physi-
cal size, and level of integration. These four general categories were
further defined quantitatively by the parameters shown in Table 5.2.
We looked at four cost parameters describing the scope of the
program. The first two are similar to each other and are meant to in-
dicate the program’s scope based on the theory that the cost of a pro-
gram is a good way to judge the program’s size and complexity. Non-
recurring development cost (NRDEYV) is the cost of the development
effort less the cost of recurring items such as the cost of the develop-
mental test aircraft. Total development cost less SE/PM
(TDEVLSEPM) is the cost of the entire effort minus the cost of
SE/PM. A prototype (PROTO) dummy variable identifies that a de-
velopment program is an initial prototype of a demonstration pro-
gram as opposed to a full-up development leading into production.
The airframe already developed (AAD) dummy variable is used in

Table 5.2
Cost Drivers and Parameters Used for Aircraft Development Analysis

Cost Drivers Parameters for Analysis

Program scope variables Nonrecurring development cost
Total development cost less SE/PM
Prototype program dummy
Airframe already developed dummy

Program duration variables Design duration: months from contract award to
first flight
Development duration: months from contract
award to end of development test
Physical size variable Weight empty

Level of integration variable Air vehicle cost/airframe cost
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cases in which the program is still pursuing significant development,
but the airframe largely has been developed prior to the program.

The next two parameters measure the duration of the develop-
ment program. The time (measured in months) from contract award
to first flight (CAFF) represents the duration of design. The time
from contract award to end of development test (CADT) reflects the
duration of total development. Figures 5.1 and 5.2 illustrate that
SE/PM is expended early and throughout development programs. We
chose these two measures of duration to determine whether the early
part of a development program or the entire time spent in develop-
ment is a better predictor of SE/PM costs.

The empty weight of the aircraft in pounds (WE) is used to see
if physical characteristics play a role in estimating the SE/PM costs.
WE includes the weight of the aircraft structure and its subsystems
including avionics and propulsion. Weight has traditionally been
used as a means for scaling the cost of development efforts when
other information regarding a program is unknown. Traditionally, it
has also shown a strong correlation to NRDEV.

We also tried to develop a variable to represent the amount of
integration required on the program. This measure was inspired by
the program integration number (PIN) used in the 1988 study by the
IDA as an independent variable in estimating aircraft development
costs (Harmon et al., 1988). IDA’s PIN is largely a function of the
amount of subcontracted effort in a development program. This vari-
able had some appeal to us for estimating SE/PM costs because the
weapon system contractors had mentioned subcontractor involve-
ment as a driver of SE/PM costs.

However, we ended up using a different formulation of program
integration for three reasons. First, the amount of subcontracted ef-
fort may not be well known early in a program. Second, our examina-
tion of the specific tasks within SE/PM and the amount of effort on
each task on several historical programs showed that relatively little
SE/PM effort was specifically related to subcontractors. Third, pre-
liminary inspection and analysis of the data showed little correlation
between subcontracted effort and SE/PM costs.
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To represent program complexity on aircraft development pro-
grams, we calculated a factor that is the value of air vehicle cost di-
vided by the airframe cost (AV/AF). It indicates the proportion of
development effort spent on avionics and airframe. The numerator
for air vehicle cost comprises the airframe, avionics, and propulsion
integration’® work required by the prime contractor in the standard
WBS. Higher values indicate higher avionics content. We reasoned
that programs with proportionally more effort in avionics develop-
ment would require more integration effort on the avionics, and this
would drive SE costs because the effort would not be associated spe-
cifically with the equipment element.

Aircraft Development SE/PM Cost-Estimating Relationships

Our next step was to use ordinary least squares and stepwise regres-
sion analysis® to determine which specific parameters could be used
to forecast SE/PM costs for aircraft development programs. We did
not include parameters in the relationships for four reasons. First, pa-
rameters were not used if they did not correlate with the dependent
variable of SE/PM costs. (Correlation matrices for the parameters we
considered are in Appendix E.) Second, parameters were not included
if the sign of the relationships between the parameter and SE/PM

> The cost for propulsion development that included the development of the aircraft’s en-
gine was contracted separately in the databases we used.

0 Stepwise regression is a method of selecting independent variables for inclusion in a statis-
tical model by looking at the individual and collective contribution that adding independent
variables has to explaining the dependent variable. There are various types of stepwise regres-
sion. The process we used begins with a dependent variable, but no independent variables are
included. Independent variables are added one by one to the model and must result in an
equation with an F-statistic that is significant at a specified confidence level (we set the level
at 10 percent) to be included. The t-statistic of the added independent variable is also
checked for significance. After each variable is added, the method recalculates the model with
all the variables that have already been included along with the F-statistic of the equation and
the t-statistic of the added variable. If the addition of any variables results in the equation
having an F-statistic less than the significance level (we again set it at 10 percent), or if the t-
statistic associated with the variable is less than the significance level (we used a significance
level of 10 percent), it is deleted from inclusion in the equation. The stepwise process ends
when all variables included in the model are significant at the 10 percent level and no vari-
ables outside the model are significant at that level.
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costs did not make sense. For example, we expected that weight
would be positively correlated with SE/PM costs; if the correlation
matrix showed a negative correlation, the parameter would be re-
moved from consideration. Third, we excluded parameters if they
were related to other independent parameters trying to describe the
same cost driver. Fourth, we excluded parameters if they were overly
influenced by one or two observations that would make the parame-
ters unrepresentative of the entire data set. Table 5.3 shows the results
of the regression analysis that led to our choosing specific parameters
to estimate SE/PM costs for aircraft development.

Our preferred CER for SE/PM costs in aircraft development
programs is a log-linear function of duration in months from contract
award to first flight and TDEVLSEPM. Although the two independ-
ent variables are related in that both are indications of the scope and
complexity of a development program and are statistically correlated,
the duration variable better reflects the tasks under SE/PM that act as
if they are based on level of effort. The addition of the duration vari-
able reduces the error of the model and improves the fit enough that
we decided to include both variables in the model.

Table 5.3
Parameter Analysis Results for Aircraft Development Programs

Parameters Results from Regression Analysis
Months from CAFF Included

Months from CADT Correlated with other variables
NRDEV Correlated with other variables
TDEVLSEPM Included

AV/AF cost Not significant, wrong sign

WE Not significant

PROTO binary or dummy variable Not significant

AAD binary or dummy variable Not significant
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The following CER forecasts SE/PM contractor cost (less G&A
costs)’ in constant FY03 dollars. It was generated from 26 observa-
tions including aircraft prototype, modification, and full-scale devel-
opment programs. The programs range from prototype programs
with a few million dollars in SE/PM costs to full-scale development
programs with billions of dollars in SE/PM costs.

The independent variables explain the variance in cost in the
data set as a whole quite well, as indicated by the high coefficient of
determination (R’) and as depicted in the plot points in Figure 5.3 of
actual costs versus predicted costs for aircraft development programs.®
However, the extreme range of costs in the dataset results in a stan-
dard error that is relatively large for the average-sized development
program as indicated by the coefficient of variation. Analysts who are
estimating small development programs, such as prototype or modifi-
cation programs, should be especially cautious using the following
CER (in boldface), and at a minimum should cross-check its results
against the costs of an analogous historical program.

SE/PM Development Cost (FY03$K) = 0.01524 * CAFF
(Months) A 1.431 * TDEVLSEPM (FY03$K) A 0.7766

Adj. R* = 94.49 percent

F-statistic = 41.38

t-statistic of first independent variable = 2.85

t-statistic of second independent variable = 4.63

Standard error = $167.98 million

7 The aircraft development programs had an average G&A percentage of 11 percent and
were fairly tightly clustered around that average. The standard deviation was 2 percent with a
minimum of 8 percent and a maximum of 17 percent from our dataset.

8 We provide several statistics that can be used to assess the CERs that we generated. The
RA2 adj is the coefficient of determination, adjusted for degrees of freedom. We provide the
RA2 adj measured in unit space to demonstrate the model’s predictive capability in showing
percentage of variation explained by the regression. The RA2 adj is different when measured
in log space, and it cannot be used to compare different functional forms (e.g., linear versus
log-linear models). The coefficient of variation based on the standard error is a more appro-
priate measure for comparing across functional forms. For more information about the dif-
ferences in RA2 measured in log space versus RA2 measured in unit space, see Book and
Young (forthcoming).
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Coefficient of variation = 39.11 percent
Number of observations = 28

For development programs, once a total estimate is made using a
CER, such as the one presented above, cost analysts usually have to
also look at how the estimated total cost should be spread across the
duration of the development contract. Using historical cost informa-
tion from aircraft development programs, we found that the SE/PM
costs tend to be spread in the following manner. The first third of the
cost is spent from contract award to CDR. The second third of the
cost is spent between CDR and first flight of the development test
aircraft. The final third is spent from first flight to the end of the de-
velopment test time. We also showed that a Weibull distribution can
be used to generate an expenditure profile for SE/PM costs. More

Figure 5.3
Actual Versus Predicted SE/PM Costs for Aircraft Development
Programs (FY03 $)

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.3
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detailed information about this profiling analysis can be found in

Appendix F.

Aircraft Production SE/PM Cost-Estimating Analysis

Similar to the approach we used for developing an SE/PM CER for
aircraft development programs, we investigated a similar CER for es-
timating SE/PM costs in production. We used the same logical ap-
proach—i.e., looking at parameters that could be used to quantify
production cost drivers and using regression analysis to see how those
parameters fared in predicting SE/PM costs.

Developing a production CER presented a greater challenge due
to the variability of the data (see Figure 3.10). In the next subsection,
we discuss out attempts to investigate the root cause of this variability
to be able to model it in our resultant CER. But we were unable to
accurately identify what was causing the variation. The final CERS
we generated for production cost did not have a good fit to the data
(as seen by low R? values) and should be used with extreme caution.

Aircraft Production SE/PM Cost-Estimating Parameters
We developed a different set of parameters to represent the cost driv-
ers in production than the set of parameters representing the cost
drivers in aircraft development because of the different nature of de-
velopment and production programs. Unlike development programs,
production programs are usually funded and executed in single-year
lots. A production lot is usually awarded with deliveries starting two
years after the contract award and finishing delivery by the third year
after the award. Because this process is rather consistent across pro-
grams, we chose not to investigate duration of the production lot
contract as a cost driver as we did for development programs.
Production costs differ from development costs in another re-
spect that affected our list of parameters. Each aircraft program has a
single full-scale development effort and cost, but each program also
has several lots or years of production, each with a different cost. We
tried to explain the differences in the average level of SE/PM across
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programs as well as the variation in costs from lot to lot on a particu-
lar program. Our conversations with weapon system contractors re-
vealed that SE/PM costs in production are affected by changes that
occur after initial development and are incorporated into each lot
throughout production. For example, they mentioned that SE/PM
costs are affected by the need to correct deficiencies discovered in de-
velopment testing or a lot-acceptance test, by major configuration
changes such as block upgrades or series changes, or by the manage-
ment of simultaneous production of multiple configurations.

We considered how to formulate parameters and test the hy-
potheses that major configuration changes and the simultaneous pro-
duction of multiple configurations would affect SE/PM costs. Almost
all aircraft programs undergo some configuration changes in produc-
tion. We defined major configuration changes as a model change to a
different series, for example, the F/A-18A/B changing to the C/D. In
our dataset, the fighter aircraft offered a subset of programs with long
production histories and major changes in configuration that would
allow us to test the hypothesis. The fighter programs also had foreign
military sales (FMS) at various times in their history. FMS aircraft are
sold in slightly different configurations than aircraft for the U.S. mili-
tary and involve a different customer. These programs allowed us to
test the hypothesis that management of multiple configurations
would affect SE/PM costs.

We plotted the data on the fighter programs in our dataset to
examine these questions and understand how we could formulate pa-
rameters to account for major configuration changes and the produc-
tion of multiple configurations. Among other issues, we investigated
whether an increase in SE/PM preceded the introduction of the
change, was coincident with the change, or followed the introduction
of the change into the production line. After plotting the data (see
Figure 5.4), we determined that there was no consistent relationship
between major changes in configuration and increases in SE/PM cost
per aircraft. One program did show a significant increase in cost per
aircraft coincident with a change in model, but the other programs
showed no clear pattern. The one program with a significant increase
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Figure 5.4
Production SE/PM Costs per Fighter Aircraft with Series Change
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NOTES: Arrows indicate last year of original series. Each curved line represents the cost
data for a specific aircraft production program.

in SE/PM cost per aircraft also had a significant increase in SE/PM
cost per lot upon the introduction of its new series that was sustained
long after the change in configuration.

To better understand this unpredictable cost behavior, we
looked at internal company reports that identified recurring and non-
recurring SE and PM labor hours for the one program with increased
SE/PM costs. The CCDREs for the programs reported the SE/PM ef-
fort for all programs as a recurring effort, which is a typical reporting
practice if most of the production effort is recurring in nature. The
internal reports revealed that most of the SE/PM cost increase after
the introduction of the follow-on aircraft series was for nonrecurring
SE labor. Such effort may have been for the design of engineering
changes associated with the model change, related studies, or non-
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related efforts. In any event the increase was due to nonrecurring
tasks in production and, therefore, was impossible to forecast.

We performed the same analysis to see if changes in FMS could
explain fluctuations in SE/PM production costs by lot.” Figure 5.5
shows the plot of yearly SE/PM costs and the years in which FMS
took place. We saw no evidence that FMS increased SE/PM costs.
The figure shows that for two programs SE/PM costs per aircraft
were unchanged during FMS years. The third program shows no ap-
parent relationship between FMS in general or the number of cus-
tomers and SE/PM costs per aircraft.

Figure 5.5
Production SE/PM Costs per Fighter Aircraft with Foreign Military Sales
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NOTES: Arrows indicate last years of significant foreign military sales. Numbers in pa-
rentheses indicate number of FMS customers. Each curved line represents the cost data
for a specific aircraft production program.

? One program shown in Figure 5.4 was removed because it had FMS throughout the pro-
duction program data.
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After examining the data to test our hypotheses, we found no
evidence to show that configuration changes or management of mul-
tiple configurations resulted in a significant increase in SE/PM costs.
Although the hypotheses are intuitively appealing, they were not born
out in the data we gathered. We did not pursue the analysis any fur-
ther with the complete data set.

Table 5.4 shows the parameters we chose to represent cost driv-
ers in production.

We believed that in production, as in development, the amount
of SE/PM would be related to the scope and complexity of the air-
craft. The first four variables in Table 5.4 are costs to indicate the
scope and complexity of the aircraft. The air vehicle average unit cost
per lot (AV AUC) and air vehicle 100th unit cost (AV T100) repre-
sent the recurring cost of the airframe and contractor-furnished avi-
onics. It does not include the cost of the engine and other cost ele-
ments that make up the unit recurring flyaway cost (i.e., SE/PM,
engineering change orders, or government-furnished equipment). It
generally does not include G&A and profit.

The physical variable we investigated was the empty weight of
the aircraft. As in the case of development, weight is a variable that
has historically been used in estimating and can serve as a proxy for
complexity.

Table 5.4
Cost Drivers and Parameters Used for Aircraft Production Analysis

Cost Drivers Parameters for Analysis

Program scope variables Air vehicle average unit cost per lot (AV AUC)
Air vehicle 100th unit cost (AV T100)
NRDEV

SE/PM costs in development (SEPM DEV)
Physical variable WE
Programmatic variables Lot number

Lot midpoint rate per year
Production quantity rate ratio
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For representing programmatic cost drivers, we looked at four
different parameters for predicting SE/PM production lot costs. We
used the variables of lot number (LOT NUM) and lot midpoint
(LOT MP) to reflect the expectation that declining SE effort would
be required after deficiencies discovered in testing are corrected in
early production lots and the aircraft configuration stabilizes. This
expected decrease in effort with cumulative quantity would be offset
in some years by increased effort caused by major configuration
changes and production of multiple configurations, if applicable. Al-
gebraic LOT MPs were calculated using the average slope of the en-
tire dataset.

We included the variable of rate per year (RATE) to reflect the
idea that recurring SE/PM may have some fixed costs associated with
it, such that the cost per aircraft would increase for a smaller-sized lot
and decrease for a larger-sized lot. The production quantity rate ratio
variable is similar in intent to the rate variable, but it is calculated
separately for each production lot of the program. Production quan-
tity rate ratio is defined as the ratio of a given year’s production lot
quantity divided by the maximum production lot quantity achieved
for that program (Q,/Q,..)-

The final variable we investigated was the effect of the last pro-
duction lot. Looking back at Figure 3.10, it appears as though
SE/PM costs tend to increase toward the end of production, and the
last production lot might experience an increase in cost. To see if this
variable might have an effect on cost, we introduced a last lot

(LLOT) binary parameter.

Aircraft Production SE/PM Cost-Estimating Relationships

The variables that we evaluated in the regression analysis are shown in
Table 5.5, along with the reason for the exclusion of any parameter
from the CER.

Because of the large variation in aircraft production SE/PM
costs, the CERs we generated showed poor fit statistics. Examination
of the data plots illustrates the problem. Figure 3.10 presented
one illustration of the unruliness of the SE/PM costs in aircraft
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Table 5.5

Aircraft Production Program Parameters and Reasons for Their
Exclusion from the CER

Results from Regression
Analysis/Reason for

Parameters Exclusion
AV AUC Not significant
AV T100) Not significant
SEPM DEV Included
NRDEV Wrong sign
RATE Included

LOT NUM Wrong sign
WE Not significant
LOT MP Included
Production quantity rate ratio Included

Last lot binary or dummy variable Not significant

production, and all of the CERs we fit to the historical SE/PM costs
were unable to predict SE/PM costs very well. There is large variation
in SE/PM costs among programs, whether the costs are calculated per
production lot, average per aircraft per lot, or per pound of empty
weight per aircraft per lot. Furthermore, there is often large variation
in SE/PM costs on an individual program that is not explained by the
cumulative quantity or rate effect that one normally sees with produc-
tion cost data. For some programs, the overall trend is a decrease in
cost over time in production; for other programs, the overall trend is
the opposite.

Our approach to developing CERs for production was to first
generate equations similar to the functional form represented by the
standard cost-improvement curve. The general functional form, also
referred to as a “learning curve,” is represented by the following equa-
tion: Y = A * X A B, where Y is the average unit cost for the Xth unit
and A and B are constants.’® The A value provides a means of scaling
the curve on the Y-axis and represents the cost of the first unit. The

10 Usually aircraft and guided weapons are bought in production lots. The X value repre-
sents the algebraic midpoint of the particular production lot for an associated Y value.
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B value is a constant that depicts the change in cost as X increases
from the first unit. The B value is typically expected to be a negative
number less than one that gives the function an exponentially decay-
ing shape.

A variation of this basic cost-improvement curve includes an ad-
ditional term to account for changes in yearly quantity. The func-
tional form of this model is Y = A * X A B * Q A R, where Q is the
yearly production rate and R is a constant. Similar to the basic equa-
tion in the previous paragraph, the R value is typically a negative
value less than one that provides a means for further adjusting the
unit cost down for an increase in yearly quantity, or adjusting the
unit cost up for a decrease in yearly quantity.

Using the functional form including the term for yearly produc-
tion rate, we produced two possible CERs that could be used to pre-
dict SE/PM unit cost in production. The first version of the CER
uses the cost of SE/PM in development as a means of scaling the Y-
axis starting point (or A value). We hypothesized that the amount of
SE/PM expended in development should be related to the amount of
SE/PM required in production. The second variation of this basic
model uses the recurring cost of the air vehicle at the 100" unit
(T100) as a way to scale the SE/PM production start point. The ex-
pectation was that the higher the air vehicle cost, the more SE/PM
costs would be required in production.

The equation (in boldface) and the statistical results from the
analysis using SE/PM development cost for scaling the first CER fol-
low. The equation forecasts SE/PM contractor cost (less G&A cost)2
in FY03 dollars.

Production SE/PM Cost per Aircraft (FY03$K) = 2133 *
SEPM DEV(FY03$K)A 0.1957 * LOT MP ~ -0.09178 *
RATE » —0.768

' The B value is given as the natural log of the learning curve divided by the natural log of
2. The learning curve is usually expressed as a percentage and is equal to 2/B.

12 The aircraft production programs had an average G&A percentage of 6 percent. The
standard deviation of G&A was 2 percent.
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Adj. R* = 51.94 percent

F-statistic = 89.86

t-statistic of first independent variable = 3.21
t-statistic of second independent variable = —1.78
t-statistic of third independent variable = —11.70
Standard error = $2.87 million

Coefficient of variation = 106.05 percent
Number of observations = 165 lots, 13 programs

The first CER that we produced has coefficients that indicate a
unit learning curve of 93.8 percent and a rate curve of 58.7 percent.
Figure 5.6 shows how closely the first CER predicts SE/PM produc-
tion costs (represented by the diagonal line) as compared with the
actual costs for the 165 observations (yearly production lots) of a

Figure 5.6
Actual Versus Predicted SE/PM Costs for Aircraft Production
Programs (FY03 $ per aircraft): CER 1

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.6



92 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

variety of types of Navy and Air Force aircraft production programs
(represented by the plotted squares). The figure shows that the CER
does a poor job of predicting higher-value programs as the data points
drop from the predicted line. Given this fact, the CER should be
used only as a rough crosscheck, preferably in conjunction with an
analogy of the same type of aircraft produced by the same contractor.

The second CER we developed with this same functional form
uses the recurring air vehicle cost at T100 as a y-axis scaling variable.
Using the T100 value in the equation allows the SE/PM estimating
equation to be scaled on the y-axis using production recurring costs
instead of SE/PM development costs. The equation (in boldface) and
the statistical results for the second CER are as follows:

Production SE/PM Cost per Aircraft (FY03 $K) = 2682 * AV
T100 (FY03$K) A.1832 * LOT MP A -0.1599 * RATE A
-0.5678

Adj. R = 51.46 percent

F-statistic = 82.7296

t-statistic of first independent variable = 1.8486

t-statistic of second independent variable = —3.1871

t-statistic of third independent variable = —9.997

Standard error = $2.86 million

Coefficient of variation = 106.18 percent

Number of observations = 165 lots, 13 programs

This second CER for production SE/PM costs per aircraft has
very similar fit statistics to the first CER that used SE/PM develop-
ment cost as an independent variable. The second CER has coeffi-
cients that indicate a unit learning curve of 89.5 percent and a rate
curve of 67.5 percent for the same data points used to generate the
previous CER. As was the case with the first CER, this CER yields a
large amount of difference between the actual and predicted costs,
especially for higher-cost programs, as Figure 5.7 shows.

Given the problem of the poor predictive capability exhibited by
the CERs as shown in Figures 5.6 and 5.7, we tried to slightly alter
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Figure 5.7
Actual Versus Predicted SE/PM Costs for Aircraft Production
Programs (FY03 $ per aircraft): CER 2

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.7

the basic functional form and investigate the results. The functional
form that we used is given by the following equation: Y =A * X A B *
(Qu/Quax) ™ R. In this equation, the yearly lot quantity is divided by
the maximum yearly production quantity.” This approach provides a
multiplicative term that provides a penalty (a cost increase) for lots
that are below the maximum quantity production lot size. We felt
that this was reasonable given that many of the SE/PM functions act
as fixed costs and would be minimized (from a unit cost perspective)
when the most units were being produced. We further found from
examining the yearly production data that this was in fact occurring
for some of the programs in our dataset. Figure 5.8 depicts the
SE/PM unit cost as a percentage of total air vehicle cost by produc-

13 This formulation is discussed in Lee (1997, p. 60).
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tion lot as compared with the corresponding Qp/Qpyax values for
each production lot (depicted by the plot points) for a select aircraft
production program.

This specific program experienced a ramp up to the maximum
production rate, a ramp down, a ramp back up to the maximum pro-
duction rate, and a final ramp down.

The third CER (shown in boldface) and associated statistics
from the logarithmic functional form using the production quantity
rate ratio are as follows:

Production SEPM Cost per Aircraft (FY03$K) = 28 *
AV T100 (FY03$K) ~ 0.5216
*LOT MP A —0.3435

* (Qu/Qy) A —0.4623

Figure 5.8
SE/PM Percentage of Air Vehicle Cost Versus Rate Ratio
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Adj. R* = 44.51 percent

F-statistic = 50.52

t-statistic of intercept = 2.57

t-statistic of first independent variable = 4.72
t-statistic of second independent variable = —5.21
t statistic of third independent variable = —6.33
Standard error = $3.05 million

Coefficient of variation = 113.54 percent
Number of observations = 165 lots, 13 programs

The third CER has coefficients that indicate a unit learning-
curve slope of 78.8 percent and a production rate efficiency slope of
72.6 percent, and that SE/PM costs per aircraft increases by less than
half as air vehicle cost doubles. The CER predicts that SE/PM costs
per aircraft declines as more units are produced and production rates
increase (up to the maximum yearly quantity), and increases with the
AV T100 cost. The CER is based on 160 observations (yearly pro-
duction lots) of a variety of types of Navy and Air Force aircraft pro-
duction programs.

The standard error of the estimate is larger than the average
SE/PM costs per aircraft in the dataset. Figure 5.9 shows that the
CER (represented by the diagonal line) does a poor job of predicting
SE/PM production costs when compared with the actual costs (repre-
sented by the squares in the figure); however, it does a better job of
predicting the overall sample of program costs in the dataset, such
that the data is more evenly distributed against the prediction line. As
mentioned earlier, the CER should be used only as a rough cross-
check, preferably in conjunction with an analogy of the same type of
aircraft produced by the same contractor.

The final functional form that we tested was a linear functional
form variation using the AV T100 cost and the production quantity
rate ratio as the independent variables. This CER gave us better statis-
tical results than the log-log form with the production rate ratio vari-
able, but it does not exhibit a decline in SE/PM costs per aircraft as
more aircraft are produced cumulatively. The poorer fit of the log-log
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Figure 5.9
Actual Versus Predicted SE/PM Costs for Aircraft Production
Programs (FY03 $ per aircraft): CER 3

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.9

CER that we developed using a cumulative quantity variable indicates
that SE/PM per aircraft in production tends not to decline over time
or as more units are produced in a classic learning-curve form, at least
after the first few production lots. This fourth CER has coefficients
that indicate that SE/PM per aircraft declines as production rates in-
crease, and increases in proportion with the AV T100 cost. The
fourth CER and the statistical results are as follows:

Production SEPM Cost per Aircraft (FY03$K) = 1125 +
(-2200) * (Q,/Q,,,) + 0.09108 * AV T100 (FY03$K)

Adj. R? = 52.02 percent

F-statistic = 87.18

t-statistic of intercept = 2.27

t-statistic of first independent variable = —2.89
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t-statistic of second independent variable = 13.18
Standard error = $2.84 million

Coefficient of variation = 105.57 percent
Number of observations = 165 lots, 13 programs

Figure 5.10 shows how closely the CER predicts SE/PM pro-
duction costs as compared with the actual costs. As was the case with
the prior CERs, there is still quite a large amount of variation be-
tween the actual SE/PM costs of the programs and the prediction
line. Like the third CER we tested, this CER does a better job of re-
flecting all of the data in the dataset than does the traditional learn-
ing-curve approach attempted in the first two production CERs.
Given the poor fit statistics, as with all the aircraft production CERs,
this methodology should be used only with extreme caution.

Figure 5.10
Actual Versus Predicted SE/PM Costs for Aircraft Production
Programs (FY03 $ per aircraft): CER 4

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.10



98 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

An important reason for the poor fit of CER equations to the
historical data is the wide range of cost improvement slopes observed
among historical aircraft production programs. Figure 5.11 summa-
rizes the wide range of cost improvement slopes in our dataset, which
was calculated using cumulative quantity only as the independent
variable.

Given the above analysis, we tend to prefer the overall better fit
provided by the fourth CER. It has the best fit of all the alternatives
and does not fall prey to having the problem of poorly representing
SE/PM costs for large programs. As with all the production CERs
developed in this study, the error remaining is high, and the CER
should be used with caution.

Figure 5.11
SE/PM Cost Improvement Slopes on Aircraft Production Programs
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Guided Weapons Development SE/PM Cost-Estimating
Analysis

As with aircraft, we investigated the cost drivers that the contractors
we interviewed recommended as a means for estimating guided
weapon SE/PM costs. We chose four general categories of variables
that account for the following program characteristics: program
scope, program duration, physical size, and programmatics. As we did
with aircraft programs, we chose quantitative parameters that could
be used to represent the general cost drivers for developing CERs.

Guided Weapons Development SE/PM Cost-Estimating Parameters
Most of the parameters that we used in our analyses of weapons de-
velopment programs were indicators of program size, duration, or
complexity. Table 5.6 shows the cost drivers we investigated and the
parameters we chose to represent those cost drivers.

The first parameter was a scope variable chosen to indicate the
program’s size and complexity. The cost of the weapon development
program cost minus the cost of SE/PM (TDEVLSEPM) was the

parameter we investigated. The next three parameters measure the

Table 5.6
Cost Drivers and Parameters Used for Guided Weapons Development
Analysis

Cost Drivers Parameters for Analysis
Program scope TDEVLSEPM
Program duration Months from contract award to first guided launch

Months from CADT

Months from contract award to first production
delivery (CAFPD)

Physical size Weight
Diameter
Density (weight/cross-sectional area)

Programmatics Dem/Val or Modification binary or dummy variable
Contract award year




100 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

duration of the development program. The months from contract
award to first guided launch (CAFGL) represent the duration of de-
sign. The months from contract award to end of development test
reflect the duration of total development. Months from contract
award to first production delivery (CAFPD) are also meant to reflect
the duration of total development. This last parameter is a less satis-
factory indicator of the duration of total development in our opinion
because it is more influenced by the concurrency of the development
and production phases. Nevertheless, we included it in the investiga-
tion because it is sometimes more readily available to estimators than
the preferable CADT parameter.

The parameters of weight (WT), diameter (DIAM), and density
(DEN) (weight/cross sectional area) are physical-sizing parameters
meant to scale programs similar to the weight empty variable used for
aircraft programs. It was thought that a smaller diameter missile
would require denser packaging and greater complexity and would
drive SE/PM costs. Also, air-to-air weapons tend to have a smaller
diameter and also a smaller weight than air-to-ground weapons. The
density variable was used to normalize the weight in a specified pack-
age. Table 5.7 shows that air-to-air weapons tend to weigh less, but
they have a smaller diameter and cross-sectional area than air-to-
ground weapons. The ratio of weight and cross-sectional area pro-
vides a useful measure of overall weapon density.

Table 5.7
Summary of Weapons Program Physical Parameters

Average Density

(Weight/Cross-
Average Average Average Cross- Sectional Area in
Weight Diameter  Sectional Area pounds per square
(pounds)  (inches) (square inches) inch)
Air-to-air
weapons 453 7.9 57 9.4

Air-to-ground
weapons 1,598 16.7 237 7.1
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Two parameters were investigated to see how programmatic
drivers affect SE/PM costs. A Dem/Val or modification (DVMOD)
program binary or dummy variable was used to compare the larger
FSD/EMD programs to these generally more modest efforts. Con-
tract award (CA) year was included in the analysis to allow us to ex-
plore the effects of trends over time, but not necessarily for potential
inclusion in a CER.

Guided Weapons Development SE/PM Cost-Estimating Relationships
Repeating the process that we followed to investigate estimating pa-
rameters for aircraft programs, we used regression analysis to deter-
mine the best independent variables to predict SE/PM costs. We used
stepwise regression of the candidate independent variables for weapon
SE/PM costs, and applied the same four criteria as we did in the se-
lection of independent variables for aircraft SE/PM costs. The vari-
ables that we evaluated are shown in Table 5.8, along with the reason
for their exclusion from the CER if they were excluded.

Contract award year was not included as a parameter for devel-
opment programs because the two largest guided weapons develop-
ment programs in the dataset were the short-range attack missile

Table 5.8
Parameter Analysis Results for Guided Weapons Development
Programs

Results from Regression
Parameters Analysis
CA year Outlier influence
Months from CADT Not significant
Months from CAFGL Not significant
Months from CAFPD Not significant
DEN (weight / cross sectional area) Wrong sign
DIAM Not significant
TDEVLSEPM Included
WT Not significant

DVMOD binary or dummy Not significant
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(SRAM) and advanced medium-range air-to-air missile (AMRAAM)
programs awarded in 1966 and 1981, respectively. These observa-
tions are overly influential because of their size, and because they are
older programs, they distort analyses of trends.

The preferred CER for estimating guided weapons development
SE/PM costs is a linear relationship with TDEVLSEPM. The CER
forecasts contractor SE/PM costs (less G&A cost) in FY03 dollars.
The CER (in boldface) and summary statistics are as follows:

Guided Weapon Development SE/PM Cost (FY03$K) =
11870 + 0.2263 * TDEVLSEPM (FY03$K)

Adj. R* = 83.25 percent

F-statistic = 179.94

t-statistic of first independent variable = 13.41

Standard error = $27.73 million

Coefficient of variation = 51.16 percent

Number of observations = 37

This CER suffers from the same problem as the aircraft devel-
opment SE/PM CER. The weapons development data set of 37 pro-
grams encompasses modification programs totaling a few tens of mil-
lions of dollars to full-scale development programs of more than a
billion dollars. Although the CER fits the data reasonably well, as
shown in Figure 5.12, its standard error is more than 50 percent of
the average SE/PM cost in the data set. Analysts who are estimating
small development programs such as minor modifications or proto-
type efforts should be especially cautious in using this CER, and at a
minimum should cross-check the results against the costs of an analo-
gous historical program.

1 The average G&A cost for guided weapons system development programs is 12 percent,
with a standard deviation of 6 percent.
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Figure 5.12
Actual Versus Predicted SE/PM Costs for Guided Weapons
Development Programs (FY03 $)

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.12

Guided Weapons Production SE/PM Cost-Estimating
Analysis

Using the broad categories of cost drivers recommended by industry
personnel as a way to estimate SE/PM costs, we developed a more
specific set of parameters. These parameters capture the general na-
ture of the recommended cost drivers in a quantifiable fashion. Using
regression analysis, we used these parameters along with historical
cost data to generate cost-estimating relationships for guided weapons
in production.



104 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

Guided Weapons Production SE/PM Cost-Estimating Parameters
Most of the parameters that we used in our analyses of weapons pro-
duction programs are indicators of product complexity, or were in-
cluded to explain changes in SE/PM costs from year to year during
the production phase. The list of parameters is shown Table 5.9.

Three parameters were chosen to represent the scope of the pro-
gram. The first two are different versions of measuring recurring unit
cost’® of the weapon. One measures the value at the one-hundredth
production unit (Weapon 100th unit cost [WPN T100]) and the
other at the one-thousandth unit cost (WPN T1000). The SEPM
DEV cost was also seen as a potential indicator of program scope and
complexity.

The physical parameters of weight, diameter, and density were
expected to be associated with SE/PM costs in production. As we
stated earlier, weight has traditionally been used in cost analysis as an

Table 5.9
Variables Used for Guided Weapons Production Analysis

Cost Drivers Parameters for Analysis

Program scope WPN T100
WPN T1000
SEPM DEV
Physical size WT
DIAM
DEN
Programmatics LOT MP
RATE
Qn/Qmax
LLOT binary or dummy variable

15 The guided-weapon recurring unit cost came from Functional Cost Hour Reports
(FCHR) for the various programs and production lots. It includes the manufacturing (labor
plus purchased equipment), recurring engineering, sustaining tooling, quality control, and
other recurring costs. It is separate from nonrecurring, engineering change order, SE/PM,
systems test and evaluation (ST&E), training, data, support equipment, operational site acti-
vation, fielding, and other procurement costs from the FCHRs. It does not include G&A,
cost of money, or profit.
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indicator of complexity. We also believed that complexity could be
indicated by the amount of miniaturization required in overall pack-
aging of the weapon. We included analysis of the diameter and cross-
sectional area of the weapons programs as a means for testing this hy-
pothesis.

The last set of parameters is related to the programmatic aspects
of the dataset. We used the variable of lot midpoint (or cumulative
quantity) to reflect the expectation that declining SE effort would be
required after deficiencies discovered in testing are corrected in early
production lots. Thus, we expected that weapon production SE/PM
costs would be inversely associated with LOT MP. We expected that
this relationship would be smoother and more consistent than we ob-
served for SE/PM costs in aircraft production because guided weap-
ons production programs tend to have fewer major configuration
changes. Major configuration changes in weapons programs are usu-
ally the result of new development programs and are designated as a
new and separate weapon production program. Algebraic LOT MPs
were calculated using the average slope of the entire dataset.

We included the variable of rate per year to reflect the idea that
recurring SE/PM is a fairly constant level of effort, so we would ex-
pect that the amount of effort per weapon would increase as rate per
year decreased on a given program. As with our aircraft analysis, we
also used the production quantity rate ratio in our analysis.

The last lot binary or dummy parameter was used to reflect the
increased SE/PM effort often observed at the end of production pro-
grams. Some observers have reasoned that there are “shut down” costs
inherent in the last lot. We tried to test the significance of this theory
using a binary or dummy variable.

Guided Weapons Production SE/PM Cost-Estimating Relationships
Using regression analysis, we determined the set of variables we
would use for developing cost-estimating relationships. Table 5.10
shows the results of the analysis, along with the reason for each pa-
rameter’s exclusion from the CER if it was excluded.
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Table 5.10

Parameter Analysis Results for Guided Weapons Production
Programs

Parameters Results from Regression Analysis
DEN Not significant

DIAM Not significant

LOT MP Included

RATE Included

Qn/Qmax Included

SEPM DEV Not significant

WPN T100 Correlated with other parameter
WPN T1000 Included

WT Not significant

LLOT binary or dummy Not significant

As with the analysis to develop CERs for aircraft, we investi-
gated several CERs in the functional form of Y =A*XAB* QAR
for weapons production programs using the different parameters as
independent variables. As mentioned previously, the A value repre-
sents the cost of the first unit and provides a way of scaling the equa-
tion on the y-axis. The X value is the algebraic midpoint of the lot in
question, and the Q value is the quantity procured in the specific lot.
The best results were obtained using the following two CERs.

For the first CER, used the above functional form utilizing the
recurring cost of the T1000, the lot midpoint, and the yearly produc-
tion rate as independent variables. The CER yields a SE/PM cost per
unit (less G&A costs) !¢ in constant FY03 dollars. The regression of
the 103 observations resulted in the following equation (in boldface)
with the associated statistics.

Guided Weapon Production SE/PM Unit Cost (FY03$K) =
19.42 * WPN T1000(FY03$K)*» 1.035 * LOT MP A
(—=0.2238) * RATE A (-0.5831)

16 G&A costs varied by program and by production lot. The average G&A cost is 8.7 per-
cent, with a standard deviation of 1.7 percent.
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Adj. R* = 70.51 percent

F-statistic = 501.42

t-statistic of first independent variable = 17.15
t-statistic of second independent variable = —5.25
t-statistic of third independent variable = —7.93
Standard error = $112.31 million

Coefficient of variation = 98.86 percent
Number of observations = 103 lots, 15 programs

As compared with the similar analysis performed on aircraft
production data, the guided weapon CER did a much better job of
predicting SE/PM costs using the learning and rate functional form.
The resulting cumulative quantity curve is 85.6 percent, and the rate
curve is 66.8 percent. The recurring unit cost of the weapon is posi-
tively associated with SE/PM cost per unit, indicating that more-
expensive weapons require more associated SE/PM costs. Neverthe-
less, the variance explained by the model as indicated by the R* is
marginal, and the error remaining is high. The CER, like the others,
should be used with caution. The plot of the actual costs versus the
predicted values is given in Figure 5.13.

As with our analysis for aircraft programs, we wanted to investi-
gate what the results would be using the functional form that utilizes
the ratio of yearly lot size to the maximum lot size. We tried two
variations using this independent variable. The first version was again
a logarithmic function using guided weapons’ recurring cost at
T1000, lot midpoint, and the quantity ratio Q_/Q,,, as the inde-
pendent variables. The second was a linear-type equation using only
WPN T1000 recurring cost and the quantity ratio as independent
variables, similar to the methodology used for aircraft production
programs.

From the analysis using the logarithmic version of this func-
tional form, we were able to improve the fit statistics of the resulting
CER. In this formulation, the cumulative quantity curve is 74.7 per-
cent (steeper than the first CER), and the rate efficiency curve is 87.1
percent (flatter than the first CER). The recurring unit cost of the
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Figure 5.13
Actual Versus Predicted SE/PM Costs for Guided Weapons
Production Programs (FY03 $ unit cost): CER 1

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.13

guided weapon is positively associated with SE/PM costs per weapon.
The regression (in boldface) and resulting fit statistics are as follows:

Guided Weapon Production SE/PM Unit Cost (FY03$K) =
0.2879 * WPN T1000 (FY03$K) A 1.339 * LOT MP A
(-0.421) * (Q,/Q ) " (=0.1996)

Adj. R* = 83.29 percent

F-statistic = 316.09

t-statistic of first independent variable = 19.52

t-statistic of second independent variable = —9.67

t-statistic of third independent variable = —2.59

Standard error = $84.54 million

Coefficient of variation = 74.42 percent

Number of observations = 103 lots, 15 programs
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The second guided weapon production SE/PM CER fits the
data better than does the first guided weapon production SE/PM
CER. The second CER explains more of the variation in the data and
has a smaller standard error than the first CER. The t-statistic for the
quantity ratio variable is smaller than the t-statistic for the yearly rate
variable in the first CER, but it is significant above the 95 percent
confidence level. The plot of actual versus estimated values is shown
in Figure 5.14.

The change in magnitude of the cumulative-quantity slopes and
rate variables from the first production CER to the second CER is
due to the high correlation between these independent variables, a
condition known as multi-collinearity. The total cost improvement
calculated using the rate and cumulative quantity variables is similar
for both CERs. In the first formulation, the regression attributes

Figure 5.14
Actual Versus Predicted SE/PM Costs for Guided Weapons
Production Programs (FY03 $ unit cost): CER 2

Predicted SE/PM cost

Actual SE/PM cost

RAND MG413-5.14
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more cost improvement to the rate variable. In the second formula-
tions, more cost improvement is attributed to cumulative quantity.
Multi-collinearity between cumulative quantity and rate variables is a
common problem in analyzing production data, and although statis-
tical techniques exist to compensate for this condition, determining
the “true” contributions of rate variables and cumulative quantity in
these instances is often impossible.

The third formulation we tried for developing a guided weapon
production CER uses a combination of the T1000 recurring cost and
the quantity ratio as independent variables in a linear-type equation.
Because this formula produced the best results for aircraft production
programs, we wanted to see how it performed for weapons produc-
tion programs. Although all of the variables are significant at the 99-
percent confidence level, the CER fit the guided weapons data much
worse than the logarithmic formulations we developed using lot mid-
point and rate variables.

Even though the logarithmic versions of the above CERs fit the
data better than the linear version, there is still a large degree of varia-
tion in the cost improvement slopes in our dataset. Figure 5.15 shows
the range and distribution of slopes calculated by cumulative quantity
only (without a rate effect). Note that the distribution of slopes is
much tighter than the SE/PM production cost slopes for aircraft, as
shown in Figure 5.11.

Summary of Aircraft and Guided Weapons SE/PM Cost-
Estimating Relationships

Our analysis to derive CERs for estimating SE/PM costs for aircraft
and weapons programs started with determining cost drivers logically
associated with SE/PM costs. These cost drivers were largely based on
discussions with cost estimators in the government and industry. We
next determined quantitative parameters that could be used to repre-
sent the suggested cost drivers. Using historical cost data and regres-
sion analysis, we developed several CERs that can be used to estimate

SE/PM costs.
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Figure 5.15
SE/PM Cost Improvement Slopes in Guided Weapons Production Programs
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Given the above analysis, we tend to prefer the overall fit pro-
vided by the second CER. As with all the production CERs devel-
oped in this study, the error remaining is high, and the CER should
be used with caution.

We found that SE/PM costs for aircraft development programs
were related to the design duration (as measured by time from con-
tract award to first flight) and to the overall program size (as meas-
ured by the development program cost minus SE/PM costs). The re-
sulting CER fit the data rather well, but showed somewhat large
variation.

Estimating the SE/PM costs for aircraft in production was diffi-
cult due to the highly variable cost data. We investigated to see if cer-
tain changes in the production program (such as the end of the initial
model of aircraft and the onset of FMS) could be used to explain this
variation. Unfortunately, neither of these changes explained the varia-
tion in SE/PM production cost. We developed two CERs that used
the logarithmic formulation and one CER that used a linear formula-
tion. None of these formulations gave very good statistical results. Of
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the three, the linear formulation using T100 air vehicle cost and the
ratio of the lot quantity to the maximum production lot size provided
the best results.

For guided weapons programs, SE/PM development cost was
found to be related to the overall development cost of the program
(less the cost of SE/PM). The CER fit the data reasonably well, but
there was still quite a large amount of variation in the data.

The guided weapon production data showed much more consis-
tency (similar to a traditional learning-curve shape), which allowed us
to relate weapon production SE/PM unit costs to the overall weapon
unit cost, lot midpoint, and the ratio of the lot quantity to the maxi-
mum production lot size. The CER fit the data reasonably well, but
as with the rest of the CERs, showed a large variance.

A few words of caution should be expressed regarding use of
these CERs for estimating. First, the data used for these relationships
showed a wide amount of variability. Second, as mentioned in Chap-
ter Two, there is also some difference in the definition of the cost
content among contractors and among programs performed by the
same contractor that could increase the variation. As such, cost ana-
lysts should also consider the use of other techniques (such as analo-
gies or a bottom-up approach) if more information is known about a
program. Finally, another drawback of the CERs is that one of the
input variables in each of them is based on an estimate of the other
development or production costs. Uncertainty in the SE/PM estimate
is increased by uncertainty of the estimates of other program costs as
inputs to these CERs.

In the next chapter, we investigate how some of the new acquisi-
tion approaches could affect how SE/PM costs are estimated. This
information can be used to see if adjustments are required to esti-
mating relationships based upon historical data.



CHAPTER SIX

How New Acquisition Practices Will Affect SE/PM
Cost Estimates

One of the objectives of this analysis was to determine if the DoD’s
recent acquisition-process initiatives—i.e., acquisition reform—had
an effect on how SE/PM costs should be estimated for future pro-
grams. The three main acquisition initiatives we investigated were the
effects of the reduction in the number of MILSPECs and MILSTDs;
the use of IPTs; and the use of evolutionary acquisition, which recog-
nizes, at the outset, the need for future improvements to improve ca-
pability. Because there are limited cost data for programs that used
these new practices and few programs completed post-acquisition re-
form, determining what quantitative effects these initiatives have on
SE/PM costs is especially challenging. It is also difficult to determine
if the new acquisition practices or other program characteristics are
causing changes in SE/PM costs.

As discussed earlier in this report, our general method for de-
termining differences in SE/PM costs between programs that have
used the new acquisition processes and those that have not was to
compare the cost data from programs using the new practices to the
overall sample of programs in that specific data group. We used uni-
variate analysis' to determine if the SE/PM cost for a program using

! Univariate analysis provides an analysis of the values for a single variable. It includes meas-
ures of central tendency, dispersion, shape, and the predictive capability of the mean as a
sample estimator. This approach shows only how the data point of interest differs from the
rest of the data. It is not able to determine if the hypothesized cause for the difference is ac-
tually the reason for the difference.

113
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the new acquisition approach was significantly different from that of
the overall sample.

To examine the effect of the reduction in MILSPECs and
MILSTDs, we compared the SE/PM cost from two programs using
the new acquisition practices to the rest of the guided-weapons devel-
opment cost dataset. To examine the effect of the use of IPTs, we
looked at the SE/PM cost of two programs that were among the first
to use IPTs during their development and compared their SE/PM
cost with the SE/PM cost from other historical aircraft programs. For
the third new acquisition practice, the use of EA, we took a more
qualitative approach to the analysis and investigated cost data from a
surrogate program, discussed later in this chapter. Because the use of
EA on large aircraft or guided-weapons development contracts is a
rather recent occurrence, we were limited in the amount of quantita-
tive analysis we could perform in this area. Our approach was to in-
terview a cost analyst working on the Global Hawk program, which is
currently using EA, to see what observations he could provide re-
garding cost analysis of such a program. We also tried to see what
quantitative information could be gleaned from the JSOW program,
which concurrently developed three variants of a missile, as a surro-
gate for an EA program.

Reduction in Military Specifications and Military
Standards

One of the acquisition changes DoD instituted in the mid- to late-
1990s was a push to reduce the number of MILSPECs and
MILSTD:s to alleviate what was perceived as overly restrictive and
burdensome requirements placed on DoD contractors. The thinking
was that significant savings could be realized if some restrictions were
eliminated. Two pilot programs—]JDAM and JASSM—were used to
test how this new acquisition approach worked.

We were interested in seeing if SE/PM costs were affected for a
program with fewer MILSPEC and MILSTD restrictions. We tested
this hypothesis by comparing the SE/PM costs from the JDAM and



How New Acquisition Practices Will Affect SE/PM Cost Estimates 115

JASSM programs with the cost data in the rest of our sample of
guided weapons development programs.? Figure 6.1 plots the SE/PM
cost distribution for the guided weapons development programs in
our dataset. When we compared the SE/PM costs for the JDAM and
JASSM programs with the SE/PM costs for the rest of the sample, we
found that the costs for the two programs were within one standard
deviation of the mean of the SE/PM cost for the sample. We con-

cluded that adjusting SE/PM estimates probably is not necessary for
programs that eliminate MILSPECS and MILSTDS.

Figure 6.1
Guided Weapons Development SE/PM Costs for Comparison with Programs
with Fewer MILSPEC and MILSTD Restrictions
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2 We used 35 of the 37 historical DoD guided-weapons programs for this analysis. Two
programs were eliminated because their SE/PM cost was more than 2.5 standard deviations
from the sample median value.
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Our interviews with contractors seemed to corroborate this
finding. They agreed that the reduction in MILSPECs and MILSTDs
decreased the amount of required documentation; however, reducing
the use of MILSPECs and MILSTDs did result in additional costs to
them. Because commercial practices are to largely replace the military
standards, contractors conceded that more effort was required on
their part to define an appropriate specification and to make sure that
all the subcontractors understood what was required, rather than re-
lying on a government-imposed definition of requirements.

Use of Integrated Product Teams

We also performed a univariate analysis to determine if the use of in-
tegrated product teams had any effect on SE/PM costs. Figure 6.2
shows SE/PM cost divided by total program cost less SE/PM (labeled
as “SE/PM cost percentage of non-SE/PM cost”) for the aircraft de-
velopment programs in our dataset. We compared the SE/PM cost
percentage for the F/A-18E/F and F/A-22 EMD programs to the
overall dataset of aircraft development programs. We found that the
SE/PM cost percentages for these two programs was not very differ-
ent from the SE/PM cost percentages of most of the programs in the
dataset. One program was within one standard deviation from the
mean, and the other program was slightly higher than one standard
deviation from the mean.

One thing to keep in mind about these two programs is that
they followed vastly different approaches to acquisition.? Although
the F/A-18E/F program used IPTs in development, it benefited from
the use of many previously developed technologies and was per-
formed by the same contractor team that worked on the predecessor
F/A-18C/D, reducing the overall complexity of program develop-
ment. In contrast, the F/A-22 program pursued significantly new

3 For further discussion of the F/A-22 and F/A-18E/F development programs, see Younossi
et al., 2005.
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Figure 6.2
Aircraft Development SE/PM Cost Percentages for Comparison with
Programs Using IPTs
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performance goals in several technologically challenging areas simul-
taneously. Also, the F/A-22 required much more time to develop
than the F/A-18E/F. If the SE/PM cost element contained level-of-
effort tasks, the extension of the schedule in development would also
drive up SE/PM costs.

Cost estimators from major prime contractor companies said
that they believe the use of IPTs would result in a program costing
more than a traditional program.4 They attribute the additional cost
to an increase in SE/PM effort due to additional time in coordinating
with the government counterpart in the IPT before proceeding with

41n addition, Cook and Graser (2001) quoted a contractor saying that IPT's as a rule add 10
to 20 percent to the initial design cost.
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the design process. IPTs, in their opinion, tend to increase the scope
of the work that contractors must perform.

Boeing supplied us with a comparison of the engineering hours
from the F/A-18A/B development program (a non-IPT program) and
the F/A-18E/F program. The comparison showed that the F/A-18E/F
program used more engineering hours for SE. However, the overall
engineering hours decreased from the A/B to the E/F program. Much
of the decrease was due to reduced test-and-evaluation engineering,
probably the result of carryover of much of the avionics subsystems
from the prior version of the aircraft.

We conclude that it may be necessary to account for the use of
IPTs when performing an SE/PM cost estimate for a new program. A
cost analyst needs to give careful consideration to the program being
used as the basis of the comparison estimate. Choosing a program
with a scope and technical complexity that are similar to those of the
new program should help to eliminate potential differences between
the two programs.

Use of Evolutionary Acquisition

Evolutionary acquisition attempts to speed delivery of a product to
the end user. EA can potentially shorten development time in order
to capture rapid technological improvements that might be incorpo-
rated in the end product. As described in Chapter Three, the process
requires additional capability to be released in a series of overlapping
“spirals”. Each spiral has some dependence on the work from the pre-
ceding spiral but also adds unique capability. Each spiral also has its
own oversight review process that needs to be addressed.

EA would seem to increase the complexity of the effort required
by SE/PM personnel because requirements must be redefined for
each successive iteration or spiral. Presumably, this constant change
in the development baseline, in which one design will be fielded in
the short term while another design is being developed, makes it dif-
ficult to maintain configuration control of the different systems re-
sulting from each spiral. This situation results in a continual trade-off
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between changing needs and desired capability and the finite re-
sources to perform a task.

However, there is some logic in SE/PM programs’ use of EA
leading to cost savings. As explained in Chapter Three, EA attempts
to incrementally deliver capability with the understanding that future
technological improvements will occur. If each increment represents
delivery of a mature technology, the process may reduce the com-
plexity of the SE/PM tasks within a program.

Because EA is a relatively new approach to major weapons-
systems development programs, the amount of quantification we
could perform in this area was limited. We used a combination of
three approaches for analyzing the potential effects on SE/PM cost
estimating due to the use of EA. First, we had discussions with a cost
analyst working on the Global Hawk program on how he took EA
into account when developing program estimates. Second, we asked
cost analysts working for prime contractors what they believe are the
implications of EA for SE/PM costs. Finally, we investigated SE/PM
costs from the JSOW program as a surrogate for a true EA program
to see if we could glean any quantitative results.

The Global Hawk cost analyst provided the following insights
and lessons learned from the program. Program engineers were able
to rapidly develop the basic air vehicle and achieve first flight within
38 months of contract award. However, the rapid rate of develop-
ment made it difficult for the regulatory and oversight groups to keep
up with the program.> The program managers were required to seek
approval for each spiral every time significant work content was
changed. Also complicating the situation was the division of each spi-
ral into several smaller efforts (referred to as “increments”). Each in-
crement had to be modular and estimated separately to allow an in-
crement to be delayed to future spirals if it encountered budgetary,
technical, or scheduling difficulties.

5 The author of a briefing on the Global Hawk program said that, as of the date of the
briefing, the program had “experienced the equivalent workload of three milestone reviews,
plus an independent full-scale engineering review all within the past 22 months” (Pingel,

2003).
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Another complication mentioned by the Global Hawk cost
analyst is that spiral development runs counter to the sequence of de-
velopment, production, and operating and support lifecycle phases.
Successive spirals being released to the end user result in overlap of
the lifecycle phases. A change in design could affect the building of
units that are currently in production or could require retrofits for
units that are already fielded. These concurrent phases require a large
amount of coordination at all times to ensure that the program strat-
egy is continuously followed between the program phases.

The implications of the complexities of EA for cost estimating
are that while EA possibly reduces technical risk by allowing for par-
tial solutions to be fielded more quickly, it may incur increased costs
due to increased coordination, integration, and logistics activities for
SE/PM. Estimators should divide their SE/PM cost estimates into
two parts: the SE/PM cost related to specific spirals or increments
and the “overlay” SE/PM cost for the effort that continues across
multiple spirals and that provides consistency of overall program di-
rection. Because each spiral or increment may be shifted in the
schedule according to the priorities of the program’s end users, esti-
mators must be able to determine the unique amount of SE/PM cost
required for each spiral or increment. This ability allows for rapid,
modular changes to be made to the cost estimate. Also, logistics plan-
ners prefer that design changes be “settled out” before performing a
full LSA. However, the rush to field systems may push a system to the
user before a logistics infrastructure has been established to support
the fielded units. Also, as various spirals are fielded, they may or may
not include retrofitting to bring older units in line with a common
configuration, making configuration control difficult to maintain.

Our discussions with contractor cost analysts indicated that EA
would require additional SE/PM effort. The contractors also believe
that EA is similar to the P31 concept previously used on programs.
Given this assumption, we investigated the JSOW program as a sur-
rogate to a true EA program to see if any quantitative information
could be drawn from the JSOW program data.

The JSOW program developed three guided-weapons variants
based on a common “truck” airframe design. The initial [SOW A



How New Acquisition Practices Will Affect SE/PM Cost Estimates 121

version was to carry submunitions for soft targets, while the JSOW B
was to carry fewer but larger submunitions for targets such as tanks.
The JSOW C version used a unitary warhead for hard, fixed targets.
The JSOW C version also added a seeker for more precise terminal
guidance. Figure 6.3 shows the overlapping development schedules
for the three JSOW variants.

We were able to collect historical cost information from the Na-
val Air Systems Command cost department on the JSOW program.
One difficulty we encountered was that the JSOW A and B variants
were developed on the same dispenser program contract, and the
JSOW C was let on a separate contract. As such, the SE/PM costs for
the JSOW A and B development program are combined in much of
the official cost data reports from the contractor. Nevertheless, the
Naval Air Systems Command provided the breakout of the common
WBS elements, such as SE/PM, for each variant so that all three
could be compared.

We discovered from this information that all variants of the
JSOW program experienced a higher SE/PM cost percentage than the
average SE/PM cost percentage of other guided weapons develop-
ment programs. Also, the JSOW A variant experienced a much
higher SE/PM cost percentage than the two subsequent variants. This

Figure 6.3
Overlapping Program Development Schedules of the Three JSOW Variants
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may be indicative of the SE/PM effort that is associated with the
JSOW A’s also providing the core SE/PM functions for the two later
variants. Unfortunately, we were not able to obtain a more detailed
breakout of the SE/PM costs by variant to clearly show how much
SE/PM is devoted to common tasks across all variants and to tasks
that apply solely to the specific variants.

Summary

Our investigation into the effects on SE/PM costs from new acquisi-
tion initiatives produced mixed results. First, the reduction in mili-
tary specifications and military standards does not seem to warrant
adjustments to standard estimating methodologies employing histori-
cal cost information from programs that used MILSPECs and
MILSTDs. For programs utilizing IPTs, the results are inconclusive;
one program showed no change in SE/PM cost and the other pro-
gram showed an increase above the average cost. Because evolutionary
acquisition is still in its infancy, it was difficult to quantify its poten-
tial effect on future SE/PM costs. Using a recent program as a surro-
gate for evolutionary acquisition, we found an apparent increase in
SE/PM costs for multiple variants of a weapon system being devel-
oped simultaneously. Cost estimators should also consider whether
two types of SE/PM effort should be estimated for programs utilizing
EA—one associated with each capability increment and another asso-
ciated with the overlay SE/PM effort for the program.



CHAPTER SEVEN

Conclusions

SE/PM is an important part of the total cost of developing and pro-
ducing aircraft and guided weapons systems. While SE/PM costs are
not directly attributable to the specific work of designing or produc-
ing the hardware or software content of an aircraft and weapons sys-
tems program, they represent a significant portion of the “below-the-
line” costs for program development and production.

Understanding the process of systems engineering and program
management provides a sense of the iterative development steps that
match customer needs with the final design and production output.
Several tools (such as design reviews) are used by a systems engineer
and program manager to monitor and adjust a design, while balanc-
ing the necessary adjustments against the technological constraints
they pose and the costs they may incur.

SE/PM Cost Trends

SE/PM represents about 12 percent of the total development costs for
aircraft programs and about 28 percent of the overall development
costs for guided weapons programs. Aircraft development programs
have experienced rising SE/PM costs over the past four decades, while
SE/PM costs for guided weapons programs have stayed relatively con-
stant. There is an even split between SE and PM costs for aircraft
programs, and guided weapons have roughly a 60/40 split between
SE and PM costs.
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SE/PM costs in production show a large degree of variation
from one program to another and within a program from one pro-
duction lot to the next. Throughout an aircraft program’s production
run, SE/PM costs are constantly fluctuating. Although SE/PM costs
for guided weapons programs also exhibit much volatility, they tend
to more closely follow the traditional cost-improvement curve (also
known as a “learning curve”; see Chapter Five).

Under the umbrella of acquisition reform, several changes to the
acquisition process may affect SE/PM costs. We focused our effort on
the following three changes: the reduction in the number of
MILSPECS and MILSTDS, the use of IPTSs, and the use of evolu-

tionary acquisition.

SE/PM Definitions and Current Cost-Estimating
Approaches

One challenge in estimating SE/PM costs is determining what effort
is contained in the SE/PM cost element. MIL-HDBK-881 spells out
the DoD definition for SE/PM, but there is ambiguity in the defini-
tion that can make it difficult to implement consistently in cost-data
collection and, as a result, the inconsistency could affect SE/PM cost-
estimating methods. The major weapons systems contractors we in-
terviewed for this study had different ways of accounting for these
costs, even among programs within the same company. Detailed in-
formation from a few programs, however, indicates that many of
the major categories of SE/PM costs were consistent among the
contractors.

Government and industry use different techniques to estimate
SE/PM costs. Government’s current estimating techniques aggregate
SE/PM costs with the rest of the engineering design costs. Depending
on the type of estimate required, contractors use a combination of
top-down and bottom-up estimating approaches, including factoring
SE/PM costs against the engineering design hours.
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New SE/PM Cost-Estimating Approaches

Our goal was to develop a way to directly estimate SE/PM costs using
parameters that are specifically related to those costs. By directly es-
timating SE/PM costs, we hoped to better refine cost estimates and
provide a means for isolating any adjustments that are required to
account for new acquisition methods. We also wanted to provide a
means for time-phasing SE/PM expenditures across a multiyear de-
velopment program.

We chose to use parameters that are quantitative and readily
available early in a program’s life cycle. Through interviews with
DoD government and industry cost analysts, we identified four gen-
eral factors that drive SE/PM costs: program scope, program dura-
tion, physical characteristics, and programmatic considerations.

Our next step was to determine which quantitative parameters
could be used to represent the SE/PM cost drivers and to develop,
using regression analysis, cost-estimating relationships. The SE/PM
CERs cover four areas of cost: aircraft development programs, aircraft
production programs, guided weapons development programs, and
guided weapons production programs.

For aircraft development programs, the best CER we could gen-
erate is a log-linear function that relates SE/PM costs to the rest of
the development cost of a program and the program’s design duration
(months from contract award to first flight).!

Aircraft production programs presented a difficult challenge in
developing accurate CERs for estimating SE/PM costs. We investi-
gated the historical cost data to see if the variability was related to
changes in aircraft series or to the introduction of foreign military
sales, but we were unable to relate these two possible causes to varia-
tions in the cost data. We developed three CERs to forecast SE/PM
production costs, but all showed poor fit statistics to the historical

' We further found that SE/PM aircraft development costs are expended in the following
fashion: On average, the first third of the cost is expended between the contract award date
and critical design review, the second third is spent between CDR and first flight, and the
remaining third is spent between first flight and the end of development testing. More details
on this analysis are in Appendix F.
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data. The SE/PM cost in production showed wide variation in cost
improvement when the traditional learning-curve analysis is applied.
Due to this uncertainty in the forecasts, caution should be exercised
when using the CERs we developed.

Similar to our findings on SE/PM costs for aircraft development
programs, SE/PM costs for guided weapons development are related
to the total cost of a program (less SE/PM costs). The best functional
form was a linear one that fit the data rather well, but showed a large
degree of variation.

Because the historical data for guided weapons production pro-
grams, our final area of parametric analysis, more closely resembled
the typical learning curve, the best CER we were able to develop was
a log-linear form that uses the T1000 cost, the lot midpoint, and the
ratio of the lot quantity to the maximum lot size as three independent
parameters. As was the case with the CER for development cost, the
production CER fit the data, but showed a large amount of variation.

To summarize, even though we were able to develop parametric
CERs for directly estimating SE/PM costs, we advise cost analysts to
compare various techniques and use the one that best suits the par-
ticular estimating situation. The data showed some large variations in
cost that were not captured by our CERs. Table 7.1 lists various es-
timating techniques and the advantages and disadvantages of each.

SE/PM development costs can be spread across the development
years of a program using either the Weibull distribution (see Appen-
dix F for more information) or a percentage of expenditures at spe-
cific milestones.

New Acquisition Practices Have Mixed Effects on SE/PM
Costs

When we investigated the effects of acquisition reform on SE/PM
costs, we focused on the following practices: reduction in the number
of military specifications and standards, the use of integrated product
teams, and the use of evolutionary acquisition. Because these practices
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Cost-Estimating Methods and Their Advantages and Disadvantages

Methods

Advantages

Disadvantages

Total engineering
CER

Level of effort
(bottom-up)

Percentage of
design effort

RAND SE/PM CERs

Includes all effort
Simple to use

Better visibility of costs
at a detailed level
Tailored to be program

specific

Can be tailored to
specifics of program

Takes into account
experience from
many programs

Estimates SE/PM
costs directly using
parameters that are
readily available and
that are related to
SE/PM effort

Does not identify amount for
SE/PM except through allocation

May not directly relate to SE/PM
cost drivers

Government cost estimators do not
have sufficiently detailed data

Use of expert judgment to
estimate level of effort does not
utilize typical industry average
experience

Content of detailed SE/PM costs
may be missed by a cost analyst
using this approach

Possible vagueness in the DoD
definition of the split between
design and SE/PM costs

Assumes consistent definition of
SE/PM costs across contractors
and programs

Industry average may not account
for specific program nuances

Does not provide details on costs
below SE/PM cost element

CERs showed a high degree of
variation, especially for
production programs

are relatively new, there were limited data available to determine the
quantitative effects on SE/PM costs. It was also difficult to determine
causality between the new practices and SE/PM costs. Overall, we
determined, from what data we had, that these new practices have
mixed results in changing SE/PM cost estimates from what they
would have been based on historical methods.

Using univariate analysis, we determined that programs with re-
duced usage of military standards and specifications showed no ap-
parent savings in SE/PM costs as compared with other programs in

our dataset. We compared the SE/PM cost of the JDAM and JASSM
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development programs to the SE/PM cost of other guided weapons
programs and found that the JDAM and JASSM costs were within
one standard deviation of the average for the guided weapons pro-
grams in our dataset.

A similar analysis for programs using integrated product teams
provided inconclusive results. Data from the F/A-18E/F and F/A-22
development programs that were compared with data from other air-
craft development programs showed that SE/PM costs for the two
programs were not much different from the overall average SE/PM
costs for recent historical programs. Interviews with industry person-
nel indicated that there may be increased SE/PM effort with IPTs
due to greater involvement between the contractor and the govern-
ment. A comparison of detailed engineering hours for the F/A-18A/B
and F/A-18E/F development programs showed an increase in SE en-
gineering labor for the later program. When accounting for the effect
of IPTs in new programs, cost estimators should carefully choose the
program or programs used as the historical basis for estimates and
consider how those programs compare with the new IPT program.

Because programs done under evolutionary acquisition are still
in their infancy, we had limited data to determine the effects of a true
EA program on SE/PM cost. We performed a quantitative and a
qualitative analysis of the possible effects of evolutionary acquisition
on SE/PM costs. For the former, we analyzed cost data from the
JSOW program that utilized concurrent development of three weap-
ons variants as a surrogate for an EA program. Cost data from this
program showed that all variants experience higher-than-average
SE/PM costs, with a significantly higher-than-average amount of
SE/PM required for the development of the first variant. For our
qualitative analysis, we interviewed a cost analyst on the Global Hawk
program, one of the first major programs to implement EA. Based on
this discussion, we recommend that cost analysts should consider es-
timating SE/PM costs in two parts. One part of the cost would be
directly related to the capability increment or spiral being developed
and another part would come from the core SE/PM activities cover-
ing the entire program. Interviews with cost-estimating personnel in
industry also indicated that additional SE/PM effort is required on
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EA programs. As more programs use this acquisition practice, more
data should be available to enable better evaluation of EA’s impact on
SE/PM costs.

Given the large amount of resources required to perform SE/PM
activities on military systems, it would be wise to continue conduct-
ing research in this area, especially given the desire of many tradi-
tional prime contractors to become lead integrators of several com-
plex weapons systems that are networked together. Two examples of
this trend are the National Missile Defense System and the Future
Combat System, for which a contractor is selected to integrate several
programs that are each large in their own right. Also, as is the case
with evolutionary acquisition, the systems engineering and program
management function may need to address new challenges that could

prove to be SE/PM cost drivers.






APPENDIX A
Relationship of Systems Engineering to the
Acquisition Life-Cycle Process

The Defense Acquisition Management Framework, as described in
Department of Defense Instruction 5000.2 (DoD, 2003b), provides
a structured life-cycle process that is to be followed in the acquisition
of major programs.! The systems engineering process continues
throughout all of the life-cycle phases and determines the program’s
progress through a series of reviews. This appendix provides informa-
tion on the focus and outcome of those reviews and how they relate
to the acquisition life cycle.

As Figure A.1 shows, the Systems Engineering process is linked
to the acquisition life cycle through a series of reviews and audits (De-
fense Acquisition University, 2004a). Milestones A, B, and C in the
figure indicate the major decision points at which the program is re-
viewed for continuation into the next phase of the life cycle. Below
the milestones are the life-cycle phases—Concept Refinement, Tech-
nology Development, System Development and Demonstration
(SD&D), Production and Deployment (P&D), and Operating and
Support (O&S). The P&D phase is further subdivided into the LRIP
and Full Rate Production (FRP) phases.

1'1n October 2003, the Deputy Secretary of Defense canceled the DoD 5000 series guidance
documents, and the Joint Chiefs of Staff instituted a new capabilities-based process for iden-
tifying current and future gaps in capability. The resulting Joint Capabilities Integration and
Development System defined a new process for determining department needs using top-
down analyses rather than bottom-up requirement generation.
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Figure A.1
Acquisition Life Cycle and Its Links to the Systems Engineering Process

Milestone A

Production Oberations
Life cycle Concept Technology System Development and P and
phase Refinement Development ||| and Demonstration ||| Deployment

Support

LRIP  FRP
Capabilities 1CD Draft DD CPD
documents cDD
Systems ITR  ASR |SRR IBR TRA | SRR IBR IBR OTRR ISR
engineering SFR PDR CDR PCA
reviews TRR SVR PRR

TRA

RAND MG413-A.1

Below the life-cycle phases is a series of capabilities documents
that formally delineate capability needs and solutions to fill capability
gaps. The Initial Capabilities Document (ICD) is prepared at the be-
ginning of the Concept Refinement phase and documents the need to
resolve a specific capability gap. It further defines the gap in measur-
able terms and lists material and nonmaterial approaches to address-
ing the gap. The ICD should be nonsystem specific. It is used to sup-
port the decision at Milestone A to enter into the Technology
Development phase. The Capabilities Development Document
(CDD) is based on the ICD. It outlines the capabilities to be deliv-
ered in the first increment of the system and describes the overall
strategy for achieving full capability. The CDD provides the authori-
tative guide for the attributes that are desired upon entering into the
SD&D phase. These attributes define performance needs in measur-
able and testable ways to support the development of the system be-
fore the Milestone B decision. The final document, the Capability
Production Document (CPD), is used to address production attrib-
utes and quantities for procurement. It is further used to support the
Milestone C decision to move into the P&D phase. Below the capa-
bilities documents are the Systems Engineering Reviews. We next ex-
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plain how those reviews relate to the activities being performed dur-
ing each phase of the life cycle.

During the concept refinement phase, systems engineers per-
form advanced studies of a broad array of approaches to meet the de-
sired needs of the customer. Two SE reviews occur during this phase:
the Initial Technical Review (ITR) and the Alternative Systems Re-
view (ASR). The ITR is designed to assess the capability needs and
the approach to meeting those needs and to ensure that the program’s
technical baseline is sufficiently defined to support a valid cost esti-
mate. The ASR is a comprehensive assessment of the preferred ap-
proach to ensure that the resulting set of requirements agrees with the
customer’s needs. The ASR should be completed before the Mile-
stone A decision is made to enter the technology development phase.

During the technology development phase, systems engineers
have the task of converting a required capability into a system per-
formance specification. Three major reviews are conducted during
this phase: the System Requirements Review (SRR), the Integrated
Baseline Review (IBR), and the Technology Readiness Assessment
(TRA). The SRR is used to confirm that progress is being made on
ascertaining the technical requirements and that convergence on a
balanced and complete solution is being achieved. Most important,
this review should determine if all system requirements as stated in
the ICD or draft CDD are being met with an acceptable amount of
cost, schedule, and technical risk. The IBR establishes a project-
performance baseline for measuring earned-value progress during exe-
cution of a project. The TRA is a regulatory requirement for assessing
the maturity of critical technologies used by the system.

After the Milestone B decision, the program enters the SD&D
phase. During this phase, the concept for eventual production and
fielding is further developed. Detailed design is performed, and de-
velopmental units are produced to establish initial production meth-
ods and to support testing.

The SRR and IBR may be repeated at the beginning of the
SD&D phase to ensure baselines are well understood by both the
government and the contractor. The System Functional Review
(SFR) ensures that the system can enter preliminary design and that it
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meets the system requirements defined in the CDD. The review en-
sures that the system functional requirements are captured in the sys-
tem specifications and fully decomposed into lower-level subsystems.
The functional baseline is the document that describes the system
characteristics and how achievement of these characteristics will be
verified.

The Preliminary Design Review (PDR) determines if the design
can enter the detailed design phase. It assesses whether the perform-
ance specifications of each configuration item are fully captured and
ensures that each system function has been allocated to hardware or
software elements. The PDR establishes the system-allocated baseline.
The allocated baseline documents the configuration items making up
the system and allocates the system-level performance requirements to
those items. The Critical Design Review (CDR) at this point further
evaluates the completeness of the design and the interfaces between
each configuration item to ensure that the system can proceed into
system fabrication, demonstration, and testing. The functional and
allocated baselines again are reviewed and any necessary changes are
incorporated into them. The CDR checks for completeness and to
ensure that initial builds of the hardware and coding of the software
may begin. A final check is made against the requirements to verify
the baseline design.

The final major reviews performed under SD&D are the Test
Readiness Review (TRR), the System Verification Review (SVR), and
the Production Readiness Review (PRR). The TRR is designed to
assess test readiness and review the test plans to ensure that the
planned test requirements track with the user’s needs. The SVR en-
sures the system is ready to enter LRIP by verifying final product per-
formance and providing inputs to the CPD. The PRR assesses
whether the design is ready for production and the contractor has
performed adequate manufacturing planning. A second TRA may
also be conducted during this phase prior to the Milestone C deci-
sion.

Systems engineering during the P&D phase of the life cycle
looks for problems that may call for improvement or redesign of the
system. An additional IBR may be conducted to once again ensure a
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performance baseline for measuring earned value. The Operational
Test Readiness Review (OTRR) is similar to the TRR, but it is con-
ducted prior to entering formal OT&E. It ensures that the system
can proceed into the operational test phase with a high probability of
success. The objective is to test the system for suitability and effec-
tiveness for service introduction. The decision to proceed to full-rate
production may hinge upon a successful operational test. The Physi-
cal Configuration Audit (PCA) is performed to ensure that the test
unit representing a production item fully reflects the design baseline
specified in the contract. The PCA is usually conducted when the
government intends to control the detailed design by acquiring the
Technical Data Package. If the government does not plan to do so,
the contractor should perform the PCA internally.

Finally, the O&S phase is focused on sustainment of the system
as it is fielded. In this phase, new threats are discovered, missions are
changed, and deficiencies are brought to light. New technologies and
upgrades augment the original concept to meet the new require-
ments. SE weighs these potential product improvements against the
evolving baseline to continually meet the customer’s requirements. In
Service Reviews (ISRs) may be done to determine the technical status
and condition of the fielded system. Large changes to a system may
lead to a new program that requires the systems engineering process
(complete with formal baselines and reviews) to be repeated.






APPENDIX B

MIL-HDBK-881 Excerpt: Definitions of SE/PM for
Cost Reporting

H.3.2 Systems Engineering/Program Management

The systems engineering and technical control as well as the business
management of particular systems and programs. Systems engineer-
ing/program management elements to be reported and their levels
will be specified by the requiring activity.

Includes:

the overall planning, directing, and controlling of the definition,
development, and production of a system or program including sup-
portability and acquisition logistics, e.g., maintenance support, facili-
ties, personnel, training, testing, and activation of a system.

Excludes:
systems engineering/program management effort that can be as-
sociated specifically with the equipment (hardware/software) element.

Systems Engineering
The technical and management efforts of directing and controlling a
totally integrated engineering effort of a system or program.

Includes but not limited to:

e ecffort to define the system and the integrated planning and con-
trol of the technical program efforts of design engineering, spe-
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cialty engineering, production engineering, and integrated test
planning.

effort to transform an operational need or statement of defi-
ciency into a description of system requirements and a preferred
system configuration.

technical planning and control effort for planning, monitoring,
measuring, evaluating, directing, and replanning the manage-
ment of the technical program.

(all programs, where applicable) value engineering, configuration
management, human factors, maintainability, reliability, surviv-
ability/vulnerability, system safety, environmental protection,
standardization, system analysis, logistic support analysis, etc.
(for ships) the Extended Ship Work Breakdown Structure
(ESWBS), Configuration Management (811), Human Factors
(892), Standardization (893), Value Engineering (894), and Re-
liability and Maintainability (895) elements.

Excludes:
actual design engineering and the production engineering di-

rectly related to the WBS element with which it is associated.

1.

Examples of systems engineering efforts are:

System definition, overall system design, design integrity analysis,
system optimization, system/cost effectiveness analysis, and intra-
system and inter-system compatibility assurance, etc.; the integra-
tion and balancing of reliability, maintainability, producibility,
safety, human health, environmental protection, and survivability;
security requirements, configuration management and configura-
tion control; quality assurance program, value engineering, prepa-
ration of equipment and component performance specifications,
design of test and demonstration plans; determination of software
development or software test facility/environment requirements.

Preparation of the Systems Engineering Management Plan
(SEMP), specification tree, program risk analysis, system plan-
ning, decision control process, technical performance measure-
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ment, technical reviews, subcontractor and vendor reviews, work
authorization, and technical documentation control.

3. Reliability engineering—the engineering process and series of
tasks required to examine the probability of a device or system
performing its mission adequately for the period of time intended
under the operating conditions expected to be encountered.

4. Maintainability engineering—the engineering process and series
of tasks required to measure the ability of an item or system to be
retained in or restored to a specified condition of readiness, skill
levels, etc., using prescribed procedures and resources at specific
levels of maintenance and repair.

5. Human factors engineering—the engineering process and the se-
ries of tasks required to define, as a comprehensive technical and
engineering effort, the integration of doctrine, manpower, and
personnel integration, materiel development, operational effec-
tiveness, human characteristics, skill capabilities, training, man-
ning implications, and other related elements into a comprehen-
sive effort.

6. Supportability analyses—an integral part of the systems engineer-
ing process beginning at program initiation and continuing
throughout program development. Supportability analyses form
the basis for related design requirements included in the system
specification and for subsequent decisions concerning how to
most cost effectively support the system over its entire life cycle.
Programs allow contractors the maximum flexibility in proposing
the most appropriate supportability analyses.

Program Management

The business and administrative planning, organizing, directing, co-
ordinating, controlling, and approval actions designated to accom-
plish overall program objectives [that] are not associated with specific
hardware elements and are not included in systems engineering.

Includes, for example:
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* cost, schedule, performance measurement management, war-
ranty administration, contract management, data management,
vendor liaison, subcontract management, etc.

* support element management, defined as the logistics tasks
management effort and technical control, and the business man-
agement of the support elements. The logistics management
function encompasses the support evaluation and supportability
assurance required to produce an affordable and supportable de-
fense materiel system.

* planning and management of all the functions of logistics.

Examples are:

—  maintenance support planning and support facilities plan-
ning; other support requirements determination; support
equipment; supply support; packaging, handling, storage,
and transportation; provisioning requirements determina-
tion and planning; training system requirements determi-
nation; computer resource determination; organizational,
intermediate, and depot maintenance determination man-
agement; and data management.

—  (for ships) the Extended Ship Work Breakdown Structure
(ESWBS), Project Management (897); Data Management
(896); and Supply Support (853) elements.
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Contractor Questionnaire

RAND Systems Engineering and Program Management
Cost Estimating Methodologies Project

Background: As part of ongoing research activities under Project AIR
FORCE, RAND has been tasked to investigate approaches to develop
cost estimates for systems engineering (SE) and program management
(PM) for military aircraft and guided weapons programs. We are in-
terested in investigating the nature of SE and PM costs, collecting
historical cost data, and developing estimating methodologies that
can be used to better estimate SE and PM costs for development and
production programs.

1. Definitions and Breakout: Government contract cost reporting
uses MIL-HDBK-881 to define the content of cost categories in-
cluding Systems Engineering (SE) and Program Management
(PM). Do you agree with this definition? If not, what are the dif-
ferences in definitions used by your company? Do you combine
the costs for these functions, or do you estimate and track them
separately? If possible, please provide a more detailed breakout of
these costs showing internal cost accounting categories under SE
and PM. Are all SE and PM functions charged as direct cost, or
are there any indirect costs that would be picked up in the over-
head accounts?

2. Cost Drivers: What do you believe are the cost drivers for both
SE and PM (e.g., size of contract, complexity of program, teaming
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with other contractors, etc.)? If program complexity is considered,
how is it measured (i.e., number of drawings, weight, SLOC
counts)? What role does the duration of the contract play in the
estimate of SE and PM costs? How do major milestones (i.e., time
to first flight, time to first avionics flight, time to first guided
launch) affect SE/PM cost estimates? Does the number of reviews
affect SE and PM costs? Does the amount of subcontracted work
affect SE and PM costs?

3. Methodology: When developing a proposal estimate for SE and
PM costs, what approach is generally used? What independent
variables are used to estimate the overall SE and PM costs of a
typical program? What adjustments need to be considered if using
an analogy to a previous program? If possible, please provide an
example of a recent estimate on a major program.

4. Phasing: During the development phase of a program, what do
the SE and PM expenditure profiles look like? For SE, is there a
steep ramp up and ramp down leading to a low level-of-effort for
the duration of the development? Is the peak spending rate related
to a key development milestone, such as Critical Design Review
(CDR), first flight, or first guided launch? Is PM essentially a
level-of-effort throughout the development? What activities ac-
count for this profile and how do they change through the devel-
opment program? Are SE and PM costs related to the DoD mile-
stone review process (Preliminary Design Review, CDR, Defense
Acquisition Board, etc.)? Please provide historical quantitative in-
formation to support this profile. Also, if possible, please provide a
program schedule that can be used to overlay on the profile to
provide the context of the program.

5. Transition from Development into Production: How do the
tasks involved with SE and PM change when a program moves
from the Development phase into the Production phase (sustain-
ing engineering)? Does the SE staff from development continue
with the program into production, or are they replaced and reas-
signed to new development efforts? How do you estimate SE and
PM costs in production (percentage of manufacturing, cost im-
provement curve, fixed headcount)? Are there fixed and variable



Contractor Questionnaire 143

aspects to SE and PM costs in production? What role does the
number of units produced in a lot (rate) have on SE and PM
costs? How does the number of Engineering Change Orders
(ECOs) affect SE and PM costs? How do you estimate the
amount of SE and PM effort to support ECOs? Is there a smaller
cost since there is already an engineering staff supporting the main
program? Do multiyear contracts affect SE and PM costs at either
the prime or subcontract level?

6. Trends over Time: What has been the trend over time across dif-
ferent programs on SE and PM costs? What has been the effect on
SE and PM costs of pushing more of the design/trade-off analysis
to suppliers? Has the concept of having preferred suppliers
changed the amount of SE and PM required at the prime contrac-
tor level? How do you estimate/verify subcontract/supplier SE and
PM charges? Have new tools played a role in improving the pro-
ductivity of SE and PM? Do these new tools allow for more de-
sign iterations/trade-offs to be explored in the same amount of
time at the same cost as historical programs, or is there an actual
reduction of effort required?

7. New Initiatives: How will the following acquisition initiatives

affect SE and PM costs?

e Commercial Off-the-Shelf (COTS) hardware and software

* Total Systems Program Responsibility (TSPR)

* Decreased used of MILSPECS and increased use of perform-
ance-based specs

* Integrated Product Teams (IPTs)

* Spiral Development and Evolutionary Acquisition

* Systems-of-Systems concepts

* What considerations should a cost estimator and program man-
ager have regarding these new initiatives? What work content
has changed? If possible, please provide quantitative information
to support any estimates for cost savings projections.

8. Data: Please provide as much detailed cost data in dollars, work
years, and headcounts for SE and PM for both development and



144 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

production for all programs at your company. Preferably, we
would like to see the efforts phased across program years. Please
show headcount comparisons of the SE staff in the development

phase as compared with the production phase on specific
programs.



APPENDIX D

Variables Used in Developing CERs

Table D.1 lists the independent variables that we chose to represent
the potential cost drivers of SE/PM costs in aircraft and guided weap-
ons development and production programs. We used these explana-
tory variables to develop CERs for estimating SE/PM costs directly.
(See Chapter Five for further information.)

Table D.1

Aircraft Variables

Variable

Description/Definition

FF

CAFF

CADT

NRDEV

TDEVLSEPM

First flight (FF) date of the aircraft that occurs during the devel-
opment of the program. For this study, the year that FF took place
was used.

The duration of the design effort measured by months from con-
tract award to FF date.

The duration of the development effort measured by months from
contract award to end of DT.

NRDEV is the nonrecurring development cost and is normalized to
FY03 constant dollars by applying an inflation index at the mid-
point of the development program (contract award to end of DT)
to the then-year cost reported in a CCDR or similar cost report. It is
used as a measure of the size of the development effort. It ex-
cludes recurring costs, which are mostly costs from production of
test assets.

TDEVLSEPM is the total development cost less SE/PM and is normal-
ized to FY03 constant dollars by applying an inflation index at the
midpoint of the development program (contract award to end of
DT) to the then-year cost reported in a CCDR or similar cost report.
It is used as a measure of the size of the development effort.
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Table D.1—Continued

Variable

Description/Definition

AV/AF

WE

PROTO

AAD

PVF

AV AUC

AV T100

SEPM DEV

RATE
LOT NUM
LOT MP
SEPM UC
SEPM LOT
Qn/Qmax

LLOT

AV/AF is the ratio of development air vehicle cost divided by the
airframe development cost. Larger AV/AF values indicate the po-
tential for proportionally more engineering effort not related to a
hardware item.

The weight empty parameter is used as an indication of the scope
of a program or product.

Prototype dummy or binary variable, where a value of 1 indicates a
prototype program and a value of 0 indicates all other develop-
ment programs.

Airframe already developed dummy or binary variable, where a
value of 1 indicates a development program in which the airframe
has already been developed and a value of 0 indicates all other
development programs.

Previous version already fielded dummy or binary variable, where a
value of 1 indicates a development program in which a previous
model of the airframe has already been developed and a value of 0
indicates all other development programs.

AV AUC is the air vehicle average unit cost per lot and is measured
in FY03 constant dollars. It is used as a measure of the scope and
complexity of a product in production.

AV T100 is the air vehicle cost at the one-hundredth unit. It is
measured in FY03 constant dollars. The cost is calculated using a
cumulative quantity slope only; it does not include the cost of the
engine. It is used as a measure of the scope and complexity of a
product in production.

SE/PM cost in the development program is measured in FY03 con-
stant dollars and includes recurring and nonrecurring costs.
The yearly production lot quantity for each year of production.

LOT NUM indicates the production lot of a specific aircraft. The first
in a yearly production lot is LOT NUM 1, and later lots are num-
bered sequentially.

Algebraic lot midpoint calculated using the slope of the cost-
improvement curve for SE/PM.

SEPM UC is the unit cost of SE/PM in production for a given produc-
tion lot.

SEPM LOT is the lot cost of SE/PM in production for a given produc-
tion lot.

The ratio of the quantity produced in a given lot divided by the
maximum yearly lot quantity for the entire production buy.

Last lot binary or dummy variable, where 1 indicates the last pro-
duction lot and 0 indicates all other production lots.
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Guided Weapons Variables

Variable

Description/Definition

CA
CADT

CAFGL

CAFPD

DEN

DIAM
TDEV

TDEVLSEPM

WT

DVMOD

LOT MP

RATE
SEPM DEV

WPN T100

WPN T1000

The year in which the development contract was awarded.

Duration of the development effort measured by months from con-
tract award to end of DT.

Duration of the design effort measured by months from contract
award to first guided launch date.

Duration of the development effort measured in months from con-
tract award to first production delivery.

The DEN parameter is a ratio of the weight of a weapon divided by
the cross-sectional area. It is intended to indicate packaging com-
plexity of a weapon, where weight is measured in pounds and
cross-sectional area is calculated as Pi * (diameter in inches”2)/4.

Diameter of a weapon measured in inches.

TDEV is the total development cost measured in FY03 constant dol-
lars, calculated by applying an inflation index at the midpoint of
the development program (contract award to end of DT) to the
then-year cost reported in a CCDR or similar cost report. It is a
measure of the size of the development effort.

TDEVLSEPM is the total development cost less SE/PM. It is measured
in FY03 constant dollars, calculated by applying an inflation index
at the midpoint of the development program (contract award to
end of DT) to the then-year cost reported in a CCDR or similar cost
report. It is a measure of the size of the development effort.

WT in pounds is an indication of the scope of a program or product.

D&V or modification program dummy (or binary) variable, where a
value of 1 indicates a D&V or modification program and a value of 0
indicates all other development programs.

Algebraic lot midpoint calculated using the slope of the cost-im-
provement curve for SE/PM.

The yearly production lot quantity for each year of production.

SE/PM cost in the development program is measured in FY03 con-
stant dollar and includes recurring and nonrecurring costs.

The recurring cost of the one-hundredth weapon. It is measured in
FYO03 constant dollars and is calculated using cumulative quantity
slope only. It is used as a measure of the scope and complexity of
the product in production.

The recurring cost of the one-thousandth weapon is measured in
FYO03 constant dollars and is calculated using the cumulative-
quantity slope only. It is used as a measure of the scope and com-
plexity of a product in production.
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Table D.2—Continued

Variable

Description/Definition

Qn/Qmax

SEPM UC
SEPM LOT

LOT NUM

LLOT

The ratio of the quantity produced in a given lot divided by the
maximum yearly lot quantity for the entire production buy.

SEPM UC is the unit cost of SE/PM in production for a given produc-
tion lot.

SEPM LOT is the lot cost of SE/PM in production for a given produc-
tion lot.

The lot number indicating the specific aircraft yearly production lot
number, where 1 is the first production lot and lots are numbered
sequentially.

Last lot binary or dummy variable, where 1 indicates the last pro-
duction lot and 0 indicates all other production lots.
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Statistical Correlations for SE/PM CER Variables

The tables on the following pages provide the correlation matrices for
the SE/PM CER variables in the datasets used for this study. See

Chapter Five for a related discussion.
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Table E.1

Correlation Matrix: Aircraft Development

FF
CAFF

CADT

SEPM DEV
TDEVLSEPM
NRDEV
AV/AF

WE

PROTO
AAD

FF CAFF CADT SEPM DEV  TDEVLSEPM NRDEV AV/AF WE PROTO AAD
100% 47% 25% 32% 26% 30% -15% 16% 1% -12%
47%  100% 83% 87% 81% 85% -11% 32% -12% -18%
25% 83% 100% 83% 81% 82% -16% 22% -12% -42%
32% 87% 83% 100% 95% 96% 2% 12% -20% -17%
26% 81% 81% 95% 100% 99% -3% 1% -29% -23%
30% 85% 82% 96% 99% 100% -1% 10% -28% -22%
-15% -11% -16% 2% -3% -1% 100% -25% 47% 1%
16% 32% 22% 12% 1% 10% -25% 100% 36% —27%
1% -12% -12% -20% -29% —28% 47% 36% 100% —22%
-12% -18% -42% -17% -23% -22% 1% -27% -22% 100%
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Table E.2

Correlation Matrix: Aircraft Production

LOT NUM
SEPM LOT
SEPM UC
Qn/Qmax
RATE
SEPM DEV
NRDEV
WE

AV AUC
AV T100
LOT MP

LOT  SEPM SEPM
NUM LOT SEPMUC Qn/Qmax RATE DEV NRDEV WE AV AUC AV T100 LOT MP
100% -29% -25% -41% -26% 27% 7%  -32% -31% -32% 40%
-29% 100% 31% 29% 51% 25% 7% 8% 7% 12% 22%
-25% 31% 100% 5% —34% 52%  32% 54% 56% 71% -28%
-41%  29% 5% 100% 41% 18% -11% 9% 2% 16% -25%
-26% 51% -34% 41% 100% -11%  -5% -28% -26% -33% 51%
-27%  25% 52% 18% -1% 100%  82% 63% 67% 82% -17%
7% 7% 32% 1% 5% 82%  100% 54% 58% 64% 1%
-32% 8% 54% 9% -28% 63%  54%  100%  85% 86% -30%
-31% 7% 56% 2% -26% 67%  58% 85%  100% 81% -28%
-32% 12% 71% 16% -33% 82%  64% 86% 81% 100% -36%
40%  22% -28% -25% 51% -17% 1%  -30% -28% -36% 100%
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Table E.3

Correlation Matrix: Guided Weapons Development

CAFGL
CADT
CAFPD

WT

DIAM

DEN

TDEV
TDEVLSEPM
SEPM DEV
DVMOD
CA

CAFGL CADT CAFPD WwT DIAM DEN TDEV T?EE’\I(III_S SEPM DEV  DVMOD CA
100% 53% 62% 4% 6% -5% 23% 25% 12% -8% 4%
53% 100% 79% -14% -9% 2% 9% 10% 1% 2% 5%
62% 79% 100% -9% 3% -14% 5% 6% 2% -25% -26%
4% -14% -9% 100% 89% -11% 20% 20% 15% -43% 6%
6% -9% 3% 89% 100% -51% 12% 12% 12% -41% -15%
-5% 2% -14% -11% -51% 100% 4% 6% 5% 3% 22%
23% 9% 5% 20% 12% 4%  100% 100% 94% -28% -26%
25% 10% 6% 20% 12% 6% 100% 100% 91% -27% -22%
12% 1% 2% 15% 12% 5% 94% 91% 100% -31% -40%
-8% 2% -25% -43% —41% 3% -28% =27%  -31% 100% 27%
4% 5% -26% 6% -15% 22%  -26% -22%  -40% 27% 100%
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Table E.4
Correlation Matrix: Guided Weapons Production

LOT SEPM SEPM WPN WPN
NUM RATE SEPMUC LOT LOTMP DEV WT DIAM DEN LLOT T100 T1000 Qn/Qmax

LOTNUM  100% 14% -35%  -1%  65% -8% -7% -8% 17% 32% 4%  18% 38%
RATE 14% 100% -36% -31%  55% -16% -27% -21% -8% 23% -46%  -49% 37%
SEPMUC  -35% -36% 100%  38% -35% 18% 34%  32% -15% -11% 38%  34%  -42%
SEPMLOT  -1% -31% 38%  100% -34% 31% 28% 31% -13% -9% 65%  78% 7%
LOT MP 65%  55% -35% -34%  100% -34% -26% -31% 23% 34% -41% -38% 22%
SEPMDEV ~ -8% -16% 18%  31% -34% 100% 16% 24% -34% 4% 60%  40% 7%
wT 7% -27%  34%  28% -26% 16% 100% 92% -25% 6% 33%  51% 6%
DIAM 8% -21% 32%  31% -31% 24% 92% 100% -57% 8% 34%  52% 5%
DEN 17% 8% -15% -13%  23% -34% -25% -57% 100% -11% -18% -17% -3%
LLOT 32% 23% -11% 9%  34% 4% 6% 8% -11% 100% -1%  -3% 18%
WPN T100 4% -46%  38%  65% -41% 60% 33% 34% -18% -1% 100%  81% 0%
WPNT1000 18% -49%  34%  78% -38% 40% 51% 52% -17% 3% 81%  100% 12%
Qn/Qmax  38%  37% -42% 7% 2% 7% 6% 5% 3% 18% 0%  12%  100%
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APPENDIX F
Techniques for Developing Expenditure Profiles
for SE/PM Development Costs

Cost estimators are sometimes asked for budgetary purposes to spread
point estimates of weapons system development costs across a year-
by-year spending profile. We reviewed our cost data for information
that would be helpful in providing guidance for spreading point esti-
mates of aircraft development programs. Please note that the follow-
ing discussion relates to expenditure profiles for SE/PM costs. A sec-
ond step is required to translate these expenditure profiles into
budgeting profiles.!

For this analysis, we collected expenditure information on some
of the more recent tactical aircraft development programs.? Unfortu-
nately, we did not have CCDR data in regular increments for all or
even most of the programs in our dataset. We decided to analyze the
fighter aircraft development programs as a subset of our larger dataset

I'Within government, there is a time delay from when budget authority is granted to when
contracts are signed, funds are obligated, and finally funds are expended or there is an outlay
of funds. DoD development programs are typically funded under Research, Development,
Test, & Evaluation (RDT&E) appropriation, which allows funds appropriated in a single
year to be expended over multiple years. The Under Secretary of Defense (Comptroller)
typically estimates the outlay rates for each appropriation in budget estimates. Based on the
National Defense Budget Estimate for FY 2004, the RDT&E defense-wide outlays are
spread over four years in the following percentages: 46, 42, 10, and 2. Given the expenditure
profile and the outlay rates, a system of linear equations can be used to determine the
amounts that should be budgeted in each year. For more information, see Lee, Hogue, and

Gallagher (1997).

2 The names of the programs were withheld from this discussion to avoid supplying proprie-
tary information. A supplemental, limited-distribution RAND report (TR-311-AF) supplies
the name and data for each of the programs used for this analysis.
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156 SE/PM: Trends and Costs for Aircraft and Guided Weapons Programs

because we had incremental cost data on several older, full-scale de-
velopment fighter programs as well as a few recent programs. This
subset would allow us to hold constant the type of aircraft and nature
of the development effort, while focusing on changes in duration and
time.

Because the durations of the programs varied widely, we ana-
lyzed the rate of SE/PM expenditures using two approaches. The first
approach uses a time scale based on the number of months from con-
tract award. For this approach, we normalized the monthly time scale
to a percentage of time, such that the duration starts with 0 percent
of time completed at CA and ends with 100 percent of time com-
pleted at end of DT. The second approach uses milestone points as a
means of gauging the amount of SE/PM costs expended at those
points in the program schedule. Either approach can then be used
against the total SE/PM development-cost point estimate to deter-
mine an expenditure profile.

Table F.1 shows the number of months to CDR, FF, and end of
DT for the programs we analyzed. The first two programs showed a
rather short duration of time to first flight. Upon investigation of
these programs, we determined that the short schedule was due to
work that was performed prior to the contract full-scale development
program. We decided to not use the first two programs in our

Table F.1
Time to Development Milestones

Months to Months Monthsto Months Months Months to

Program CDR to FF DT End to CDR to FF DT End
A 17 22 67 — — —

B 3 23 48 — — —

C 15 30 89 15 30 89

D 16 35 75 16 35 75

E 25 41 81 25 41 81

F 42 73 150 42 73 150
Average 20 37 85 25 45 99
Standard

Deviation 13.0 18.9 34.8 12.5 19.4 34.6
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analysis and concentrate on the other four programs that had sched-
ules that seemed more consistent with recent aircraft development
programs.

Using the first approach for determining the expenditure profile,
we started the analysis by developing a Weibull® distribution for each
program to model the actual expenditure profile against a normalized
time scale. The plotted data for the four programs modeled by the
Weibull distribution appear in Figure F.1. The modeled data are very
close to the actual data points. Any missing data points, such as was
the case for Programs E and F, were interpolated by the Weibull
curve. The Weibull distribution essentially performed an optimiza-
tion of distribution parameters to best fit the curve to the data points.

The next step was to determine an average Weibull curve that
could be used to model SE/PM expenditures in a general fashion.
The Weibull curves for each program were used to generate expendi-
tures at common incremental points in the program’s duration. The
data at each increment were averaged across the four programs to de-
velop an average SE/PM expenditure profile. By iteratively choosing
shape and scale parameters for the average distribution and minimiz-
ing the error between a predicted expenditure curve and the average
curve, we were able to generate average Weibull parameters. Table
E.2 shows the Weibull shape and scale parameters generated for each
program and for the average program.

A cost analyst can use these alpha and beta parameters to create
a cumulative expenditure profile at desired increments of time in a
spreadsheet program such as Microsoft Excel. Excel has a Weibull

3 The Weibull distribution is similar to the Rayleigh distribution often used by cost estima-
tors to estimate expenditure profiles of development programs. The Weibull is a more gener-
alized form than the Rayleigh, with one additional adjustable parameter. The Weibull cu-
mulative distribution function is: F(x,a,b) = 1 — e* — (x/b)*a, where x is a point in the
program’s duration between 0 and 1, e is the constant 2.71828182845904 (the base of the
natural logarithm), and a and b are adjustable parameters to the distribution that describe its
scale and shape. The additional adjustable parameter in the Weibull allowed a slightly better
fit of the historical data than the Rayleigh. Both functions fit the historical data closely and
will provide a reasonably shaped budget profile for a development program.
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Figure F.1

SE/PM Cost Spreads for Four Fighter Aircraft Development Programs, Nor-
malized Durations
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Table F.2
Weibull Parameters for Modeling SE/PM
Development Expenditures

Alpha-Shape Beta-Scale

Program Parameter Parameter
C 1.6605 0.3418
D 1.6470 0.3952
E 1.7722 0.4127
F 1.9025 0.4839
Average program profile 1.7047 0.4079

function that requires an analyst to input the cumulative time elapsed
and the alpha and beta parameters. The function returns the cumula-
tive amount of funds spent at the specified time.
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As stated above, with the second approach, we compared costs at
commonly used milestone points. Table F.3 shows the cumulative
percentage of elapsed program time at each milestone (with 0 percent
being the contract award milestone and 100 percent being the end of
DT milestone) and the cumulative percentage of SE/PM expended by
CDR and FF on the four aircraft development programs. These data
indicate that at CDR, which happens on average when 23 percent of
the program’s duration has elapsed, about one-third of the SE/PM
funding is expended. At first flight, which occurs on average at 43
percent of the way through a program, about two-thirds of the
SE/PM funds are spent. These findings indicate that the SE/PM
funding is somewhat front-loaded against the schedule and that CDR
and FF milestones can be used as good benchmarks for determining
the amount of SE/PM expenditures expected at each milestone.

We used the same method of analysis for guided weapons devel-
opment programs, but we had complete CCDR data for only one
guided weapons full-scale development program. The expenditure
profile for the guided weapons development program looked much
like the profile for the aircraft programs. The Weibull shape and scale
values were 1.920 and 0.4534, respectively. For this guided weapon
program, the CDR and first guided launch dates occurred almost at
the same time; CDR occurred 46 percent of the way through the
program, and first guided launch occurred 48 percent of the way
through the program. By the first guided launch, 62 percent of

Table F.3
Cumulative SE/PM Expenditures by Development Milestone

CDR First Flight
SE/PM Funds SE/PM Funds
Program Elapsed Time Expended Elapsed Time Expended
C 17% 27% 34% 62%
D 21% 30% 47% 73%
E 30% 44% 49% 75%
F 24% 30% 42% 64%

Average 23% 33% 43% 69%
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SE/PM funds had been expended. Figure F.2 shows the plot of the
Weibull expenditure profile for this program, normalizing the elapsed
time to 0 percent at contract award and 100 percent at the end of
DT.

In this appendix, we discussed methods for generating expendi-
ture profiles for point estimates of SE/PM costs for aircraft and
guided weapons development programs. An analyst may use either
the Weibull function with the parameters listed above or the mile-
stone approach. Average values can be used, or, if an analogous ap-
proach is deemed more appropriate, values from a specific program of
interest can be used.

Figure F.2
SE/PM Cost Spreads for One Guided Weapons Development Program,
Normalized Duration
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