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Abstract of Dissertation 

A Systems Thinking Approach to Cost Growth in DoD Weapon Systems 

 
 The cost of Department of Defense (DoD) weapon systems acquisitions has risen at 

an alarming rate of 46% since the 1960s, according to third-party investigations. Despite 

considerable DoD efforts to reduce cost growth, historical review demonstrates a pattern 

of underestimation of weapon systems cost. The research presented here highlights the 

human influence on acquiring, sustaining, and managing weapon systems, as it relates to 

cost growth. The DoD has recently identified most weapon systems as systems of 

systems, thus a systems thinking approach to Department of Defense (DoD) weapon 

systems cost growth is ideal, as it breaks away from traditional reverse-engineering and 

reductionism approaches and integrates quantitative and qualitative data. 

The methods of research employed here include analysis of numerical data, statistical 

findings by research and development groups, review of DoD Selected Acquisition 

Reports (SARs), and simulation of the adaptive learning process of producing estimates 

for two weapons systems programs (the F/A-18E/F and F/A-22 fighter jets), using the 

TREND function. I argue that the improved cost estimates resulting from the systems 

thinking approach presented here should be implemented in support of existing cost 

estimating tools, because this approach takes into account human delays affecting the 

estimates, for example the time lags inherent to data collection or to changes in 

perception of the system. To test the usability and feasibility of the approach, the results 

of the TREND function were compared retroactively against cost estimates from Selected 

Acquisition Reports (SARs) on the two selected DoD weapon systems programs. A 

systems thinking approach to cost growth as an emergent behavior of the DoD weapon 

systems acquisitions process provides decision makers at various levels of authority with 

a more holistic understanding of cause, effect, and reaction in order to assess current and 

future cost trends. This research provides a foundation for such an approach. 
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Chapter 1 – Introduction 

 
 

Cost issues have plagued DoD weapon systems acquisition process since the 

revolutionary war until today. Hundreds of studies have been conducted to address cost 

growth issues and recommend solutions and best practices. Despite considerable efforts 

on the part of the DoD to generate and produce practical cost estimates, historical review 

demonstrates a pattern of underestimation. The DoD acquisition community have been 

developing and conducting independent cost analyses since the 1950’s, with the goal of 

improving the acquisition process in terms of more accurate cost estimation (Bolten, et al. 

2008). As with any bureaucratic process, making estimations is a social and political 

endeavor. Budget constraints and other professional pressures motivate management to 

manipulate or even ignore cost estimates (Bolten, et al. 2008). It is unsurprising that 

expenditure projections are less than accurate, considering the complexity of the 

estimation process. Nevertheless, improving estimation capability is a primary means of 

closing the gap between projected and actual cost. 

1.1 Problem Summary & Hypothesis 

 

 Given the reality of cost growth, we find conventional methods of cost growth 

analysis to be lacking, particularly the prevalence of a reverse-engineering approach that 

breaks the system of cost growth into small units for individual analysis.  In large-scale 

systems with hundreds of variables, this traditional approach ignores the time lag created 

inherent to refining data for analysis, also known as filtering data noise.  



 
 

2 
 

In a 2010 interview, United States Air Force Deputy Assistant Mr. Richard Hartley 

discussed the need to lower the priority of reverse engineering and introduce a systems 

view that included interface dynamics, bringing an enlightened perspective on cost 

growth. In a separate interview with the director of the RAND-Qatar Policy Institute 

(RQPI) Dr. Obid Younossi of the RAND Corporation, several cost growth factors were 

discussed. Dr. Younossi acknowledged traditional sources of cost growth, like program 

requirements; schedule restrictions, and requirement issues among others, but also 

emphasized the effect of the human factor on the procurement process. Such as the 

Program Manager tenure and estimating optimism.  

Along with an additional delay discovered in the perception shift of decision makers 

involved in the acquisition process, the approach presented in this paper tracks 

information delays and human behaviors, which transcend cost estimation substructures 

in ways not anticipated by traditional cost estimation process in the initial stages of cost 

projection. These delays significantly affect the accuracy of reported estimates and are 

therefore the focus of this research’s systems thinking function (TREND).  

The hypothesis tested in this paper is that applying systems thinking to the cost 

estimation process of DoD weapon systems acquisitions will result in more accurate 

estimates and thereby reduce cost growth. The mechanism of application used here is the 

TREND function, which integrates dynamics of adaptive expectations in order to 

accommodate human behavioral theory. This expectation takes into account human 

decision-making factors and related time lags, prioritizing in particular delays resulting 

from data collection and inherent to changes in perception of the system. The TREND 
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function assumes expectations about cost growth in DoD weapons systems are 

constructed adaptively from recent cost growth behavior. The TREND function is 

implemented to simulate this adaptive information processing system to estimate cost 

growth rates reflecting the impact of such process on accuracy of forecasts. 

1.2 Significance 

Systems thinking is distinguished among disciplines in its holistic approach. Both 

reductionism and reverse engineering break down a system into parts and address the 

subsystems and system components separately. Although these techniques have proven 

useful in some applications, critical unique emerging behaviors disappear when the 

system is reduced to its parts.  Emergent behavior is evidence in this research by the large 

part of the dynamic interaction that occurs between the humans as aspects of the system. 

In this research, the human influence on the acquisition process is organized into 

three groups of actors: cost estimators, program officers and government. A systems 

thinking function (TREND) is used to simulate the estimating process and incorporate the 

dynamic interactions of these identified groups when estimating reported costs. Proposed 

here is that dynamic interactions among these groups affect the accuracy of cost 

estimates. This is found to be particularly true interactions such as data collection and 

reporting. Decisions are made after recognizing current cost trends in the behavior of a 

weapon system. Applied successfully, systems thinking can bolster current estimation 

methods to reflect realistic reported estimates. 
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1.3 Scope of Research 

It would be ideal to test the function performance on every weapon system estimates 

that experience cost growth or had reported SAR estimates, but the time required to 

collect and build a SAR database for each program is beyond the scope of this paper. 

Therefore, to test the significance of the systems thinking approach, the research tested 

the TREND function on two DoD weapon systems, the F/A-18E/F and the F/A-22 

aircrafts. These weapon systems were chosen because they present a challenge for the 

TREND function, since development cost of the F/A-22 experienced significant increases 

where the F/A-18E/F development cost were almost a perfect match to reported 

estimates. The different emergent behaviors of the two weapon systems should test the 

TREND function under extreme conditions.  In addition, to the different cost growths of 

the two selected weapon systems, the availability of written data and analysis of the 

challenges faced during the acquisition and development process had given critical 

insight on implementing the TREND function effectively 

1.4 Organization of Research 

The literature review of Chapter 2 begins with an overview of DoD acquisitions 

structure and its evolution to its current level of complexity. Three sub-categories of DoD 

acquisition structure are then discussed, to give a sense of the current acquisition 

guidelines as well as to indicate where this research fits in the procurement process. Then 

cost growth in DoD weapons systems is introduced with a brief history including how 

cost growth is measured, reported, and categorized in different studies and by different 
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groups, to set a foundation for improvements in cost estimation as researched here. 

Chapter 3, on research methods, begins with an overview of the weapons systems 

selected for simulation testing, the F/A-18E/F and F/A-22 fighter jets, including their 

respective program developments and cost growth issues. Afterwards, an explanation of 

how systems thinking is relevant to this research, its approach, and current adaptation in 

DoD cost growth. Following is an explanation of the analytical categories applied to 

explore emergent behavior in this research (cost estimators, program officers, and 

government).  Chapter 4 presents reviews the results of the simulations, and concludes 

with validation results.  Finally, Chapter 5 summarizes the research as a whole, and 

suggests potential directions for future studies. 
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Chapter 2 -- Literature Review 

 

 

The review begins with a chronology to shed light on the DoD’s evolution, and 

especially its schedule-intensive and complex procurement system. The federal 

government’s involvement in regulating the procurement process is then discussed, along 

with major reform reports. , The current structure of the DoD acquisitions is detailed, as 

is the reporting process of Selected Acquisition Reports (SARs). SARs play a key role in 

this research, with the most robust, publically available accounts of cost estimation, 

quantity, and scheduling of weapon systems. Following this detailed explanation of the 

DoD Acquisition Structure, we explore the history of cost growth in DoD weapon 

systems, along with significant previous studies and reports on cost growth conducted by 

a number of organizations
1
. Some potential factors affecting cost growth are then 

outlined, as are corresponding reports, which have produced contradicting results. Lastly, 

we present a summary to highlight the most relevant information related to this research.  

2.1   The Historical Development of DoD Acquisitions Structure 

 To better understand the present, it is prudent we explore the past. Thus, we will 

briefly explain how the structure of U.S. defense acquisitions has evolved in three stages, 

spanning from the Revolutionary War to present. The first stage encompassed the 

                                            
1
 RAND, a third-party non-profit institution that helps improve policy and decision-making 

through research and analysis, is one of these organizations. The RAND Corporation was 

established in 1948 and operates independently by providing advanced research and analysis on a 

wide-ranging scope of issues in various fields of organization. A primary source of RAND’s 

information for analysis is the Selected Acquisition Reports (SAR).  
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Revolutionary War to World War II; the second stage ranges from World War II to the 

Goldwater-Nichols Department of Defense Reorganization Act of 1986; the third stage 

from the Goldwater-Nichols Act to present. Following are specifics on each era of 

acquisitions evolution. 

This first stage of acquisitions development, Revolutionary War to World War II, is 

characterized by scarce documentation, though we know that the Continental Army
2
 

“relied on contractors to provide goods and services such as transportations and 

engineering” (Nagle 1999). The limited documentation is due to three factors: 

1.  The lack of defense acquisition analysis focus by the political environment of 

that period. As James R. Locher III (2002) indicates, the American public attitude 

after independence was “antimilitary.” 

2. The federal budget was generally balanced prior to 1940, thus there was no 

impetus for detailed documentation of defense spending (Cogan, 2002). 

3. The general lack of public interest in military related science and engineering 

during this period. “Until World War II, weapons acquisition in the United States 

was more a political than a military problem. Shielded from large external threats, 

the country had no pressing need for sophisticated weapons” (McNaugher 1987). 

Since there isn’t a need for sophisticated weapons, there wasn’t a need to develop 

complex acquisition procedures. Hence the lack of acquisition documentation. 

 

                                            
2 The Continental Army is the army George Washington commanded which was raised by the 

Continental Congress of 1775. 
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Although, there was no impetus during this period to build an acquisition structure, 

Congress became aware of the potential for private sectors to “[rob] the federal treasury 

with overpriced weapon systems” (McNaugher 1987). In 1892, during the Civil War, 

Secretary of War Simon Cameron was asked to resign by then-President Abraham 

Lincoln due to contract mismanagement and corruption in the War Department (Shwartz 

2010). Consequently, the House Committee on Contracts published a report of more than 

a 1000 pages on mismanagement and corruption in defense acquisitions in the same year. 

These faulty contracts resulted in the purchase of defective weapons, rotten food, and 

sick horses. The House Committee considered passing a death sentence in cases where a 

person is proven to be guilty of “committing a fraud upon the Government, whereby a 

soldier is bodily injured, as for instance in the sale of unsound provisions” (Shwartz 

2010), such was the egregious state of acquisitions affairs. Hence the first government 

contracting competition in 1809 and the assembly of the first defense acquisition 

committee to study emerging issues in 1861. During the 1930s Congress further 

intensified its focus on government procurements and acquisitions.  

During this second stage, World War II to the Goldwater-Nichols Act, public interest 

in federal spending blossomed as a result of several factors, including recuperation after a 

taxing world war; ongoing shock at the Pearl Harbor attack and the security 

vulnerabilities it exposed (Locher III 2002); the constant threat of a Cold War with the 

Soviet Union (Reeves 1996); and the nation’s focus on attaining “qualitative superiority 

ensuring the state-of-the-art technological advances would be applied rapidly to weapons 

systems capabilities” (Bair 1994). These factors, combined with accumulated deficits, 

encouraged the public interest on how the federal government allocated the national 
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budget and resources. A permanent domestic defense industry was established and 

maintained for the market of complex and costly acquisition defense programs 

(Przemieniecki 1993). 

During the third stage, the Goldwater-Nichols Act to present, the attention of both 

Congress and the Department of Defense was focused on cost overruns and schedule 

delay. The Goldwater-Nichols Act of 1986 echoed what the Packard Commission and 

Fitzhugh Commission reported. A summary of their findings and recommendations are 

shared later in this section. The main obstacle facing the DoD and Congress was 

implementing the recommendations in these reports (Murdock and Flournoy 2005). 

Although some analysts believe in the vital role these commissions and reports played in 

effectively restructuring the DoD acquisitions, other analysts point to the failure to 

implement recommendations in the Packard Commission report because the commission 

did “not [identify] the root of DoD’s acquisition execution problems” (Scruggs, Murdock 

and Berteau 2006).   

The previous sections show how the DoD acquisition system evolved into a complex 

process shaped by studies and reports to reform the DoD Acquisition process. With each 

stage, suggested hierarchical chains of commands and various steps were added, which 

also increased the level of complexity. The complexity of the process makes it a prefect 

candidate to apply systems thinking techniques to study, analyze and understand 

emergent behaviors such as cost overruns.  
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2.2   Regulating Department of Defense Acquisitions 

Regulations guide the actions and decisions of weapons systems development 

organizations. Thus, it is critical to understand regulations and how they come about. 

Three sets of federal government regulations dictate DoD procurement activities. The 

first is the Federal Acquisition Regulations (FAR), which regulates the entirety of federal 

government acquisitions, including the DoD. The second set of regulations is the Defense 

Federal Acquisition Regulation Supplement (DFARS), which is only relevant to DoD 

activities. The third is comprised of unique FAR Supplements, which are applicable to 

specific DoD components.  DoD acquisitions and procurements, as well as the program 

managers who coordinate them, must comply with these regulations and supplements 

(Shwartz 2010). The regulation efforts are intended to merge mission-aligned process 

improvements with organizational developments. 

Because of the variety of policies and management styles, organizational structure 

varies significantly among military departments even when the fundamentals of 

acquisition missions are similar. For example, policy can differ on size of workforce 

required or necessary expertise when choosing development teams. Shwartz’s claim 

(2010) that these various styles “have neither positive nor negative implications” is 

challenged by the research presented in this paper. The results of the F/A-18E/F and F/A-

22 simulated estimation process supports the claim that particular management styles do 

have an effect on cost estimation, specifically contributing to underestimation of costs.   
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Since the beginning of the 21st century, there have been major reports addressing the 

defense acquisitions and potential remedies. Some of these major reports:  

 Beyond Goldwater-Nichols (BGN) Series Volume Two. Published July 2005 by the 

Center for Strategic and International Studies (CSIS) 

 The Defense Acquisition Performance Assessment (DAPA) Report. Published 

January 2006. 

 The Defense Science Board’s (DSB) Summer Study on transformation: A Progress 

Assessment, Volume One. Published February 2006. 

 The Defense Science Board’s Creating an Effective National Security Industrial Base 

for the 21st Century: An Action Plan to Address the Coming Crisis. Published July 

2008. 

 The Report of the Acquisition Advisory Panel to the Office of Federal Procurement 

Policy and the United Stated Congress. Published January 2007 to address services 

acquisition. 

 Urgent Reform Required: Army Expeditionary Contraction-Report of the Commission 

on Army Acquisition and Program Management in Expeditionary Operations. A 

report published in October 2007 to address contract contingency. (Shwartz 2010) 

The final two DoD reports listed above, issued in 2007, recommend improvements to 

the acquisition process by focusing on differing types of acquisitions. The shared 

recommendations of the reports are as follows: 
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 Critical cooperation when allocating requirement and resource during acquisition 

process. 

 The need of Combatant Commanders’ involvement in requirement development 

reforming for a mission—driven multi-year business plan and evaluating Director of 

Defense Research and Engineering (DDR&E) and requiring the Under Secretary of 

Defense for Acquisition, Technology and Logistics USD (AT&L).   

 Implementing reported acquisition best practices such as risk-based source selection, 

time certain development, spiral development, favoring judgment-based in-place of 

requirement-based execution and the usage of rapid acquisition. 

 Acquisition workforce improvement via recruiting the best leaders, improving 

personal development and opportunities, adding to critical skill areas with federal 

employees, and focusing on the acquisition workforce definition consistency. 

These studies have contributed directly to the formation of the current regulation that 

enforces and encourages the acquisition process to follow the recommended findings of 

the mentioned studies.  (Shwartz 2010) 

2.3   Organization of the DoD Acquisitions Structure 

We now focus on the current structure of DoD Acquisitions in order to understand 

this complex process and pinpoint exactly where the systems thinking approach is 

applied. The principals of 2000 DoD’s Directive 5000.01, titled “The Defense 

Acquisition System,” regulate the DoD procurement process. The procurement process is 

categorized into three sub-processes. 
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1. The Planning, Program, Budget and Execution process (PPBE) 

2. The Joint Capability Integration Development System (JCIDS) 

3. The Defense Acquisition Process 

These three processes are the vital elements that develop and shape the acquisition 

system for DoD military capabilities. Importantly, the processes interact as a system of 

systems (SoS) which is defined by Chairman of the Joint Chiefs of Staff Instruction 

(CJCSI) as “A set or arrangement of interdependent systems that are related or connected 

to provide a given capability. The loss of any part of the system will significantly degrade 

the performance or capabilities of the whole” (CJCSI 2012). Following are explanations 

of each process in further detail, such that the functions of this system of systems are as 

clear as possible. 

 

Figure 1: DoD Acquisition Structure (Manning 2012) 

 

Acquisition 
Process 

• DoDI 5000.2 

JCIDC 
Process 

• Requirement 
Development 

PPBE 
Process 

• Funding 
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2.3.1 The Planning, Program, Budget and Execution process (PPBE) 

The Secretary of Defense initiated the PPBE process to focus on the planning, 

directing, monitoring, organizing, and controlling of the financial resources of the 

organization, as well as to allocate resources for current and future programs. The PPBE 

process is comprised of four parts: 

2.3.1.1 Planning  

The planning phase includes defining and analyzing alternative strategies, technology 

trends, potential threats and changes of conditions in order to determine the necessity of 

future capabilities for a weapon system.  The Office of the Secretary of Defense (OSD) 

and the Joint Staff collaborate in this phase and are led by the Guidance for the 

Development of the Force (GDF), a resource-supported specification of national defense 

policies and military strategies. The Joint Programming Guidance (JPG) document is 

produced as a result of the collaborative efforts guiding the system development with 

fiscal constraints and priorities for each Major Defense Acquisition Program (MDAP). 

The JPG bridges planning and programming and coordinates DoD Components- which 

usually include the Office of the Secretary of Defense (OSD); the Military Departments; 

the Chairman, Joint Chiefs of Staff (CJCS) and Joint Staff; the Unified Combatant 

Commands (UCCs); the Defense Agencies; and DoD field activities- in order that a 

system's development meets proposed goals. This is documented in the Program 

Objective Memorandum (POM). (CJCSI 2012) 

The following strategic guides direct the Planning phase of the PPBE process (details 

of these guides are in Appendix A): 

 National Security Strategy (NSS) 
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 National Military Strategy (NMS) 

 National Defense Strategy (NDS) 

 Strategic Planning Guidance (SPG) 

 Joint Programming Guidance (JPG) 

 Quadrennial Defense Review (QDR) 

2.3.1.2  Programming 

The programming phase of the PPBE process balances and merges resources based 

on agreed priorities between various programs. Programming reaches this objective by 

considering alternative support structures of weapon systems, by analyzing the 

implications of multi-year resources, and by recognizing tradeoff options. Each DoD 

Component has a Program Objective Memorandum (POM) developed at the outset of the 

programming phase. The Joint Programming Guidance (JPG) sets the priorities for the 

POM to balance within fiscal limits. By the end of these efforts, the POM will include 

detailed and comprehensive proposed programs and a six-year schedule of future 

resource allocation. In addition to these activities, the Joint Staff also assesses risks and 

addresses unfunded, but important programs of the POM. An overall coherent defense 

program is the goal of senior leadership in OSD and the Joint Staff reviewing each POM 

as well as of DoD Component integrating intentions. The OSD and Joint Staff also 

highlight potential problems with a POM, such as funding or proposed alternatives. Any 

unresolved issues are forwarded to the Secretary for decision. (CJCSI 2012)  



 
 

16 
 

2.3.1.3  Budgeting  

During the budgeting phase, the OSD and Congress are persuaded to allocate 

necessary resources lawfully. The process includes creating, justifying, and managing the 

budget. With each Program Objective Memorandum (POM), a budget proposal for a 

corresponding DoD Component is submitted concurrently. The associated budget 

justification documents are presented alongside the converted programmatic view in a 

congressional-appropriate format. One of the differences between a proposed budget and 

a POM is the significant amount of financial details the proposed budget has even for 

two—year resource projections. The Office of Management and Budget (OMB) and 

Comptroller Under Secretary of Defense review and submit budget estimations to ensure 

funding for programs abide by financial policies and are fairly priced. Reviewing budgets 

also ensures adequacy and justifications for presentation to Congress. Analysts discuss 

and submit questions about budget details and provide their analysis to the DoD 

Component (Manning 2012). The OMB and Comptroller Under Secretary of Defense 

also put together a Program Budget Decision (PBD), which is basically a decision 

document for the appropriateness of the program. Adjustments addressing financial 

issues are indicated in the PBD document (DAG 2012). The PBD is forwarded to the 

Deputy Secretary of Defense for decisions (CJCSI 2012). The budget is then updated 

based on PBD’s suggestions, after which the President’s budget request for Congress 

includes the overall DoD budget. “If there is a conflict between DoD’s top line budget as 

prescribed by the Office of Management and Budget (OMB) and DoD’s list of required 

programs, the Secretary of Defense may consult with the President to resolve the 

conflict” (Shwartz 2010). 
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Important for the purposes of this research, the Budgeting component of the PPBE 

process is a venue of interaction between two of the groups identified in our original 

organizational scheme: program officers and government. Every step after the submission 

of POM with the detailed proposed budget is categorized in this research as a 

responsibility and/or decision of the government, in this case the OSD and Congress.   

2.3.1.4  Execution  

The previous phases of Planning, Programming, and Budgeting materialize during the 

Execution phase. Program and budget are reviewed at the same time when execution 

plans are reviewed. The execution review supports senior leadership decisions regarding 

resource allocation.  Here, actual output is measured against planned performance 

(Shwartz 2010). The execution review can modify and recommend resources or 

restructure programs when planned goals aren’t met. Before DoD weapon systems can be 

executed, specific steps must be taken: 

 The President signs Authorization and Appropriations bills passed by the 

Congress. 

 Office of Management and Budget (OMB) distributes appropriations providing 

obligations or budget authority. 

 The Department of Treasury must issue a Treasury Warrant. 

 Finally, all these authorities must be integrated into the Program Budget 

Accounting Systems (PBAS). (Manning 2012)



 
 

18 
 

2.3.2 The Joint Capability Integration Development System (JCIDS) 

The second component of the acquisition system of systems identified in this paper is 

the Joint Capabilities Integration and Development System. Supporting the Acquisition 

Process and Planning, Programming, Budget and Execution (PPBE) Process, the main 

purpose of the JCIDS is to establish a successful mission execution by confirming that 

required military capabilities are recognized with their related operational criterion 

performance, as demonstrated in figure (2). The JCIDS process contains integrating and 

operational concepts for joint missions during the development of joint concepts 

components, which all are directed by the Joint Requirements Oversight Council (JROC). 

The council oversees and authorizes all documents containing joint capabilities, which 

reinforce the acquisition review process. Key Performance Parameters (KPP) are critical 

when approving capabilities documents such as Initial Capabilities Documents (ICD), 

Capability Development Documents (CDD), and Capability Production Documents 

(CPD). The first step in the JCIDS process is the Capabilities Base Assessment (CBA). 

The purpose of the CBA is to produce and identify the following, to verify capability 

gaps: 

Figure 2: JCIDS Process (CJCSI 2012) 
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 Mission Identification 

 Operational attributes and their associated required capabilities 

 Risks related to operations due to capability gaps 

 Non-material solutions and their feasibility assessment  

 Solution recommendation (Manning 2012) 

Depending on the type of solution proposed (material or non-material) the appropriate 

document is produced.  An Initial Capabilities Document (ICD) may be produced if a 

material solution is proposed; on the other hand, a joint Doctrine, Organization, Training, 

Material, Leadership and Education, Personnel, and Facilities (DOTMLPF) Change 

Recommendation (DCR) may be produced if a non-material solution is proposed 

(Manning 2012).  

The second step in the JCIDS is the action taken after the Joint Requirements 

Oversight Council (JROC) approves the Initial Capabilities Document (ICD) (Shwartz 

2010). The approval verifies and validates the above Capability Base Assessment (CBA) 

and has the option to undertake one of three courses of action: 

 Take no action by accepting risk associated with operations 

 Search for non-material solutions to handle capability gaps 

 Recommend a material solution (Manning 2012) 

 

The third step in the JCIDS process is approving the Capability Development 

Document (CDD) by the Joint Requirement Oversight Council (JROC). Upon approval, 
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Key Performance Parameters (KPPs) are validated with their related limits and objective 

values. Also evaluated are the risks in achieving the identified KPPs from the 

perspectives of schedule, cost and technological maturity. The validation also considers 

system affordability in comparison to the delivered operational capabilities.  

The fourth and final step in the JCIDS is approving the Capabilities Production 

Document (CPD) issued by the JROC. The main purpose of this approval is to establish 

certainty in meeting the defined needs within a feasible cost as stated in the Initial 

Capability Document (ICD) by the system delivered. The JROC decides whether the 

system can sustain operations based on meeting the limits of the KPPs. The Milestone 

Decision Authority (MDA) uses the approved CPD to enter production and deployment 

stages of the system at Milestone C. 

2.3.3 The Defense Acquisition Process 

The third process comprising the acquisition system of systems identified here is the 

acquisition process, directed by DoD Instruction 5000.02 Operation of the Defense 

Acquisition System. All DoD programs are governed by five categorical policies: 

1. Flexibility 

2. Responsiveness 

3. Innovation 

4. Discipline 
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5. Effective Management 

The system is viewed as a series of “gates”, or milestones and decision points, 

through which a program passes (Arena, et al. 2006). The overall DoD acquisition 

process must fit the overall Procurement Process. The details of how to achieve fitting the 

overall acquisition and procurement processes are available in the Defense Acquisition 

Guide (DAG). DAG guides the development, execution and disposal of all DoD 

acquisition programs with industry best practices to supplement DoD governing 

documents. These practices should be tailored to best serve the intended weapon system. 

The Defense Management Acquisition System (DAMS) in figure (3) is comprised of 

five phases separated with entrance and exit criteria specified in the DoD regulations or 

federal statute. A milestone review determines if a program is allowed to enter a new 

phase using the Milestone Requirements Matrix (Appendix B). Each of these five phases 

is further explained below. 

Figure 3: The Defense Management Acquisition System (DAG 2012) 
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2.3.3.1  Pre Phase A: Materiel Solution Analysis 

The Initial Capabilities Document (ICD) summarizes and states the required 

capabilities of potential solutions assessed in the Material Solutions Analysis (MSA) Pre-

Phase. Since this pre-phase presents the first opportunity to effectively modify a system’s 

supportability and affordability, an acquisition program’s success depends on the 

complete material preparation assessed in this phase (DAG 2012). This is done by 

carefully weighing technological opportunities and requirements, such as sustainment and 

operational requirements. A Technology Development Strategy (TDS) is developed 

during the MSA phase, which analyzes alternative material solutions to fill and address 

technological gaps, and assesses product support affordability alternatives with regard to 

their associated risks in meeting operational requirements (Shwartz 2010).  

Orchestrating the Analysis of Alternatives (AoA) is the most important part of the 

MSA phase. The AoA is designed to rate the mission effectiveness, operational 

appropriateness, and estimated life-cycle cost of alternative solutions in meeting the 

stated ICD capabilities.  Other purposes of the MSA phase are to develop: 

 A preliminary Acquisition Strategy, 

 Program goals for any needed development of critical enabling technologies 

 A draft Capabilities Development Document (CDD) 

 A Systems Engineering Plan (SEP) 

 An Initial Support and Maintenance Concepts 
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 The Program Manager needs this critical phase to establish an overarching trade 

space for following phases (Manning 2012) 

2.3.3.2  Phase A: Technology Development (TD) 

Specifying suitable technological parameters to reduce technology risk is the main 

goal of the Technology Development (TD) Phase. Performing competitive prototyping of 

system elements, developing the functional allocated baselines and refining requirements 

are all activities conducted in this phase (Manning 2012). During the TD phase personnel 

mitigate technological risk and develop enough comprehension of proposed solutions to 

base business decisions on initiating a formal acquisition program in the proceeding 

phase of the Engineering and Manufacturing Development (EMD) Phase. (DAG 2012) 

Technical risk reduction, design and cost estimation validation, manufacturing 

process evaluating and requirements refining are achieved by testing prototypes and 

designs during the TD phase. End-item system initiation is based on the results of 

prototype and design demonstration (DAG 2012). The TD is a frequentative process of 

refining user performance parameters to adapt to  “immature” technologies (Manning 

2012). To support this effort a number of documents are prepared, such as the Initial 

Capabilities Document (ICD), the Technology Development Strategy (TDS), the 

Capability Development Document (CDD) and System Requirements Document (SRD). 

In addition to the mentioned, The Technology Development Phase should develop the 

following: 

 Test and Evaluation Master Plan (TEMP) 
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 Risk Assessment 

 Systems Engineering Plan 

 Programmatic Environment, Safety, and Occupational Health Evaluation 

(PESHE) 

 Compliance Schedule for National Environmental Policy Act (NEPA) 

 Program Protection Plan (PPP) 

 Technology Readiness Assessment (Manning 2012) 

The conclusions of the Technical Reviews are: 

 System Requirements Review (SRR) 

 System Functional Review (SFR) 

 Preliminary Design Review (PDR) 

 Technology Readiness Assessment (TRA) 

 Integrated Baseline Review (IBR) (Manning 2012) 

2.3.3.3  Phase B:  Engineering, Manufacturing, and Development  

Before production, a system must be developed and designed in the Engineering, 

Manufacturing, and Development (EMD) Phase (DAG 2012), which begins after a 

system has been approved at Milestone B into the EMD phase.  The development of the 

system, integration of the full system, and system fabrication must be completed 

(Manning 2012). Also occurring during the EMD phase is the development of affordable 
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and executable manufacturing processes and tests, and evaluation of the system. The 

main goals of the EMD phase are: 

  Develop a system or increment of capability 

 Design critical supportability aspects ensuring material availability with 

particular attention to reduce the logistics footprint 

 Integrate hardware, software, and human systems 

 Design for producibility  

 Ensure affordability and protection of critical programs information  

 Demonstrate system integration, interoperability, supportability, safety, and 

utility 

 Ensure operational supportability with particular attention to minimizing the 

logistics footprint  

  Demonstrate Reliability, availability, Maintainability, and sustainment features 

are included in the design of a system (Manning 2012). 

 

During the Materiel Solution Analysis and Technology Development Phase within 

the EMD phase, the system elements and architecture are thoroughly defined from a 

technological and integration point of view (Manning 2012).  In addition, major 

subsystem levels are refined with allocated system design requirements, development and 

operation tests.  

The EMD phase has two main goals (DAG 2012). The first is Integrated System 

Design and System Capability; the second is Manufacturing Process Demonstration. The 

main purpose of these two efforts is to integrate components of end items and subsystems 
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into an operational and supportable system, and to meet performance requirements by 

completing detailed, producible, and sustainable designs to reduce the system’s risk 

levels (Shwartz 2010). Usually, the EMD demonstrate production prototype articles or 

engineering development models. Below is a list of the major reviews performed during 

the EMD phase: 

 Integrated Baseline Review (IBR) 

 Critical Design Review (CDR) 

 Test Readiness Review (TRR) 

 Flight Readiness Review (FRR) 

 System Verification Review (SVR) 

 Functional Configuration Audit (FCA) 

 Production Readiness Review (PRR) 

 Technology Readiness Assessment (TRA) 

2.3.3.4  Phase C: Production and Deployment (P&D) 

In this phase, a system is produced after it proves its operational capability (DAG, 

2012). The two main purposes of the Production and Deployment Phase are the Low-

Rate Initial Production (LRIP) and the Full-Rate Production and Deployment (FRP&D). 

The Low-Rate Initial Production starts when the system is sufficiently developed for 

the production of a small quantity of representative deliverables for Initial Operational 

Test and Evaluation (IOT&E) (Shwartz 2010). These also serve as the foundation for 

incremental increases in production rate, paving the way for Full-Rate Production (FRP). 
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The Milestone Decision Authority (MDA) determines the LRIP quantity 

at Milestone B. The LRIP quantity shall be documented in the Acquisition 

Strategy and Selected Acquisition Report with rationale for quantities 

exceeding 10 percent of the total production quantity. An updated 

Acquisition Strategy must be approved prior to LRIP and FRP Request 

For Proposal (RFP) release, but no later than the Milestone C or Full-Rate 

Production (FRP) decision by the MDA. The DOT&E or the Operational 

Test Agency (OTA) determines the number of production or production-

representative test articles required for Live-Fire Test and Evaluation 

(LFT&E) and Initial Operational Test and Evaluation (IOT&E) (DAG, 

2012). 

 This is an important stage of the DAMS system in terms of this research. At this 

stage of the acquisition, the systems thinking approach, the TREND function, can be 

applied to produce estimates influenced by the delays addressed and discussed in later 

chapters of this research and compared with estimate report data from Selected 

Acquisition Reports (SARs).  

 The Production and Development phase updates: Product Baseline, Test and 

Evaluation Plan, Life-Cycle Sustainment Plan, Systems Engineering Plan, and System 

Safety Analyses (Manning 2012). The Technical Reviews performed during the 

Production and Deployment Phase are: Integrated Baseline Review (IBR), Operational 

Test Readiness Review (OTRR), Physical Configuration Audit (PCA) and Full Rate 

Production Decision Review (FRPDR) (Shwartz 2010). 

2.3.3.5  Phase D: Operation & Support 

There are two main purposes of the Operations and Support phase (Manning 2012). 

The first is to ensure sustainability of the system in the field by executing a support plan, 

keeping in mind cost effectiveness. To achieve this, safety and critical readiness are 
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addressed with support packages, upgrades, modifications, process improvements, and 

potential future modification to the system (DAG 2012). These are produced via trade 

studies with decision makers to ensure the remaining expected life of the system is 

accounted for from an operational point of view. The second purpose of the Operations 

and Support phase is system disposal by the end of the system’s life cycle. In this phase, 

the following should be produced: 

 Modification for the Capability Development Document (CDD) 

 Input and upgrades to the system on the field 

 System Safety Analyses 

 Information for In-Service Review 

 Programmatic Environment, Safety, and Occupational Health Evaluation 

 System Engineering Plan (SEP) updates (Manning 2012) 

2.3.4 Summary of DoD Acquisition Structure and Highlights 

As detailed in the previous sections, the DoD Acquisition Structure is a complex and 

multilayered process. The following list summarizes the points at which this research 

directly impacts the acquisition process: 

 In the Budgeting process of the PPBE, we noticed the interaction between two 

identified groups: program officers and government. All aspects of acquisition 

after the submission of POM and accompanying proposed budget are categorized 
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in this research as government responsibilities and/or decisions, including by the 

OSD and Congress 

 In Milestone B, the Low-Rate Initial Production is determined by the Milestone 

Decision Authority (MDA) and documented in the Selected Acquisition Report 

(SAR). The approved LRIP is the quantity used to calculate unit cost. Unit cost is 

the focus of this research; the values are used in comparisons with simulated 

estimates. Therefore, at this stage of the acquisition process TREND can be 

applied to estimate reported data for SAR and produce estimates influenced by the 

delays. The research assumes that increasing estimate accuracy affects decisions 

based on these estimates. 

 Technology Development Strategy (TDS) is developed during the Pre-Phase A 

Material Solution Analysis (MSA), which analyzes alternative material solutions 

to address technological gaps and assesses product support affordability 

alternatives with regard to their associated risks in meeting operational 

requirements. The research assumes that in the F/A-22 case, huge technological 

gaps were addressed. The F/A-22 program also showed a high risk for failing to 

meet operational requirements, and for this reason proved a suitable fit for the 

TREND parameter Time Horizon for Reference Condition (THRC). The THRC 

parameter is a subjective value created to represent the availability of historical 

data of systems. In adaptive learning, historical data forms the basis of mental 

beliefs  (J. D. Sterman 1986). Lacking sufficient historical data regarding a 

particular trend, decision makers’ choices consequently lack stability, or 

continuity (see Figure 4). For example, the F/A-22 is a “world’s first” (Younossi, 
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et al. 2005) type of aircraft, the THRC was assigned a low value for the lack of 

expertise dealing with the new required technologies. 

 

Figure 4: The Effect of Historical Horizon on mental believes (Sterman 2000) 

 

 In phase B EMD, one of the goals of this phase is to Integrate hardware, software, 

and human systems. Although the “human system” refers to the human 

interaction with weapons systems, the human system in the DoD Acquisition 

system is the focus of this research. 

2.4  Acquisition Categories (ACAT) 

Defense Acquisition Management System (DAMS) coordinates programs that fall 

under one of various Acquisition Categories (ACAT) based on overall importance and 

level of funding (Shwartz 2010). The purpose of the ACAT categorization scheme is to 
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indicate how much management a program requires. The Milestone Decision Authority 

(MDA), appointed by senior leadership, decides the level of required management with 

the advice of the Defense Acquisition Board (DAB) on Major Defense Acquisition 

Programs (MDAPs) or Major Automated Information System (MAIS) programs. Below 

is a brief summary of Acquisition Categories (ACAT): 

 ACAT l: R&D > $365 million and a total procurement cost of $2.19 billion 

 ACAT ll: R&D > $140 million and a total procurement cost of $660 million 

 ACAT lll: R&D < $140 and total procurement cost less than $660 million 

 ACAT lV: Navy and Marines exclusive 

The programs tested in pursuit of the research presented in this paper using the 

systems thinking TREND function are the F/A-18E/F and the F/A-22, both fall under the 

ACAT 1 group. Selected Acquisition Report (SAR) is mandatory only for ACAT 1 

programs. The two weapons systems were selected for data availability in SAR and third-

party studies that provided written description of the developing and acquisition process.  

2.5  Cost Growth in DoD Weapons Systems 

Congress and senior policymakers have struggled with DoD acquisitions cost growth 

since the inception of weapon systems programs (Bolten, et al. 2008). The DoD has 

prioritized the cost growth of weapon systems since the 1950’s. There have been 

numerous efforts to address this issue by different agencies, one of which is the RAND 

Corporation. RAND, established in 1948, is a private corporation that provides advanced 

research and analysis on a wide-ranging scope of issues in various fields of organization, 
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and conducted some of the first DoD cost growth analyses, called Selected Acquisition 

Reports (SARs). SARs have been a primary source for many studies (Marshall & 

Meckling, 1959; Shaw, 1982; Asher & Maggelet, 1984; Tyson, et al., 1989; Drezner, et 

al., 1993; Wandland & Wickman, 1993; McNicol, 2004) have used SARs exploring 

various types of cost growth in weapon systems. Since approaches to cost growth have 

differed in the past, as have, measurement systems mixed results and correlations 

resulted. However, most studies have come to a similar conclusion:  

DoD and the military departments have, by and large, underestimated the 

cost of buying new weapon systems. Along with a systematic bias toward 

underestimating costs, there has been substantial uncertainty in estimating 

the final cost of any particular weapon system (Bolten, et al. 2008).  

 

Although cost growth have been measured and approached in various ways, RAND 

defines cost growth in DoD weapon systems as:  

The ratio between the most recent or final value given in the Selected 

Acquisition Report (SAR) and the cost provided in the SAR at some 

earlier milestone. These values do not reflect any individual organization’s 

cost estimate but, rather, what the military services asked for in their 

budget requests and what Congress subsequently authorized and 

appropriated (Sollinger, et al. 2006) 

 

In a 2008 RAND report, 46 completed
3
 weapon systems were analyzed (Bolten, et al. 

2008). A measurement unit called a Cost Growth Factor (CGF) was developed to 

measure the complex concept of cost growth. The CGF is the ratio of a system’s final 

cost as reported in the Selected Acquisition Report (SAR), compared to its reported cost 

estimate from either Milestone B or Milestone C. This particular RAND study found that 

                                            
3 A weapon system is considered by RAND to be completed if it delivered 90 percent of the final 

quantities and also provided cost estimates at MS B decision at the time of the report. 
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cost underestimates have plagued DoD and military budgets, especially those required to 

develop new weapon systems. Figure (5) is a frequency plot of the total CGF for 

quantity-adjusted growth. The bars represent the frequency distribution while the line 

stands for the lognormal fit of the data. 

 

Figure 5: Distribution of Total Cost Growth From MS B to Final SAR(Bolten, et al. 2008) 
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The RAND study (Bolten, et al. 2008)found that weapon systems program costs were 

regularly underfunded, as demonstrated by the 1.46 CGF average. This indicates a 46 

percent increase in total development and procurement cost growth for completed 

programs from MS B, and 16 percent increase when calculated from MS C. Also, 

weapon systems programs had greater cost growth when these systems had longer time 

scales. The study also found that, also that the development and procurement costs 

growth had no correlation. 

The trend of cost growth is best observed and analyzed over time to understand the 

historical behavior and cycles of cost growth. In another RAND study (Sollinger, et al. 

2006) illustrated cost growth at a certain point in a weapon system’s maturity by plotting 

the ratio of the cost of a specific SAR close to MS B as “a fraction of the time” 

(Sollinger, et al. 2006) between MS B date and the final SAR
4
 as seen in figure (6). 

                                            
4 The final SAR is considered the SAR of year 2006 since the study was conducted that year.  

Figure 6: Development Cost Growth versus the Fraction of time between MS B and the Last 

SAR(Sollinger, et al. 2006) 
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RAND’s measurement determined “the actual time required for the program to progress 

from MS B to its completion” (Sollinger, et al. 2006)
5
. Figure (6) shows that most 

completed Major Defense Acquisition Programs (MDAPs) in the RAND study 

experienced schedule slips. The mean cost growth is represented in the solid line. 

Development costs show growth until the forty percent point but slows down afterwards. 

 

 

Figure 7: Trend of Weapon Systems Development Cost Growth(Sollinger, et al. 2006) 

 

Figure (7) presents the results of the 2006 Project Air Force analysis RAND 

conducted (Sollinger, et al. 2006). The mean values of cost growth of weapon systems 

development are presented over three decades.  

The white bars represent development cost growth at completion point; the black bars 

represent programs at five years after Milestone B; the grey bars represent ongoing 

                                            
5 90 percent-completed programs are included.  
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projects. RAND analyzed cost growth of the development portion of weapon systems 

programs in particular because this is “a good early indicator of total program cost 

growth and because its growth trend is similar to procurement and total program cost 

growth” (Sollinger, et al. 2006). 

For each decade 1970s, 1980s and 1990s, the white bar indicates the completed 

weapon systems development cost growth factor (DCGF). To categorize which program 

is in which decade, RAND marked a program when Milestone B decision was approved 

to categorize it into a specific decade. As can be seen, there is an apparent decline in 

development cost growth factor (DCGF) because the data used in the RAND study 

included programs of different lengths and averaged through out the decade. This means 

that ongoing programs, which experienced cost growth, didn’t affect these averaged data 

because their cost growth of those programs was not realized to increase the average of 

DCGF. For example, if a weapon system is completed in the 1990s it was of a shorter 

length. RAND determined that shorter systems don’t experience cost growth as much as 

longer systems(Arena, et al. 2006). Therefore, the apparent DCGF trend decline in figure 

(7) can be accredited to the presence of shorter weapon systems.   

The black bars follow the DCGF trend of the same completed weapon systems, but at 

a point five years after the Milestone B decision. Tracking growth in plus-five years 

resulted in a lower DCGF. “The growth in the 1970s and 1980s is less because all growth 

after the five-year point is excluded” (Sollinger, et al. 2006). The grey bars include 
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measurement of 34 ongoing
6
 weapon systems five years from the Milestone B point as 

well as completed programs. The bar indicates that DCGF rises again after two decades 

of decline. We note that those ongoing weapon systems, which began in the 1990s, have 

significantly higher DCGF. Thus, despite the apparent trend of development cost growth 

factors (DCGF) of completed weapons systems programs, DCGF actually increases 

because the effect of current and ongoing weapon systems development costs aren’t 

displayed in this study.  

2.6 Categorizing Cost Growth 

The main purpose of SARs is to establish and document a baseline cost estimate at 

MS B to explain any changes to these estimates affecting current or future budgets. 

Possible changes are allotted to the following category types in SARs: economic, 

engineering, estimating, schedule, quantity, support and other. However, assigning 

causality by category proves difficult. For example, it is very difficult to identify 

causality between cost drivers, such as schedule and requirement modifications. Does a 

modification in schedule result in changed requirements? Or do changes in requirements 

result in modifying schedule? Due to questionable original estimates in both schedule and 

cost, failures to account for cost growth were inevitable. RAND’s priority was to 

associate changes in SAR estimates into a “causally oriented structure” (Arena, et al. 

2006). Therefore, RAND uses unique categorizations: Errors (Cost estimate, Schedule 

estimates and technical issues), Decisions (Requirements, Affordability, Quantity, 

                                            
6 Ongoing as of the time of the RAND report was conducted in 2006. 
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Schedule changes and Inter or intra program transfers), Financial (Exchange rate and 

Inflation), and Miscellaneous (Error correction, Unidentified and External events).  

 

In order to illustrate the difficulty in categorizing cost growth causes, we present an 

alternate outlook on cost growth data. As shown in figure (8), the DoD believes that 

estimating errors accounts for 53 percent of cost growth, while RAND calculated based 

on SAR reports that estimating errors accounts for only 34 percent (Hartley, 2009). 

 

 

 
 
 
 
 
 
 

RAND Categorization of 
Cost Growth Sources 

SAR Categorization of 
Cost Growth Sources 

Figure 8: Different Categorization of Cost Growth Sources (Hartley 2009) 
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The research doesn’t assume one view of cost growth categorization is superior over 

the other. However, the alternate views highlights a limitation in recognizing and 

categorizing a root cause because a unified categorization method isn’t used. The 

ambiguity and subjectivity of cost growth factors categorization limits studies and 

hinders recommendations when reveres engineering and reductionism are applied. 

Systems thinking attempts to bypass the ambiguity and controversy of pinpointing a root 

cause, and address cost growth as an emergent behavior of the acquisition system, 

understanding that causes of cost growth are a result of the entire structure of the system 

interacting dynamically.  

2.7  Cost Growth in Acquisition Strategies 

Since the selected weapon systems programs the F/A-18E/F and the F/A-22 had 

different acquisition strategies, this section discusses and summarizes the types in which 

different acquisition strategies affect cost growth.  

Prototyping: 
 

One hundred and twenty-eight development estimates of programs between 1960 and 

1990 have been studied and analyzed by Drezner et al. (1993) and it was discovered that 
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programs without prototyping
7
 had lower average total cost growth then programs with 

prototyping. This result contradicts previous findings by Tyson et al. (1989), which 

indicate the experience gained from prototyping keeps development and procurement 

costs low.  The difference between the two studies could be the result of how each study 

defines prototyping (Arena, et al. 2006). Both the F/A-18E/F and F/A-22 programs had 

incorporated prototyping yet the two weapon systems experienced different cost growth 

behaviors (Younossi, et al. 2005).  

Experience: 

 

A more recent study (McNicol, 2004) explored how previous experience with weapon 

systems or technology affects cost growth, due to errors. The study concluded that 

weapon systems with “useful” previous knowledge and experience had lower cost growth 

then weapon systems that did not (in other words, new systems). This finding is in 

accordance with an earlier study (Drezner, et al. 1993)that took into account 

modifications, concurrence and joint programs and concluded that all-new design 

programs had higher cost growth than modified programs. This concept was apparent in 

the comparison of the F/A-18E/F, which had more experience from the legacy program 

F/A-18A/B/C/D, while the F/A-22 aircrafts had advanced technologies. 

Concurrency: 

  

The overlap between production initiation and development completion is known as 

concurrency (Arena, et al. 2006). A 1993 study by Drezner, et al. suggested that 

concurrency and cost growth were positively correlated because concurrent programs 

                                            
7 Prototyping is a model or original unit on which a later system/item is formed or based.  
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pass into the procurement phase without finalizing the development tests. However, 

skipping the development tests shortens the program’s duration, which leads to the 

assumption of lower cost growth. This concept was studied in the 1993 Drezner report, 

by measuring concurrency as the “overlap between the completion of initial operational 

test and evaluation [IOT&E] and the beginning of low-rate production” (Arena, et al. 

2006)and by studying the correlation between concurrency and cost growth. The study 

concluded that lower concurrency programs had higher cost growth. However, the study 

noted that in some cases “the dates of the IOT&E completion and the beginning of low-

rate production were not representative of actual events” (Arena, et al. 2006). Our 

research contradicts these findings. The F/A-22 was managed using concurrent 

development techniques and experienced significant cost growth compared to the F/A-

18E/F evolutionary development approach. 

 

2.8   Selected Acquisition Report (SAR) 

The main purpose of a Selected Acquisition Report (SAR) is to thoroughly 

summarize a Major Defense Acquisition Program (MDAP) Acquisition Category 

(ACAT) l programs. SARs essentially provide high-level descriptions of programs’ 

funding sources and status information. The Secretary of Defense submits a SAR to 

Congress periodically, the content which includes the following: 

 Total program cost 

 Schedule 
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 Performance 

 Program unit cost breach information 

 A life-cycle cost analysis (Manning 2012) 

A narrative of a given program is detailed in the executive summary section of an 

SAR and includes current events affecting weapon systems. The Program Manager (PM) 

submits the mandatory estimates for all ACAT l programs for inclusion in an annual SAR 

by December 31 of each year. After the President transmits the upcoming fiscal year’s 

budget to Congress, the PM submits to Congress the annual SAR within 60 days to 

reflect the transmitted Budget. There are additional SAR submissions by the PM, on a 

quarterly basis with deadlines at March 31, June 30, and September 30 within 45 days 

after the end of the quarter. These are the bases for quarterly submissions: 

 If there is a 15 percent increase in current estimate from the Program Acquisition 

Unit Cost (PAUC) 

 If there is a delay of six months or more from in any reported schedule of the 

previous SAR  

Weapon systems that are pre-Milestone B in status are permitted to submit the 

Research Development Test & Evaluation (RDT&E) report only, which excludes military 

construction, procurement, and acquisition-related operations and maintenance costs. 

However, the Under Secretary of Defense for Acquisition, Technology and Logistics 

USD (AT&L) must be notified 30 days before the reporting quarter ends by DoD 

Components regarding if the PM intends to submit RDT&E only. Congress also must be 
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notified by the PM within 15 days prior to the end of a quarter regarding reports by The 

USD (AT&L). The Defense Acquisition Management Information Retrieval (DAMIR) 

serves as a guide for Program Managers to prepare the SAR. There are cases where a 

SAR submission is waived: 

 The system has not entered the Engineering, Manufacturing & Development 

(EMD) 

 The lack of an established cost estimate for the system 

 The lack of a solid system configuration definition 

When weapon systems report to SAR, they are required to include potential causes of 

cost growth. Cost growth factors are categorized into seven sections in SARs: quantity, 

engineering, schedule, economic, estimating, support and other. A problematic issue with 

this categorical scheme is consistency of application. In practice, sources of cost growth 

are not consistently assigned to the same category. For example, a particular source of 

cost growth could be allocated to the engineering category by a particular program 

administration, and the same source of cost growth in another program might be allocated 

to the schedule category. These irregularities contribute to the ambiguity of SAR 

reporting and limit its usefulness (Arena, et al. 2006). 

Besides categorization inconsistency, there are some additional limitations to SAR. 

Paul Hough (1992) has identified five additional SAR limitations. The first is difficulty in 

examining the cost growth of a system through its major subsystems, since reported data 

are top-level annual development and procurement funding. Second, the reported baseline 

of a system changes gradually over time. This presents a challenge to choosing a starting 
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point and an end point to calculate cost growth. Third, preparation guidelines and 

requirement thresholds also evolve over the life of a program, making it difficult to study 

a program of longer duration. These inevitable changes experienced over the lifetime of a 

program raise legitimate questions about the appropriateness of a comparison between 

the infant stages of weapon systems and the later version that has undergone requirement 

and budget modifications. Fourth, Hough deems waiving programs from reporting 

requirements to be a limitation. Fifth and most critical:   

The initial estimates in the SAR are consistent with the program’s initial 

budget and may not reflect the most realistic cost estimate. Whether the 

baseline values represent the cost estimate developed by the program 

manager, contractor proposal, independent cost-estimating agency, 

service, or OSD budget position is an open question. Therefore, anyone 

using the SAR data to analyze weapon system cost growth should keep 

these limitations in mind. (Hough 1992) 

However, SARs do offer functional data for investigating and tracing cost growth in 

weapon systems. They are the primary source of data not only for this research but also 

for the DoD community and therefore provide the most substantial opportunity for cost 

growth analysis. “In spite of these limitations, SARs do provide useful information for 

examining and tracking cost growth in selected programs” (Bolten, et al. 2008). 

 

2.9  Summary of SAR significance  

To recap: Selected Acquisition Report (SAR) summarizes Major Defense Acquisition 

Programs (MDAP) Acquisition Category (ACAT) l programs, and are submitted 

periodically to Congress by the Secretary of Defense. SAR content includes: total 

program cost, schedule, performance, program unit cost breach information, and a 
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life-cycle cost analysis. For the purposes of this research, the Program Manager (PM) of a 

weapon system is included in the Program Officers identified group.  The PM submits 

mandatory estimates for all ACAT l programs in an annual SAR by December 31 of the 

year, in addition to other periodic submissions as described above.  

These reporting methods are a primary source of the delays identified and measured 

in our research. These delays are inherent to the time spent collecting and filtering data, 

and are incorporated into the TREND function used to simulate the estimation process in 

this research. From the SAR database built for this research, we found that breaches in 

budget or schedule are reported every year, but seldom are these breaches reported during 

the quarterly SAR submissions in both programs the F/A18E/F and F/A-22. So we 

assume that it takes the weapon systems developing team at least a year to produce 

reported approved estimates since estimates don’t change during the quarterly SARs. The 

TREND parameter representing this delay in our model is “time to perceived present 

condition,” or TPPC that takes into account the delay associated with collecting, filtering 

and calculating estimates. 

The SAR limitation most pertinent to our research is that " the program’s initial 

budget may not reflect the most realistic cost estimate" (Hough 1992). Because the 

accuracy of SAR estimates directly affects the accuracy of simulated TREND estimates 

presented in this research. The legitimacy of our results are likewise affected. Although 

this limitation challenges accuracy, our analytical method remains intact: incorporating 

human-oriented delays identified by systems thinking analysis into the cost estimation 
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process has demonstrated value in the cases of the F/A-22 and F/A-18E/F weapon 

systems. 

2.10  Literature Review Summary  

The complexities of DoD procurement call for detailed review so that the hypothesis 

and original research and testing presented here can be optimally appreciated. For the 

sake of clarity, we briefly recap the previous two chapters’ main points and direct 

relevancy to this paper. 

  The problematic reality of cost growth in Department of Defense weapon 

acquisitions has been acknowledged by the federal government, by the DoD, and by 

private research and development groups like the RAND Corporation. In the literature 

review we presented a brief chronology of the evolution of weapon acquisitions in the 

United States, and followed by an explanation of DoD acquisitions structure 

organization, including a detailed outline of the three major sub-processes of 

procurement: (1) Planning, Program, Budget and Execution (PPBE); (2) Joint Capability 

Integration Development System (JCIDS); and (3) Defense Acquisition Process, and their 

constituent phases. These sub-processes are conceptualized as comprising a system of 

systems, interacting in an interdependent manner. That the Department of Defense 

acknowledges these processes as a SoS provides a significant basis and motive for further 

analysis of acquisitions from a systems thinking perspective. 
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 The third sub-process, the Defense Acquisition Process, is described as a system 

involving a series of milestones through which a program passes during its life cycle. The 

Defense Acquisition Process is of particular interest as related to our research, because it 

is at Milestone B that cost estimates are reported to SARs, and therefore form a partial 

foundation for the simulation presented here. While we acknowledge that SARs are not 

perfect vehicles for data collection and reporting, they are the most substantial source for 

cost estimate and growth documentation and, having been used in other widely cited cost 

growth studies, we believe they are suitable to demonstrate our claims. The Defense 

Acquisition Process is of additional importance because the data collection and reporting 

delays we focus on in this research occur during the information processing portion of the 

Acquisition process. Our expectation is that using a systems thinking perspective to 

account for these man-made delays inherent to the Defense Acquisition Process system 

will improve estimation capabilities and thereby decrease overall cost growth. We now 

turn to Chapter 3, on Research Methodology. 

  



 
 

48 
 

Chapter 3 -- Research Methodology 

 

In this chapter we first present a summary of the weapon systems programs analyzed 

in this research, the aircraft fighters F/A-18E/F and the F/A-22, followed by some of the 

development challenges faced by these weapon systems. We then discuss the historical 

background and significance of, the systems thinking methodology, our approach to 

mitigating the problems faced by weapon systems like those presented here, and our 

direct application of systems thinking to cost growth. Then, we present an original 

categorization of the DoD acquisition process, based on the various responsibilities of 

work force groups. Following is an explanation of TREND function mathematics and its 

application here. In the section on Building the SAR database, we explain the collection 

and organization of data. Finally, the limitations of this research are discussed In this 

chapter we discuss the historical background and significance of systems thinking 

methodology, to justify our approach to DoD cost growth. Then, we present an original 

categorization of the DoD acquisition process, based on the various responsibilities of 

work force groups. Following is an explanation of TREND function mathematics and its 

application here. In the section on Building the SAR database, we explain the collection 

and organization of data. Finally, the limitations of this research are discussed.  

3.1  The F/A-18E/F and F/A-22 Overview 

 

The two multirole fighter aircrafts selected for this research are the F/A-22 and the 

F/A-18E/F since they represent two extreme conditions of cost growth behavior. The 
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U.S. Navy planned and developed the F/A-18E/F with close air support and air-to-air 

capability. Currently in production, the F/A-18E/F was also used in Operation Iraqi 

Freedom. While the U.S. Air Force sought the F/A-22 as the “world’s first super-sonic 

stealth fighter” (Younossi, Lorell, et al. 2008)Defense Secretary Robert Gates announced 

in December 2011 that the Pentagon would end the F/A-22 fighter jet program to focus 

on the less costly F-35 jet fighter (Serrie 2011).  

The technical advancements of the F/A-22 include a stealth airframe design using 

cutting-edge material to decrease radar detection (Goldsmith, et al. 2007). The avionic 

suite incorporated advancements for gathering external information through sensors in 

order to create the pilot. The propulsion system allowed the fighter jet to cruise above the 

speed of sound, economically. On the other hand, the F/A-18E/F was considered an 

upgrade of the F/A-18A/B/C/D aircraft. The upgraded fighter jet was a definite 

improvement in terms of survivability, payload, and range  (Younossi, et al. 2005)). 

In 1987, a memorandum was issued to the Navy by the Secretary of Defense to 

explore and study possible upgrades and advancements to the existing version of the F/A-

18. These studies led to an Engineering and Manufacturing Development (EMD) 

approval in 1992. The proposed advancements to the F/A-18E/F included new airframe 

designs different from the F/A-18A/B/C/D designs, and a more than 30 percent increase 

in internal fuel capacities along with a more than 20 percent increase in the wing areas. 

Also, it decreased radar detection and advancements in avionics technology for the F/A-

18E/F. (Younossi, et al. 2005) 



 
 

50 
 

3.2 Development Challenges of the F/A-18E/F and F/A-22 

There were minor delays and cost increases in the F/A-18E/F development program, 

while the F/A-22 experienced just the opposite.  

Due to the contrasts in the performances of the two fighter jets, the office 

of the Assistant Secretary of the Air Force for Acquisition asked RAND 

Project AIR FORCE (PAF) to investigate the reasons behind the cost 

growth and schedule delay of the F/A-22 program and those contributing 

to the cost and schedule stability of the F/A-18E/F program during EMD 

(Younossi, et al. 2005)  

 

Acquisition strategies were analyzed in the RAND 2005 study from the 

beginning of each program to the demonstration and validation stages right up to 

the Engineering and Manufacturing Development (EMD) phases. RAND 

collected data from different sources. The major sources were the Selected 

Acquisition Reports (SARs), Contract Cost Data Reports (CCDRs), and Cost 

Performance Reports (CPRs). Other sources used were Cost Analysis 

Requirements Description (CARD), contractor’s weight reports, and the General 

Accounting Office (GAO) reports. (Younossi, et al. 2005) 
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In figure (9), the schedule of the F/A-22 program experienced delays
8
 of over 50 

months as of the date of the last Selected Acquisition Report (SAR)
9
. Costs, on the other 

hand, experienced growth of more than $7 billion in the F/A-22, and the F/A-18E/F 

program estimates were almost identical to actual costs 

 

RAND concluded that since both programs approached the contract awards 

differently, concurrent development for the F/A-22 and evolutionary development for the 

F/A-18E/F affected cost growth performances in the weapon systems in distinct ways. 

These different development techniques monitored and tracked contractors’ 

                                            
8 During the time of the RAND study, Milestones were under the old naming system. So MS ll is 

MS B and MS lll is MS C. 
9 Last SAR report examined for cited study was December 31, 2001 

Figure 9: Schedule and Cost Growth Performance for the F/A-22 and F/A-18E/F(Younossi, 

et al. 2005) 



 
 

52 
 

performances; the programs each faced distinct development challenges in terms of costs 

and schedules. Here is a summary of the RAND findings regarding what specific factors 

contributed to these challenges: 

 Varying methods in soliciting contractors’ proposals plus separating the 

work, during the development phase, among contractors. The F/A-22 

development team had expertise in different technological areas, so the 

work was divided equally between the three contractors
10

. The division 

created an “artificial distribution of work during the EMD phase” 

(Younossi, et al. 2005). On the other hand, the F/A-18E/F counted on 

contractors with experience in working on the legacy model, the F/A-

18A/B/C/D in order to lower the possibility of facing technology risks. 

Also, the F/A-18E/F applied cost and schedule reducing strategies such as 

evolutionary development to track contract performance, which was Cost 

As an Independent Variable (CAIV) method. RAND believed this had 

contributed to program stability in cost and schedule. (Younossi, et al. 

2005) 

 Technical challenges for the F/A-22 program increased due to the 

concurrent development of new technology, which was used as an 

acquisition strategy when the F/A-18E/F used incremental improvement 

acquisition strategies to reduce technical risk. RAND assumed the 

technical challenges posed to the F/A-22 airframe design, avionic, and 

propulsion systems were a result of initially estimating a lower risk for the 

                                            
10 The three contractors were: Lockheed Martin (Fort Worth), Lockheed Martin (Marietta) and 

Boeing (Seattle). 
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proposed advancements owing to concurrent development. This was in 

contrast to the F/A-18E/F, where the requirement goals were reached with 

incremental improvements and evolutionary development techniques.   

  Each program also approached management reserve
11

 budget allocation 

differently. The F/A-18E/F allocated more than 9 percent of the contract 

value to management reserve, when the F/A-22 decided to assign roughly 

2 percent of the approved budget to the management reserve. According to 

RAND, the allocated 2 percent reserved was exhausted during the first 

year of the EMD phase because of the technical challenges described 

earlier. The 9 percent management reserve of the F/A-18E/F was able to 

accommodate the unexpected technical challenges during development 

(Younossi, et al. 2005). 

 

Having established a background for the two weapon systems programs under 

examination in this research, and having presented some significant issues they 

experienced, related to cost growth, we now turn to systems thinking which, we argue, 

provides an optimal lens for conceptualizing cost growth challenges. 

 

                                            
11 “Management reserve is a budget withheld for management control purposes and is mostly 

used to cover unknown problems in a development program.” Younossi, O., Stem, D. E., Lorell, 

M. A., & Lussier, F. M. (2005). Lessons Learned from the F/A-22 and F/A-18E/F Development 

Programs. RAND Project Air Force. RAND. 
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3.3 The Systems Thinking Approach 

Between the 18th and the 19th century, the world witnessed the Industrial Revolution 

era where the Reductionism method largely contributed to the explaining and building the 

complex systems of the 20
th

 century. The New Oxford American Dictionary defines 

reductionism as “the practice of analyzing and describing a complex phenomenon in 

terms of phenomena that are held to represent a simpler or more fundamental level.” In 

the mid-20
th

 century, the effectiveness of reductionism came under question. “The 

beginning of the Systems Age could be dated to the 1940s, a decade when philosophers, 

mathematicians, and biologists, building on developments in the interwar period, defined 

a new intellectual framework” (Kirby and Rosenhead 2005). 

 In contrast to reductionism, systems thinking perceives problems as systems within a 

larger environment, resisting the reductionist urge to break them into smaller and smaller 

pieces. Reductionism underestimates the important interactions between the system 

components that hold critical data on how to address the problem or issue at hand, 

especially in systems with significant human involvement and activities (Edson 2008), 

such as the cost estimation process of a DoD weapon systems. When addressing a system 

as a whole, interrelationships and patterns of a system’s parts can be analyzed to manage 

risks associated with the  “unpredictable emerging behavior” of a system (Kirby and 

Rosenhead 2005) 

The mental model is a critical component of systems thinking, and mapping the 

mental model depends on information available to the systems thinker, who plays the role 
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of the system program officer in this research. “Of great significance is that this 

information is not numerical in nature, but rather qualitative; the information is normally 

found in the cognitive space of the people working on the program” (Rishardson & A.L 

Pugh, 1981; Roberts, Anderson, Deal, & Shaffer, 1983; Sterman J. D., 2000). That 

critical aspects of our research for this paper are qualitative, specifically delays resulting 

from data collection and human perception, is a special challenge ideally suited to 

systems thinking.  

Cost growth in DoD weapon systems is the measuring stick by which a systems 

thinking approach must prove its effectiveness. During the 1950’s: reductionism and 

reverse engineering were used to analyze weapons systems experiencing cost growth. 

The systems thinking approach suggested here is intended to improve the estimates that 

measure cost growth. The final total cost of a weapon system is in the future, and 

therefore an unknown value. Improving reported estimates will decrease the difference 

between initial and final cost, and this is the intention of the systems thinking approach. 

The research presented here supports this effort with quantitative assessment. 

What’s more, the groups involved with the DoD Acquisition process typically have 

gated communication structures between them and sometimes contradicting strategies 

and goals, thus they face further complexities. Decision-making groups’ differing mental 

models of a particular system shape decisions, expectations and predictions regarding that 

system. (Cannon-Bowers, Salas, & Converse, 2001; Rouse, Cannon-Bowers, & Sales, 

1992; Sterman, 2000)  
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3.4  The Systems Thinking Approach to DoD Cost Growth 

The purpose of cost estimation is to provide decision-makers with information 

regarding the cost of a variety of tasks undertaken during the acquisition process. This 

includes determining an adequate program budget; determining whether contractor 

proposals for a program are acceptable; analyzing the costs of acquisition alternatives; 

and determining whether cost has already exceeded the estimate for a program and 

additional resources are needed. It is also important that the analytic approach to 

estimation be documented and reviewed by all relevant parties before the cost estimate is 

presented (DoD, 2012). To aid this process, we believe systems thinking can improve 

reported estimates by recognizing and addressing the emerging behavior of a system, in 

this case cost growth, in an effort to bridge systems thinking and DoD cost estimation.  

One way the DoD has already adopted systems thinking is by recognizing that 

weapon systems are Systems of Systems (SoS). The DoD defines an SoS as:  

A set or arrangement of systems that results when independent and useful 

systems are integrated into a larger system that delivers unique 

capabilities. Both individual systems and SoS conform to the accepted 

definition of a system in that each consists of parts, relationships, and a 

whole that is greater than the sum of the parts; however, although an SoS 

is a system, not all systems are SoS (DoD, 2008). 

This acknowledgement bodes well for further applications of systems thinking 

on weapon systems and programs. 

Our research identifies three groups in the estimating process system that dynamically 

interact with each other, and we have determined that each group is the site of a delay 
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inherent to human processing of information for the purpose of producing cost estimates. 

We focus on this critical human factor in DoD weapon systems acquisitions by applying 

the TREND function incorporate these identified delays. In our simulation, each group of 

personnel involved in the acquisition process has been categorized by their respective 

responsibilities.  

3.5 The Identified Groups of the DoD Acquisitions process 

 Having considered RAND’s established cost growth categorization scheme as well 

as interviews conducted with DoD officials for our research, we have produced an 

original categorical organization that most usefully facilitates our work. Three analytical 

categories of actors were identified based on their responsibilities and decisions: cost 

estimators, program officers, and government.  These groups form the foundation of a 

systems thinking perspective on cost estimation. 

 

 

Authority 

Baseline 

Discretion 

Figure 10: Responsibility Limits 
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Figure (10) is a pictorial illustration of how individuals were grouped based on their 

levels, or limits, of responsibility limits. The area within the inner circle represents the 

baseline of task responsibilities for a particular group necessary to avoid failure of the 

weapons system. The outer circle indicates the range of that group’s authority. The 

discretion area represents where an identified group extent of determination that can be 

responsible for actions chosen and initiated group is permitted with regard to how 

baseline tasks are accomplished.  (Sage and Cuppan 2001)  

Using the cost estimators group as an example, we can say that the baseline circle 

represents a minimum task required of this group, in this case weapon system estimates. 

The outer circle represents the limit of cost estimators’ authority; what happens to their 

analysis of the weapon system, how it is implemented and why, falls outside the purview 

of the group. The discretionary range shown in the above illustration demonstrates the 

how of the task at hand; the means, methods, and legitimacy of cost estimators’ findings 

are at this group’s discretion provided their task is ultimately accomplished.  

The cost estimator group includes the engineers, mathematicians, operations research 

analysts, accountants, business majors, statisticians and scientists acting at the 

procurement and development stages of a program (Hartley 2009). Cost estimators are 

responsible for collecting, filtering, and reporting both current and future estimates. Our 

research shows that the time taken to accomplish these baseline tasks is significant, and 

should be accounted for in a systems thinking analysis of cost estimation as a unique 

delay. This delay in processing raw data is incorporated into our simulation using the 

TREND function. Cost estimators prepare their estimates for program officers leading up 
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to the MS B review. We assume that during the estimating process, historic values and 

patterns of program costs are compared to current estimates. The extent to which program 

officers access historical data in order to assess current status is represented in our model 

with the Time Horizon for Reference Condition (THRC), also understood as how 

optimistic an organization is when producing estimates. The Milestone Decision 

Authority (MDA) determines the low-initial production rate (LRIP) estimates based on 

estimates approved and submitted by . Afterwards, the MDA decisions on LRIP are 

reported to the Selected Acquisition Report (SAR).   

The qualitative factors influencing the discretionary zone of cost estimators’ 

responsibilities have significant effects on their end product, the actual estimates. Bolten 

et.al. have acknowledged this influence:  

Cost analysts produce estimates for acquisition programs based on 

programmatic and technical inputs from many communities within DoD 

and the weapon system contractors. In addition, at MS B and at major 

program plan revisions thereafter, enormous pressure can be placed on the 

cost analysts to create optimistic estimates so that the proposed program 

will not be viewed as too expensive to move forward as currently 

specified.  Cost-estimating errors thus can result from use of incorrect cost 

data or models, inaccurate engineering estimates, or unrealistically 

optimistic assumptions regarding the activities required, the time, and the 

resources needed to bring the system to operational status. (Bolten, et al. 

2008) 

 

Our research assumes that pressure to produce optimistic results comes from program 

officers. To distinguish the responsibility of choosing accurate data and estimating 

models from program officers, the cost estimators group was identified.  

Changes in quantity occur when the government decides that the proposed 

quantity is too expensive and must therefore be cut, that more system units 

are required, or that the initial or current quantity is no longer justifiable. 

(Bolten, et al. 2008) 

 

 In order to incorporate the influence of delay in trend perception by the identified 
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government group, actions such as quantity cuts are marked to calculate the average time 

required by government to recognize, accept and address a trend in costs of a weapon 

systems. Figure (11) illustrates how these groups interact with each other in the DoD 

Acquisition structure. Program officers and government both makes decisions that affect 

the accuracy of estimates. Cost estimators are responsible for producing timely 

estimates.  

 

Figure 11: The Dynamic interaction of identified groups in the estimation processing system 

 

The politicized nature and environment of a contracted organization plays a role in 

influencing weapon systems costs estimates. The difference between baseline quantity 

procurement and current estimates highlights their difference, and is considered in our 

research partially a result of distinct organizational cultures, in this case, of contracted 

companies developing weapon systems. This point is illustrated by comparing the F/A-

18E/F and F/A-22 program development strategies. The F/A-18E/F current estimates in 

the SAR reports went through seven quantity changes between 1993-2010. On the other 
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hand the F/A-22 went through eleven changes during that same period. Technical 

challenges faced by the F/A-22 were the result of the decision to use concurrent 

development with regard to the F/A-22 new technology specifications. We believe this 

type of development causes gross under estimation of the F/A-22 initial calculations. 

The different methods of management and corresponding approaches to technical risk 

led to divergent cost growth and schedule results. This contradicts previous claims, cited 

earlier in this paper, that different management styles have no effect on cost growth. 

3.6 Simulating Expectation Formation with the TREND function  

This section pertains to our identification of perception modification as a significant 

delay in the cost estimation process. We utilize behavioral theory to conceptualize the 

delay process, and in particular adaptive learning theories. Here, we make a case for 

utilizing behavioral theory to explain shifts in perception, as opposed to rational theory, 

which we believe holds unrealistic assumptions regarding human behavior in the real 

world and, pertinent to this research, in workplace organizations. Theories explaining the 

formation of expectations have been highly debated in the past (Ariely 2009; Zeckhauser 

1986; J. D. Sterman 1986). However, as the 2008 world economic crisis demonstrated, it 

is reasonable to conclude that adaptive learning has edged out rational economic 

explanations guiding behavioral theory. A rational economic assertion of behavioral 

theory would be, for example, that humans always make rational decisions with regard to 

spending, and that markets and institutions, in the aggregate, are self-regulating. 

However, based on the new evidence supporting behavioral theories, expectations are 

usually simulated using as an adaptive learning process (Ariely 2009). 
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The TREND function used in our model is described below in detail such that the 

mathematics behind it are elucidated and its application to cost growth in weapon 

systems is clear. The TREND function first appeared in a 1977 System Dynamics Group 

Working Paper titled: "The TREND Macro and Expectation Generation in the System 

Dynamics National Model," by B. Richmond. The main purpose of the function was to 

simulate growth expectations from a behavioral perspective. Those expectations are 

expressed as an adaptive learning process. Within the TREND function, a set of 

differential equations are used to produce the assumed current growth rate of a variable, 

applying behavioral theories on how people form expectations, the time delay associated 

with collecting and filtering data, and the time for decision makers to react to the growth 

rate. 

The systems thinking approach of the TREND function to expectation based on 

forecasting takes into account three concepts. The first is the delay associated with 

collecting the latest updated information on a measured variable; in this research, the 

latest updated information to collect is the total cost of a weapon system. The second 

concept is the delay associated with the filtering of short-term “noise” to stabilize 

forecasts from temporary changes that distract from long-term trends. The final concept 

of the TREND function in approaching forecasts is the length of historical vision taken to 

assess a current situation. The length of historical horizon corresponds to the speed of 

response to changes in growth trends. This has the unwanted side effect of increasing 

reactions to short term “noise.” For Example, if cost were steady for a number of years, 

then a sharp increase in costs are reported. The assumption is that decision makers don’t 

assume that costs are going to raise from this point on. However, if the increases in costs 
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are reported for a number of years, then the time lapse validates the change perception of 

the previous steady behavior of costs, accepting the new trend behavior of costs. Hence 

take an action such as cuts in quantity. 

An important assumption is that current estimates of SAR, regardless of level of 

accuracy of reporting, are considered actual estimates. Since the research assume the 

reports were conducted to the best of the Program Manager’s available information, 

ability and knowledge. Also, current estimates of the Selected Acquisition Reports are 

considered future (forecast) estimates where the results of TREND were measured 

against to assess performance of simulation.  
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3.7 The TREND Function 

In figure (12), the causal structure of the TREND function represents the information 

processing procedure of forming a forecast. The input of the function is a variable 

including historical growth rate values and the output of the function is a judgment of the 

current trend of the input:  

TRENDt  = f(INPUTt)  T (t0,t)    (1) 

TREND is the expected growth rate of the state variable with derivatives: 

(d/dt)TRENDt = (ITRENDt – TRENDt)/TPT    (2) 

where 

 TREND = expected trend in input variable (1/year) 

 ITREND = indicated trend in input variable (1/year) 

 TPT  = time to perceived trend (years) 

 INPUT  = input variable (input units) 

The expected rate of change of the input variable is the value of TREND, which 

represents the fraction of the input variable per time unit. An assumption of TREND is 

that decision makers use the most up-to-date data available to adjust their perception of 

current trend (ITREND) and act upon it adaptively. Thus first-order information 

smoothing is used to represent this mental process. (J. D. Sterman 2000) 

 

The lag between recognizing a perceived trend and accepting that trend by decision 

makers requires time. For decision makers to react and recognize these changes, and to 
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categorize the changes as an indicated trend, demands a mental adjustment. Accepting a 

significant new trend as warranting procedural is the result of more than simply 

recognition by decision makers; it is also requires complementary organizational policy 

and culture. 

 ITREND  =  [(PPCt – RCt)/ RCt]/THRC   (3) 

 (d/dt)PPCt  =  (INPUTt – PPCt)/TPPC    (4) 

 (d/dt)RCt  =  (PPCt – RCt)/THRC    (5) 

where 

 ITREND = indicated trend (1/year) 

 PPC  = perceived present condition (input units)   

 RC  = reference condition (input units) 

 THRC  = time horizon for reference condition (years) 

 TPPC  = time to perceived present condition (years) 

 INPUT  = input to trend function (input units) 
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The input is smoothed to capture two occurrences of information processing and 

expectation formation in the TPPC variable. The first occurrence takes into account the 

time required to assess current status of a program. Measuring and recording the input 

variable with up-to-date values requires time-related effort, which translate into 

significant collecting and reporting time delay. The second is the time required to filter 

out high fluctuations of raw data, even if the data is readily available. These fluctuations 

are usually the result of measurement error, revisions in data reported, or the process of 

collecting data its self, such as the case with the Selected Acquisition Reports (SAR). (J. 

D. Sterman 1986)  

 

Figure 13: Time Horizon of Reference Condition (J. D. Sterman 2000) 
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The reference condition (RC) represent the input value “an exponentially weighted 

average of all past values of the input”
12

 (J. D. Sterman 2000), but the time horizon for 

the reference condition THRC dictates the historical period considered relevant in 

forming expectations and forecasts. Equivalently, historical information is discounted at a 

1/THRC rate. It is important to realize that the RC depends on the PPC and not on the 

input variable value, based on the assumption that decisionmakers have delayed averaged 

values when attempting to forecast. (J. D. Sterman 2000)   

The level of experience-based subjectivity of decision-makers plays a critical role in 

judging the trend of a variable, as seen in figure (13). The THRC period is affected by 

this subjectivity when assigning a time horizon period. So the variable trend can only be 

acted upon when a decision maker accepts a perceived trend and replaces old beliefs 

regarding the variable with new ones. This is demonstrated by the delay action in 

quantity change in both selected DoD weapon system selected for this research. Also, the 

THRC can be used to represent the level of optimism an organization has when 

estimating.  (J. D. Sterman 1986) 

To summarize the TREND function: the input variable is smoothed to produce a 

representation of the perceived present condition of a weapon system. Two delay 

occurrences are captured with Time to Perceive the Present Condition (TPPC). First, the 

delay associated with assessing current variable status. Second, the delay associated with 

                                            
12 In John Sterman’s 1987 paper titled “Expectation Formation in Behavioral Simulation 

Models” (1978: 4) he indicates “the reference condition of the input reflects the value of the input 

at some point in the past.” However, in Sterman’s 2000 book titled “Business Dynamics: Systems 

Thinking and Modeling for a Complex World” (2000: 636, footnote 4) he argues that “the RC is 

not the value of the input at some particular point in the past.” 
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filtering raw data out of high fluctuations. Decision makers determine the direction of a 

trend (rise/fall) using PPC compared with past values of the input measured by the RC. 

Smoothing the PPC produces the RC. The THRC indicated to the length of time horizon 

within which an input should be framed. The result of the TREND function is fractional 

growth rate per time period.  

3.8 Building SAR Database 

To prepare a SAR database for analysis, we collected SARs of the F/A-22 and the 

F/A-18E/F from 1992--2010. A sample of the June 2003 SAR as seen in Appendix C, 

includes a number of weapon systems. The F/A-22 and the F/A-18E/F were selected 

because they experienced very different cost growth challenges and are used in this 

simulation to test the performance of the TREND function. The data was then organized 

and presented using graphical representations to produce a cumulative database in Excel, 

as seen in table (1).  

  

The first step of building our SAR database was to collect the necessary data from 

individual SARs, ranging from 1992-2010.With this information. These following 

specific parameters were collected individual SAR reports:  

1. Year 

2. Baseline Estimate 

a. Current Year $ 

b. Quantity 

3. Current Estimate 

a. Current Year $ 

b. Quantity  
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 The second step was calculating Baseline Unit Cost and Current Unit Cost for each 

year: 

4. Baseline Unit Cost = Year (Baseline Estimate (Current Year $/Quantity) 

5. Current Unit Cost = Year (Current Estimate (Current Year $/Quantity) 

Then we calculated the cost growth between Baseline Unit Cost (4) and Current Unit 

Cost (5) of each year: 

6. Cost Growth Rate = (Current Unit Cost – Baseline Unit Cost)/Baseline Unit Cost 

 The previous steps were completed for each SAR from 1992 until 2010 for the F/A-

22 and the F/A-18E/F. Table 1 shows a sample of data collected from March 1992 – 

September 2004 for the F/A-22 weapon system. 
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3.9 TREND Parameters Calculations  

 

The TREND function is used this research to produce the expected growth rate of a 

variable for the following year. The Cost Growth Rate (6) is used in the TREND input. 

Other key parameters of the TREND function still requiring calculation are: Time to 

Perceive the Trend (TPT), Time to Perceive the Present Condition (TPPC), and Time 

Horizon for the Reference Condition (THTC), for both F/A-22 and F/A-18E/F programs.  

The TPPC must be greater than or equal to the time required for data collection and 

noise filtering. (J. D. Sterman 2000) The THRC accounts for how far back in the past 

current trends are evaluated against, since past experience formulates the mental 

judgment of decision makers. Further, recognizing a trend and accepting it are two 

distinct actions.  Additional experience of decision makers reduces their willingness to 

adjusting to a new trend in costs even after it is acknowledged. The new trend has to 

become part of “conventional wisdom before some are willing to act” (Sterman J. D., 

2000). This behavior is accounted for by our Time to Perceive the Trend (TPT) 

parameter.  

3.9.1  F/A-18E/F TREND Parameters  

In our review of the assembled, complete SAR database, we noticed a difference 

between the Baseline and Current quantities. For our model, each quantity change is 

considered in this research as an action motivated by a recognized and accepted trend in 

the program’s cost. The assumption is that reported cost growth estimates have reached a 
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level after a certain period of time, where decision makers have decided to take action 

addressing the new accepted trend of the weapon system. That action is marked by the 

decision to cut quantities of planned units to produce. Table 2 shows the quantity changes 

from 1992-2010 in Current Estimates for the F/A-18E/F.  

 

Table 2: Quantity Changes F/A-18E/F 

SAR Date Quantity Change Years between change 

December 1997 1000-548 5 

June 2003 548-552 5 

December 2003 552-462 1 

December 2006 462-494 3 

December 2007 494-493 1 

December 2009 493-515 2 

December 2010 515-556 1 

 

 

The Time to Perceive the Trend (TPT) parameter was assigned the value of the 

average years between each quantity change, which is 2.6 years. The SAR database 

shows that quantity changes seldom change during a year and (3.a) Current Year is 

updated every year. Since the Time to Perceive the Present Condition (TPPC) is 

associated with the time required for data collection and noise filtering, TPPC is assigned 

a value of 0.95 years. 
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The value of the Time Horizon for the Reference Condition (THRC) is subjective. To 

assign a value to THRC, we depended on the published development description of the 

weapon systems to justify the assigned value. RAND described the F/A-18E/F as an 

“upgrade” from the F/A-18A/B/C/D (Younossi, et al. 2005). We therefore consider the 

experience involved in developing the legacy aircraft to be historical data. The first flight 

of the F/A-18A/B/C/D was in 1978, while that of the F/A-18E/F first flight was in 1995 

(Picard and Whitley 2002). The time between the two versions of the F/A-18 is 17 years. 

However, the research accounted for major upgrades and subtracted 8 years from the 17 

to result in a final THRC value of 9 years. 

3.9.2  F/A-22 TREND Parameters 

 

The SAR database for the F/A-22 revealed the quantity changes that occurred 

between the years 1992-2010. These quantity changes represent actions taken to address 

recognized and accepted trends in the total cost of the program. 

As shown in Table 3, the average number of years between quantity changes is 1.7 

years, which is the Time to Perceive Trend (TPT) value. The Time to Perceive Present 

Condition (TPPC) remains the same as the F/A-18E/F since the F/A-22 resembles the 

same reporting behavior. So the TPPC = 0.95 years. 

RAND described the F/A-22 as “the world’s first supersonic stealth fighter” 

(Younossi, et al. 2005). The historical data regarding development experience in 

avionics, airframe design, and propulsion is scarce. Therefore, the Time Horizon of 
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Reference Condition (THRC) variable is assigned a value of 2 years to reflect time taken 

to analyze and plan development of the new system before the Milestone B phase. 

Table 3: Quantity Changes F/A-22 

SAR Date Quantity Change Years between change 

December 1993 648-442 1 

December 1996 442-440 3 

December 1997 440-341 1 

September 2001 341-305 4 

December 2001 305-341 1 

June 2003 341-278 2 

December 2003 278-279 1 

December 2004 279-181 1 

December 2005 181-185 1 

December 2006 185-184 1 

December 2009 184-188 3 

 

 

 

3.10 Limitations 

It is important to note that it is difficult to calculate the Time To Perceived Present 

Condition (TPPC) parameter without knowing future dates of government actions. To 

meet this challenge, we average the SAR values of the time lags between shifts and 



 
 

76 
 

weapon system cost growth trends, and government actions to address those trends. We 

use this averaged value to calculate TTPC. How would a cost estimator during the 

program know when government would cut cost in the future when historical isn’t 

available? 

Another limitation to the study is robustness. To truly test the effectiveness of the 

systems thinking approach, specifically the TREND function, more programs with 

different cost growth behaviors should be tested. The analysis of results should support or 

debunk the claim of how systems thinking can improve cost estimates.  

When Sterman applied the TREND function on a number of cases, he was able to 

develop a forecasting function that capitalized on the Perceived Present Condition (PPC) 

and other techniques to tailor the function to a specific system such as energy 

consumption, inflation and commodity prices. (J. D. Sterman 2000). Such techniques 

were not used in our research because SAR estimates were controversial and calculating, 

measuring and categorizing cost growth in DoD weapon systems are debated. (Arena, et 

al. 2006) 

Addressing these limitations is discussed in the future direction of section in the 

Chapter 5, Conclusion.    
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3.11 Research Methods Summary 

In this chapter we have discussed the significance of a systems thinking approach to 

DoD acquisitions and cost growth, including implementation of the TREND function. 

The first sections gave an overview of systems thinking background and definitions. The 

following sections linked systems thinking to the acquisition process and explained 

where and how the approach could be used.  

To explain operationalizing the TREND function in our research, our methods of 

collecting the necessary historical data are explained in the Building the SAR Database 

section, followed by a detailed explanation of the TREND function’s mathematical 

approach. We presented calculations of the TREND parameters for the weapon system 

programs tested here, the F/A-18E/F and F/A-22. Finally the limitations of such approach 

were addressed as well when calculating TREND parameters.  
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Chapter 4 -- Results  

 

 

In this chapter we validate and analyze the results of applying the TREND function to 

the SAR database in our original simulation, and then present our conclusion, including 

empirical findings, theoretical implications, and possibilities for future research.  

4.1 TREND Results 

TREND output is the estimated fraction growth rate of the Cost per unit. The year 

baseline unit cost (4) is used to calculate the estimated unit cost (8) using this equation: 

[(4) Unit Cost x (6) Estimated Growth Cost] + (4) Unit Cost = (8) Estimated Unit Cost 

The F/A-22 SAR database includes extra calculations that are different than the F/A-

18E/F calculation. Cost Growth Rate (6) is multiplied by ten prior to TREND function. 

The output of the TREND function is divided by ten to offset the multiplication. The 

reason for that is the rapid cost growth of a unit in the F/A-22 weapon systems. The 

function produces unnoticeable results that were very close to the original input.  To 

magnify the results, this multiplication step was added. 

In December 2004 SAR of the F/A-22 SAR database, cost growth rate was out 

bounds of TREND function limits which was 7 and the cost growth rate of that year was 

12.15. The cost growth rate was split into two values 7 and 5.12 (12.15 – 7). A cost 

growth rate of 7 as an input in TREND gives 8.8. The remaining 5.12 was input of 

TREND and produced estimated 6.4 cost growth rate. Adding the two gives a total of 

14.89 after dividing by 10 gives 1.49. 
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4.2 Validation 

 

SARs estimates were submitted at Milestone B for both the F/A-18E/F and the F/A-

22. In this research, a given year’s SAR estimates are measured against the following 

year’s SAR reports to gauge accuracy of original reported estimates. Simulated estimates 

were measured against current SAR unit cost of the following year. 

Table 6: Validity Tests for F/A-18E/F and F/A-22 Simulation 

 FA-18 FA-22 

 SAR Estimates SAR Estimates 

Sample size 47.00 47.00 47.00 47.00 

Sample mean 89.13 91.21 243.27 250.20 

RMSE 2.15 3.55 17.38 6.94 

Population SD 5.20 1.80 81.52 85.16 

Confidence Coefficient 0.95 0.95 0.95 0.95 

Level of Significance 0.05 0.05 0.05 0.05 

Margin of Error 1.56 0.78 23.31 24.35 

Lower Limit 87.57 90.43 219.96 225.86 

Point Estimate 89.13 91.21 243.27 250.20 

Upper Limit 90.68 91.99 266.57 274.55 
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For the F/A-18E/F, combined SAR estimates had a root mean square error (RMSE) of 

2.148. Our simulated estimates for the same period had a 3.548 RMSE. One possible 

explanation for the difference in RMSE is that the preliminary cost estimates of the 

program were accurate to a point such that cost growth didn’t increase at a steady rate.  

In the case of the FA-22, the reported cost estimates had an RMSE of 17.38 and our 

simulated unit cost estimates had an RMSE of 6.94. One possible conclusion of these 

results is that the TREND function outperformed reported SAR estimates of new weapon 

systems acquisitions. 

In figure (15), simulated estimates and SAR have different standard deviations as 

well as different means. SAR estimates have higher variations in estimates than simulated 

TREND estimates. The simulation didn’t mimic the estimation process in the F/A-18E/F 

Figure 15: F/A-18E/F Simulation Confidence Interval 
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and SAR estimates actually outperformed TREND with a lower root mean square error 

RMSE. 

The confidence interval for the F/A-22 displays a different behavior of the TREND 

function then the results of simulated estimates in the F/A-18E/F. Figure (16), shows how 

the simulated results have a higher range of estimates than SAR estimates. The relative 

similarity in length says that both estimates have similar standard deviations indicating 

improved fit on the F/A-22 estimation process than the F/A-18E/F. The TREND function 

outperformed SAR estimates with a lower RMSE than SAR. This finding can support the 

usability of the systems thinking approach and the TREND function. 

Figure 16: F/A-22 Simulation Confidence Interval 
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4.3 Analysis of Results 

The TREND function preformed differently during tests on the F/A-18E/F versus the 

F/A-22. With regard to the F/A-18E/F, TREND produced higher estimates than the 

reported SAR estimates from 1992-2002. Afterwards, simulated estimates were lower 

than reported SAR estimates. Also simulated estimates had a lower standard deviation 

than SAR estimates.   

On the other hand, applying TREND to the F/A-22 SAR database produced simulated 

estimates with a lower root mean square error (RMSE) than the SAR estimates. While the 

TREND function didn’t produce improved estimates for the F/A-18E/F, our results 

indicate the usefulness of implementing the TREND function in cost estimates of weapon 

systems programs with high uncertainty levels, as in the latter case. 
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Chapter 5 -- Conclusion  

5.1 Research Overview 

Systems thinking acknowledges the emerging behavior of a system in its entirety 

instead of reducing as system to its parts. The systems thinking approach used here 

incorporates aspects of the cost estimation process previously ignored by cost growth 

studies. In cost growth of weapon systems, estimating cost realistically is viewed as away 

of improving and managing cost growth. The research sought out to test the effectiveness 

of applying systems thinking methods to reported DoD cost estimates by comparing the 

Selected Acquisition Report (SAR) performance against simulated estimates of two DoD 

weapon systems, the F/A-18E/F and the F/A-22. Since the systems thinking approach 

incorporates information processing delays, perception of current status delay and the 

effect of historic tendencies of the variable in question (cost growth); the effect of 

adaptive learning of the estimating process helped understand the influence of social and 

political impacting the decision making process both on micro and macro level of 

weapon systems. 

Since the DoD and Congress has struggled with cost growth since the early 1950’s, 

many studies have been conducted to identify its causes and to recommend solutions. 

Great progress has been achieved using reductionism methods to address cost growth, but 

reductionism is a limited. In contrast, we approach the issue of cost growth with a 

systems thinking method to increase and incorporate awareness of the delays and mental 

perceptions of reporting and producing estimates that are critical for decision makers.  
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5.2 Empirical Finding 

 

First, we measured reported estimates to SAR  against the following year’s SAR 

reported estimates to gauge performance of each weapon system’s estimating methods. 

Second, the TREND function was implemented to simulate cost growth rates and 

calculate estimates. We then compared TREND estimates and SAR estimates for each 

program. The results showed that in the case of the F/A-22 program, TREND had a 

significantly lower root mean square error (RMSE) rate than SAR results. However, in 

the case of the F/A-18E/F, SAR had a slightly better RMSE then TREND. This indicates 

that TREND outperformed the estimating capabilities of the F/A-22 development 

organization. We suspect this is because the F/A-22 is a cutting-edge aircraft with 

advancement in avionics, aircraft design and propulsion. However, TREND did not 

increase the accuracy of reported estimates for the F/A-18E/F, a weapon system upgraded 

from a predecessor system. This leads us to conclude that TREND is better applied to 

newer weapon systems versus upgraded weapon systems.  

5.3 Theoretical Finding  

RAND reports suggest that in some weapon system programs, cost estimators are 

pressured to produce optimistic estimates before reporting them to the Milestone 

Decision Authority (MDA) at MS B. The source of this pressure is not indicated, 

however we assume it reflects internal contracting organizational policies and culture. To 

account for this assumed internal contractor pressure, the Time Horizon Reference 
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Condition (THRC) parameter reflects the contractor’s organization polices and optimism, 

and incorporates it in the estimation process 

5.4 Future Direction 

To add robustness to the systems thinking approach, we recommended the following: 

1. Test the TREND function on additional reported weapon systems. 

2. Test different mathematical procedures to compute TREND function parameters. 

This will to decrease the level of subjectivity when calculating values for the 

TREND function such as: 

a. Time to Perceive Trend TPT 

b. Time Horizon Reference Condition THRC 

c. Time to Perceived Present Condition TPPC 

3. Develop a forecasting function that incorporates additional values produced by 

the TREND function, such as the Perceived Present Condition (PPC), to 

accommodate unique weapon systems characteristics.     

1. The SAR database shows both budget and quantity cuts applied by the 

government. This suggests that the government has a cost growth threshold that 

triggers a corresponding action to decrease cost. A future study might link the cost 

growth rate of current or past weapon systems with cuts in budget or quantity and, 

in doing so, determine at what point government interference is most helpful. This 

would address the difficulty of calculating the TREND parameter Time to 

Perceived Present Condition (TPPC), since the parameter was calculated using 

available SAR information, which would not be available to the cost estimator. 
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5.5 Conclusion  

In our research we have studied the impact of the TREND systems thinking function 

on reported cost estimates of Department of Defense weapon systems. The TREND 

function takes into account the personnel-related delays inherent to collecting and 

filtering data, as well as the delay inherent to recognizing and accepting a new trend as 

part of common wisdom. The Time Horizon of Reference Condition (THRC) variable 

also reflects the level of optimism of a developing organization when it produces 

estimates. These parameters are brought to the fore only when the DoD procurement 

process is understood as a dynamic interaction of components creating a whole.  

The human factor has been divided by the level or responsibility into cost estimators, 

programs officers and government. Cost estimators produce the estimates, while program 

officers approve or influence the estimates, and finally government makes decisions on 

overall budget and quantity cuts.  

 The results of the TREND function preformed differently when applied to the two 

selected weapon systems, the F/A-18E/F and the F/A-22. In the F/A-18E/F, TREND 

didn’t produce significant differences than the reported SAR estimates. In the F/A-22, 

however, SAR had a lower root mean square error than the reported SAR estimates. The 

F/A-22 results agree with the RAND reported possible pressure to produce optimistic 

estimates by contractors.  
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The significance in using the systems thinking in DoD weapons systems cost growth 

to is produce a more realistic estimates that captures the human and political factors that 

impact an organization’s estimates and decision making.  



 
 

91 
 

  

F
ig

u
re

 1
7

: 
S

u
m

m
a
ry

 o
f 

R
es

ea
rc

h
 



 
 

92 
 

Bibliography 

 
 
Acquisition Community Connection. DoD Instruction 5000.02. Defence Acquisition 

Guidebook. ACC Practice Center. 

 

Arena, Mark V, Robert S Leonard, Sheila E. Murray, and Obaid Younossi. Historical 

Cost Growth of Completed Weapons System Programs. RAND Project Air Force, 2006. 

 

Ariely, Don. The End of Rational Economics. July 2009. http://hbr.org/2009/07/the-end-

of-rational-economics/ar/1 (accessed July 13, 2012). 

 

Asher, N J, and T F Maggelet. Estimating the Cost Growth of Weapon Systems. Institute 

for Defense Analyses, Alexandira, VA: IDA Paper, 1984, 1494. 

 

Bair, Edward T. Defense Acquisition Reform: Behind the Rhetoric Reform. Department of 

the Army, Landmark Commissions Lessons Learned, Army, 1994, 5. 

 

Bolten, Joseph G, Robert s Leonard, Mark V Arena, Jerry M Sollinger, and Obaid 

Younossi. Sources of Weapon System Cost Grwoth: Analysis of 35 Major Defense  

Acquisition Programs. RAND Project Air Force, 2008. 

 

Cannon-Bowers, Janis A, Eduardo Salas, and Sharolyn Converse. "Chapter 12: Shared 

Mental Models in Expert Team Decision Making." In Environmental effects on cognitive 

abilities, by Robert J Sternberg and Elena Grigorenko, 221. Pycology Press, 2001. 

 

CJCSI. "3170.01H." Chirman of the Joint Chiefs of Staff Instruction, 2012, GL-19. 

 

DAG. Defense Acquisition Guidebook (DAG). DoD, 2012. 

 

Davidsen, Pal I, John D Sterman, and George P Richardson. "A pertoleum life cycle 

model for the United States with edogenous technology, exploration, recovery, and 

demand." System Dynamics Review (System Dynamics Society), no. 6 (1990). 

 

Desthieux, Gilles, Florent Joerin, and Marcel Lebreton. "Ulysse: a qualitative tool for 

eliciting mental models of complex systems." System Dynamic Review (Wiley 

InterScience) 26, no. 2 (2010). 

 

DoD. "Defense Acquisition Guidbook." 2012. 

 

DoD. Quadrennial Defense Review Report. Department Of Defense, 2010. 

 

 

DoD. Sustaining U.S. Global Leadership: Priorities for 21st Century Defense.  

Department Of Defense, Department Of Defense, 2012, January. 

 



 
 

93 
 

DoD. "Systems Engineering Guide for Systems of Systems." 2008. 

 

Drezner, J A, J M Jarvaise, R W Hess, P G Hough, and D Norton. An Analysis of Weapon 

System Cost Growth. RAND, Santa Monica: RAND, 1993. 

 

Edson, Robert. Systems Thinking Applied, a primer. ASyst institute, Analytical Services 

Inc, 2008. 

 

Fisher, Gene H. Cost Considerations in Systems Analysis. RAND Corporation, 1970. 

 

Ford, David N, and John D Sterman. "Dynamic modeling of product development 

processes." System Dynamic Review 14, no. 1 (1998): 31-68. 

 

Ford, David N, and John D Sterman. "Expert Knowledge elicitation to improve formal 

and mental models." System Dynamics Review (John Wiley & Sons) 14, no. 4 (1998): 

304-340. 

 

Forrester, Jay W. Industrial dynamics. M.I.T. Press, 1961. 

 

GAO. Acquisition Reform: Efforts to Reduce the Cost to Manage and Oversee DoD 

Contracts. United States General Accounting Office report to congressional committees, 

GAO, 1996. 

 

Goldsmith, Benjamin W, et al. F-22A Multiyear Progurement Program: An Assessment 

of Cost Savings. National Defense Reserach, RAND, 2007. 

 

Hartley, Richard. Measurement in Cost Analysis. June 23, 2009. 

 

Hough, Paul G. Pitfalls in Calculating Cost Growth from Selected Acquisition Reports. 

RAND Corporation, 1992. 

 

Jamshidi, Mo. System of Systems Engineering: Innovations for the 21st Century. John 

Wiley & Sons, Inc, 2009. 

 

Kirby, Maurice, and Jonathan Rosenhead. "IFORS Operational Research Hall of Fame: 

Russell L. Ackoff." Intl. Trans. In Op.Res 12 (2005): 129-134. 

 

Locher III, James R. "Victory on the Potomac: The Goldwater-Nicols Act Unifies the 

Pentagon." Texas A&M Univeristy Press, 2002: 16. 

 

Manning, Berton. AcqNotes. 2012. 

http://www.acqnotes.com/Acquisitions/Procurement%20Overview.html (accessed July 

2012). 

 

Marshall, A W, and W H Meckling. Predictability of the Cost, Time, and Success of 

Development. Santa Monica: RAND, 1959, 1821. 



 
 

94 
 

 

McNaugher, Thomas L. Weapons Procurement: The Futility of Reform. Vol. 12. 2 vols. 

International Security, 1987. 

 

McNicol, D L. Growth in the Costs of Major Procurement Programs. Institute for 

Defense Analyses, IDA, 2004, 3832. 

 

Murdock, Clark, and Michele Flournoy. "Beyond Goldwater-Nichols: US Government & 

Defense Reform for a NEW Strategic Eraa." Phase 2 Report, Center for Strategic and 

International Studies, 2005. 

 

Nagle, James F. History of Governement Contracting. 2nd Edition. Washingtion, D.C: 

The George Washington Univeristy Law School, 1999. 

 

NDIA. "Study Task Report: M&S Support to the New DoD Acquisition Process." 

National Defense Industry Association Modeling and Simulation Committee of the 

Systems Engineering Division, 2004. 

 

Picard, Mary, and Scott Whitley. F/A-18A/B/C/D F404-GE-400/402 Engine Slotten 

Spraybar Inlet Flameholder Follow-on Flight Test Evaluation. Technical, NAVAL Air 

Warfare Center Aircraft Division, Patuxent River, MD: US Navy, 2002. 

 

Przemieniecki, J S. "Acquisition of Defense Systems." American Insititute of 

Aeronautics and Astronautics, 1993, 13. 

 

Randers, J. "Elements of the System Dynamics Method." In Guidlines for Model 

Conceptualization, by J Randers, 117-139. waltham, MA: Pegasus Communications, 

1980. 

 

Reeves, Stephen V. The Ghosts of Acquisition Reform: Past, Present and Future. USAF, 

U.S Army, 1996, 10. 

 

Richardson, G.P, and lll A.L Pugh. Infroduction to System Dynamics Modeling with 

Dynamo. Cambridge, MA: Productivity Press, 1981. 

 

Roberts, Nancy, David F Anderson, Ralph M Deal, and William A Shaffer. Introduction 

to Computer Simulation: The System Dynamics Modeling Approach. Reading, MA: 

Addison-Wesley, 1983. 

 

Rouse, W B, J A Cannon-Bowers, and E Sales. "The Role of mental models in team 

performance in complex systems." IEEE Systems, Man, and Cybernetics Society (IEEE) 

22, no. 6 (Dec 1992): 1296-1308. 

 

Sage, Andrew P, and Christopher D Cuppan. "On the Systems Engineering and 

Management of Systems of Systems and Federations of Systems." 

Information.Knowledge.Systems Management (IOS Press) 2 (2001): 325-345. 



 
 

95 
 

 

Scruggs, David, Clark Murdock, and David Berteau. "Beyond Goldwater-Nichols."  

Report Phase III, Depratment of Defense Acquisition, Planning, Programming, 

Budgeting, and Excecution System Reform, 2006. 

 

Senge, Peter M. The Fifth Discipline: The Art & Practice of the Learning Organization. 

Doubleday Business, 2006. 

 

Serrie, Jonathan. FoxNews.com. Fox News. December 13, 2011. 

http://www.foxnews.com/us/2011/12/13/last-f-22-raptor-rolls-off-assembly-

line/#ixzz1jbN3sjZ9 (accessed July 6, 2012). 

 

Shaw, A H. Past Trends In Procurement of Air Intercept Missiles and Implications for 

the Advanced Medium-Range Air-to-Air Missile Program. Congressional Budget Office 

Staff Working Paper, 1982. 

 

Shwartz, Moshe. Defense Acquisitions: How DOD Acquires Weapon Systems and Recent 

Efforts to Reform the Process. Congressional Research Service, CRS Report for 

Congress, 2010. 

 

Sollinger, Jerry M, Arvind Jain, Jr, Charles Robert Roll, Robert S Leonard, Mark V 

Arena, and Obaid Younossi. Is Weapon System Cost Growth Increasing? Santa Monica, 

Calif: RAND Corporation, 2006. 

 

Sterman, John D. Expectation Formation in Behavioral Simulation Models. Technical, 

Sloan School of Management, Cambridge MA: Massachusetts Institute of Technology, 

1986. 

 

Sterman, John D. Business Dynamics: Systems Thinking and Modeling for a Complex 

World. McGraw-Hill COmpanies. Inc, 2000. 

 

Tyson, K W, J R Nelson, N I Om, and P R Palmer. Acquiring Major Systems: Cost and 

Schedule Trend and Acquisition Initiative Effectiveness. Institute for Defense Analyses, 

IDA, 1989, 2201. 

 

UNITED STATES CENTRAL COMMAND. Commander's Posture Statement . 2011. 

http://www.centcom.mil/en/about-centcom/posture-statement/ (accessed July 13, 2012). 

 

United States General Accounting Office. ACQUISITION REFORM: Efforts to Reduce 

the Cost to Manage and Oversee DoD Contracts. Report to COngressional Committees, 

1996. 

 

US Department of Defense. DoD Derective 5000.2. DoD, 2009. 

Wandland, K W, and G P Wickman. Analysis of Cost and Schedule Growth on Sole 

Source and Competitive Air Force Contracts. Master's Thesis, Wright Patterson Air  

Force Base, Ohio: Air Force Insitute of Technology, 1993. 



 
 

96 
 

 

Younossi, O, D E Stem, M A Lorell, and F M Lussier. Lessons Learned from the F/A-22 

and F/A-18E/F Development Programs. RAND Project Air Force, RAND, 2005. 

Younossi, Obaid, et al. Impossible Certainty: cost risk analysis for Air Force systems. 

RAND Project Air Force, 2006. 

 

Zeckhauser, Richard. "Behavioral Versus Rational Economics: What You See Is What 

you Conquer." Journal of Business (The University of Chicago ) 59, no. 4 (1986): 2. 



 
 

97 
 

Appendix A – Strategic guides directing the Planning phase of the PPBE process 

 

 

National Security Strategy (NSS): 

The legal foundation of the National Security Strategy (NSS) is detailed in the 

Goldwater-Nichols Act. The executive branch of the United States prepares the NSS 

document periodically for Congress. Major national security concerns and the plan to 

how to deal with these concerns are generally listed and outlined.  

The executive branch of the government rely on the PPBE and JCIDS process to 

provide such requirements to identify war fighters required capabilities to support the 

NSS and the National Defense strategy (NDS) 

The executive branch of the government rely on the PPBE and JCIDS process to 

provide such requirements to identify war fighters required capabilities to support the 

NSS and the National Defense strategy (NDS).  The four broad and enduring American 

Interest stated in the NSS are (UNITED STATES CENTRAL COMMAND 2011): 

1. The security of the United States, its citizens, and U.S. allies and partners;  

2. A strong, innovative, and growing U.S. economy in an open international 

economic system that promotes opportunity and prosperity;  

3. Respect for universal values at home and around the world; and  

4. An international order advanced by U.S. leadership that promotes peace, 

security, and opportunity through stronger cooperation to meet global challenges. 
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National Military Strategy (NMS): 

Although the National Military Strategy (NMS) isn’t a required document, it 

implements the National Defense Strategy (NDS) and assist the National Security 

Strategy (NSS). It does so by explaining short-term military objectives and aligning them 

with long-term objectives. 

National Defense Strategy (NDS): 

The PPBE process depends on the National Defense Strategy to determine the 

objectives of military plans for:  

 Military force structure 

 Force modernization 

 Business processes 

 Supporting infrastructure 

 Required funding and labor resources.  

The NDS guides long-term efforts since it branches out from the National Security 

Strategy (NSS) and provides information for the National Military Strategy (NMS). As 

well as help build the framework for a number of DoD strategic guides that addresses 

contingency planning and intelligence. Another aspect of the National Defense Strategy 

is echoing Quadrennial Defense Review (QDR) as well as learned lessons from current 

on going operations.   
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The NDS describes how the U.S Armed forces will conduct its wars to win and work 

alongside nations to help increase security and avoid conflict. It also outlines how the 

DoD will achieve the U.S. enduring goals stated in the National Security Strategy (NSS). 

Strategic Planning Guidance (SPG): 

The Strategic Planning Guidance (SPG) guides an organization decisions when 

allocating resource and defining its strategy. The Secretary of Defense develops the 

National Defense Strategy (NDS) and the National Military Strategy (NMS) using the 

Strategic Planning Guidance. President Eisenhower said in 1958 “No military task is of 

greater importance than the development of strategic plans which relate our revolutionary 

new weapons and force deployments to national security objectives.” (Manning 2012). 

Every strategy developed for the DoD are obliged to focus on how they influence the 10 

primary missions of the US Armed Forces (DoD, 2012): 

1. Counter Terrorism and Irregular Warfare 

2. Deter and Defeat Aggression 

3. Project Power Despite Anti-Access/Area Denial Challenges 

4. Counter Weapons of Mass Destruction 

5. Operate Effectively in Cyberspace and Space 

6. Maintain a Safe, and Effective Nuclear Deterrent  

7. Defend the Homeland and Provide Support to Civil Authorities 

8. Provide a Stabilizing Presence 

9. Conduct Stability and Counterinsurgency Operations 

10. Conduct Humanitarian, Disaster Relief, and Other Operations 
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Joint Programming Guidance (JPG) 

The Joint Programming Guidance (JPG) is issued by the Secretary of Defense to act 

as a conversion between the Planning and Programming phases by determining the 

priorities of the DoD on the development of the Program Objective Memorandum 

(POM). (CJCSI, 2012) 

Quadrennial Defense Review (QDR) 

The Department of Defense is “legislatively-mandated” (Manning, 2012) to submit 

the Quadrennial Defense Review (QDR). A long-term plan can be established to prepare 

for current conflicts and future threats, by carefully evaluating threats and challenges 

facing the U.S. Armed Forces and re-balancing DoD’s strategies and capabilities.  

The 2010 Quadrennial Defense Review (QDR) analysis solidly propose the 

Department of Defense must support the following six key missions: 

Defend the United States and support civil authorities at home; 

Succeed in counterinsurgency, stability, and counterterrorism operations; 

Build the security capacity of partner states; 

Deter and defeat aggression in anti-access environments; 

 Prevent proliferation and counter weapons of mass destruction; and 

Operate effectively in cyberspace. 

The 2010 QDR also ensure the U.S. forces are adequately sized to perform the 

following types of overlapping operations and recommends (DoD, 2010):  

Rebalance the Force 

Take care of our people 
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Appendix B - Milestone Requirements Matrix 

Requirement Milestone/Review 

MDD 

 

A 

 

B 

 

C 

 

FRP 

Acquisition Decision Memorandum (ADM) X X X X X 

Acquisition Program Baseline (APB)   X X X 

Acquisition Strategy   X X X 

Acquisition Information Assurance Strategy  X X X X 

Affordability Assessment   X X  

Alternative Live-Fire Test and Evaluation Plan or Waiver  X X X X 

Analysis of Alternatives (AoA)  X X  X 

Analysis of Alternatives (AoA) Study Guidance X     

Benefit Analysis and Determination   X X  

Beyond Low Rate Initial Production (LRIP) Report     X 

Capability Development Document (CDD)   X   

Capability Production Document (CPD)    X  

Clinger-Cohen Act (CCA) Compliance  X X X X 

Competitive Analysis   X X  

Component Cost Position (CCP)  X X X X 

CIO Confirmation of CCA Compliance  X X X X 

Component Cost Estimate  X X  X 

Consideration of Technology Issues  X X X  

Cooperative Opportunities defined in Acquisition Strategy   X X  

Core Logistic/Source of Repair Analysis   X X  

Corrosion Prevention Control Plan   X X  

Cost Analysis Requirements Description (CARD)  X X X X 

Data Management Strategy  X X X X 

Economic Analysis  X X X X 

Exit Criteria  X X X X 

Industrial Base Capability   X X  

Independent Cost Estimate (ICE)   X X  

Independent Technology Readiness Assessment   X X  

Information Support Plan (ISP)   X X  

Initial Capabilities Document (ICD) X X X X  

Initial Operational Test and Evaluation (IOT&E) Completed     X 
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Item Unique Identification (IUID) Plan in the SE Plan  X X X X 

Joint Interoperability Test Certification     X 

Life-Cycle Signature Support Plan (LSSP)  X X X  

Life-Cycle Sustainment Plan (LCSP)   X X X 

LRIP Quantities MDAP & ACAT II   X   

Live-Fire Test and Evaluation Plan, Report, Waiver   X X X 

Manpower Estimate   X X X 

Market Research  X X   

Milestone Decision Authority (MDA) Certification  X X X  

MDA assessment of chem., bio, radiation, and nuclear survivability   X X  

Net-Centric Data & Service Strategy  X X X  

Operational Test Agency Report of OT&E Results   X X X 

Preliminary Design Review (PDR) Report   X   

Post Implementation Review     X 

Program Protection Plan (PPP)  X X X  

Program Environment, Safety, & Occupation Health Evaluation (PESHE)   X X X 

Selected Acquisition Report (SAR)   X   

Spectrum Supportability Determination   X X  

System Threat Assessment (STA)   X X  

System Threat Assessment Report (STAR)   X X  

Systems Engineering Plan (SEP)  X X X  

Technical Data Rights Strategy  X X X X 

Technology Development Strategy (TDS)  X    

Technology Readiness Assessment (TRA)   X X  

Test and Evaluation Master Plan (TEMP)   X X X 

Requirement MDD A B C FRP 
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Appendix D - TREND Source Code 

(01) Change in PPC= 

  (INPUT - "Perceived Present Condition (PPC)")/"Time to 

Perceive Present Condition (TPPC)" 

 Units: Units/time unit 

 The perceived present condition adjusts to the actual value 

of  

 the input via first-order smoothing, with a time constant 

given  

 by TPPC. 

 

(02) Change in RC= 

  ("Perceived Present Condition (PPC)" - "Reference 

Condition (RC)")/"Time Horizon for Reference Condition (THRC)" 

 Units: Units/time unit 

 The reference condition adjusts via first-order smoothing 

to the  

 perceived present condition, with a time constant given by 

THRC,  

 representing the historical horizon for trend calculation. 

The  

 longer THRC, the farther back in history the decision 

makers  

 consider when estimating growth rates. 

 

(03) Change in TREND= 
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  ("Indicated Trend (ITREND)" - "Perceived Trend 

(TREND)")/"Time to Perceive Trend (TPT)" 

 Units: 1/(time unit*time unit) 

“The perceived trend adjusts via first-order smoothing to 

the indicated value, with a time constant given by TPT.” 

 

(04) Expected Rate= 

  "Perceived Trend (TREND)" 

 Units: 1/time unit 

 The output of the TREND function is simply the perceived 

trend. 

 

(05) FINAL TIME  = 12 

 Units: Month 

 “The final time for the simulation.” 

 

(06) "Indicated Trend (ITREND)"= 

  ("Perceived Present Condition (PPC)" -"Reference 

Condition (RC)")/("Reference Condition (RC)" 

 *"Time Horizon for Reference Condition (THRC)") 

 Units: 1/time unit 

 “The indicated TREND is the growth rate of the input 

indicated  

 now based on the reference condition and the perceived 

present  
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 condition. It may take time for decision makers to 

recognize and  

 respond to this value. The indicated trend yields an 

unbiased  

 estimate, in steady state, of the fractional growth rate in 

the  

 input.” 

 

(07) Initial Input= 

  100 

 Units: Units 

 “Initial value of the test input.” 

 

(08) INITIAL TIME  = 0 

 Units: Month 

 The initial time for the simulation. 

 

(09) INPUT= 

  Initial Input*EXP(Input Rate*Time) 

 Units: Units 

 The input to the TREND function. Set for testing purposes 

to an  

exponential. Original formula Initial Input*EXP(Percent 

Change*Time) 

 

(10) Input Rate= 
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  6.4 

 Units: 1/time unit 

  

(11) "Perceived Present Condition (PPC)"= INTEG ( 

  Change in PPC, 

   INPUT/(1+"Perceived Trend (TREND)"*"Time to 

Perceive Present Condition (TPPC)" 

 )) 

 Units: Units 

 The perceived present condition of the input lags behind 

the  

 true input to capture data reporting and perception delays. 

Set  

 initially in the steady state given the user-supplied 

initial  

 value of the perceived trend. 

 

(12) "Perceived Trend (TREND)"= INTEG ( 

  Change in TREND, 

   0) 

 Units: 1/time unit 

 The Perceived TREND is the decision makers' belief about 

the  

 current fractional rate of change in the input. 

 

(13) "Reference Condition (RC)"= INTEG ( 
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  Change in RC, 

   "Perceived Present Condition (PPC)"/(1+"Perceived 

Trend (TREND)"*"Time Horizon for Reference Condition (THRC)" 

 )) 

 Units: Units 

 The reference condition is an exponentially weighted 

average of  

 the past values of the perceived present condition. It  

 represents the value of the input THRC periods in the past. 

Set  

 initially in the steady state given the user-supplied 

initial  

 value of the perceived trend. 

 

(14) SAVEPER  =  

         TIME STEP 

 Units: Month 

 The frequency with which output is stored. 

 

(15) "Time Horizon for Reference Condition (THRC)"= 

  2 

 Units: time unit 

 The long the time horizon, the more short-term variation in 

the  

 growth rate of the input will be filtered out by the TREND  

 function. 
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(16) TIME STEP  = 0.0625 

 Units: Month 

 “The time step for the simulation.” 

 

(17) "Time to Perceive Present Condition (TPPC)"= 

  0.95 

 Units: time unit 

 “The average lag in the reporting and perception of the 

input.” 

 

(18) "Time to Perceive Trend (TPT)"= 

  1.4 

 Units: time unit 

 “The time required for decision makers to adjust their 

beliefs  

 and reports to the indicated trend. Represents report  

 preparation and perception delays in the adjustment of 

growth  

 expectations to new information.” 

 


