[image: image27.wmf]6


BALLISTIC MISSILE DEFENSE ORGANIZATION (BMDO)

Cost Risk Methodology

FOREWORD:tc "1.0 
OVERVIEW " \l 1
The BMDO Cost Risk Methodology presented in its 4th Revision replaces the revision dated June 1998.  This new revision represents the results of the efforts our BMDO Cost Risk Working Group to continuously improve our cost risk methodology.  It offers to all BMDO programs an approach that is credible, comprehensive, and dependable.

This new edition incorporates changes to the equations used to develop point estimate shifts and is restructured to enhance readability.  This addition also provides a brief description of new model enhancements that facilitate running the Excel-based Risk Model.  The underlying methodology described in previous editions is unchanged.

The BMDO Cost Risk Methodology has survived an extensive peer review process by numerous professional cost estimating organizations.  The many awards received, including Best Paper (DoDCAS 1993), Best Paper by a Contractor (DoDCAS 1995), and Outstanding Contributed Paper (DoDCAS 1998), reflect the quality of this model.  Our Cost Risk Working Group strives to improve the quality of the BMDO methodology and implement state-of-the-art techniques when they become available and feasible to implement.

The BMDO Cost directorate supports each of our MDAPS through the Program Support Team concept.  We offer to each of our programs a tested methodology for estimating cost risk and the means to perform the methodology, which will help to produce the best cost estimates we can deliver.






LOWELL NAEF







Director, Cost Estimating and Analysis
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Chapter 1.
Introduction

The life-cycle cost estimates of the Ballistic Missile Defense Organization (BMDO) are critical to national decisions relating to developing and deploying strategic and theater defenses.  The impact of these decisions extends far beyond the BMD System—the size and nature of the program will ensure that development of the system will affect the country’s entire force structure well into the 21st century.  Cost analysts recognize that the uncertainty inherent in cost estimates, cost estimating models, development schedules, and the pace of technological maturation will all affect the accuracy of any cost estimate.  In order to estimate the magnitude of these uncertainties, analysts develop cost risk assessments.  The major acquisition-related directives and initiatives from the Office of the Secretary of Defense (OSD), as well as from the Services, explicitly state that a cost risk assessment is a vital element of any systems acquisition decision process. This manual describes BMDO’s methodology for adjusting initial point estimates to account for cost estimating risk and schedule/technical risk in BMDO’s cost estimates.

1.1
Purpose

The purpose of this manual is to describe the total cost risk methodology used by BMDO.  This methodology has been used to generate cost risk assessments of alternative BMDO concepts since 1989.  The manual focuses on two topics. First, it describes the general methodology used to estimate cost risk for each BMDO program. Second, the manual provides the central assumptions upon which the methodology is built. Throughout the manual, the impact on the cost risk assessment of relaxing or altering these key assumptions is presented.

1.2
Background

In order to compare BMDO alternatives, cost estimates must be generated at the earliest stages of the acquisition cycle.  Although a considerable amount of uncertainty surrounds the ultimate cost of the BMD system at this stage of development, preliminary cost estimates are essential because cost is used to design architectures and select among system alternatives.  The quantification of the uncertainty in an initial point estimate provides a decision maker with a range of possible costs for each alternative.

The importance of accurately portraying the range of possible costs for each system element stems from the likelihood that actual costs will differ from estimated costs, usually in the direction of cost growth.  Highlighting the potential variation in cost may affect a decision maker’s decision to develop or deploy an option under consideration. Figure 1.2-1, which displays the range of possible costs of two hypothetical system alternatives, highlights two important points.  First, an initial point estimate can fall significantly below the expected value
.  In Figure 1.2-1, the initial point estimate of alternative A is significantly below the initial point estimate for alternative B.  However, the expected value of alternative A is only slightly less than the expected value of alternative B. Second, the range of the possible costs can differ greatly between alternatives.  Although the expected value of alternative A is slightly less than alternative B, there is a significant probability that alternative A will actually cost more than alternative B.  In the absence of a cost risk assessment, alternative A appears to be the obvious choice. The cost risk information together with other data (such as the availability of additional funding if the actual cost is above the estimate) may influence a decision maker’s preference for one alternative relative to another.

[image: image1.wmf]COST RANGE AND ALTERNATIVE SELECTION

Distribution A

Distribution B

E(A)

E(B)

PT(A) = Point Estimate Alt A

PT(B) = Point Estimate Alt B

E(A) = Expected Value Alt A

E(B) = Expected Value Alt B

Probability that A exceeds any 

possible value of B

Probability

Dollars

PT(A)

PT(B)

COST RANGE AND ALTERNATIVE SELECTION

Distribution A

Distribution B

E(A)

E(B)

PT(A) = Point Estimate Alt A

PT(B) = Point Estimate Alt B

E(A) = Expected Value Alt A

E(B) = Expected Value Alt B

Probability that A exceeds any 

possible value of B

Probability

Dollars

PT(A)

PT(B)


Figure 1.2-1
Cost Range and Alternative Selection

Cost growth, as it is used here, is defined as the difference between the initial cost estimate and the actual cost (or most recent estimate for those still in development or production).  Almost inevitably, programs which push the state of the art from a technical perspective, whether in the defense or non-defense sector, experience cost growth.
 Numerous studies have examined the cost growth of systems during the last four decades.
 Although the general trend since the 1950s has been a decline in average cost growth, the growth figures are still significant (i.e., may influence a decision maker’s view on system selection or funding required). Figures 1.2-2 and 1.2-3 illustrate the cost and schedule growth experienced from numerous public and private sector programs. While major military acquisitions compare quite favorably to other programs, potential cost growth has special implications to BMDO for three reasons.
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Figure 1.2-2
Schedule Slippage in Major Projects
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Figure 1.2-3
Cost Growth In Major Projects

First, BMDO programs consume large amounts of resources.  Cost growth on a BMDO program will impact many other DoD programs under a constrained budget.  Second, BMDO programs are technically challenging.  The advanced alternatives necessary to accomplish BMDO missions push the state of the art in many directions.  Unfortunately, these advanced alternatives are often poorly defined or possess technical characteristics that are outside the scope of existing cost models. The net result is a tendency to underestimate the cost of BMDO alternatives.  Third, it is not always possible to trade off performance requirements or quantities in BMDO programs due to the criticality of the mission. 

For these reasons, it is important that decision makers understand the most likely and range of possible costs of BMDO programs.  Moreover, the requirement for risk assessment is stated in the major acquisition-related directives.  DoDD 5000.1 requires that “Program managers shall plan and budget for effective use of modeling and simulation to reduce the time, resources, and risk associated with the entire acquisition process; increase the quality, military worth and supportability of fielded systems; and reduce total ownership costs throughout the system life cycle.” DoDI 5000.2 requires “The PM shall identify the risk areas of the program and integrate risk management within overall program management.  The strategy shall explain how the risk management effort shall reduce system-level risk to acceptable levels by the interim progress review preceding system demonstration and by Milestone C.”  DoDI 5000.4 requires that “quantifications of uncertainty by the use of frequency distributions or ranges of cost are encouraged. The probability distributions and assumptions used in preparing all range estimates should be provided...” to the Cost Analysis Improvement Group (CAIG) as part of the review preceding the Defense Acquisition Board (DAB).  In addition, a risk assessment is required by each Service at specific points in the acquisition cycle.  For a complete discussion of the requirements for risk assessment by various DoD agencies and organizations, refer to Appendix H of the Defense System Management College’s (DSMC) Risk Assessment Techniques.

1.3
Overview of the Manual

This manual explains a methodology that provides decision makers with key information concerning the uncertainty surrounding cost estimates.  The methodology allows a decision maker to gauge the potential cost risk of alternative ballistic missile defense architectures and to determine the proper budgeting position, given the probabilities associated with the various potential costs.

This manual consists of four chapters.  This first chapter serves as an introduction to the purpose for developing this risk methodology.  Chapter Two provides an introduction to risk, including definitions of risk and a discussion on the components of risk.  Chapter Three provides the background needed to understand the BMDO risk methodology approach as well as an overview of the research used as a basis for the model.  Chapter Four discusses how a BMDO risk assessment is performed.  In addition to this Methodology manual, there is a guidebook entitled BMDO Risk Procedures Manual that provides step-by-step instructions on how to run the BMDO model.

Chapter 2.
Introduction to Cost Risk

Any cost risk methodology produces a quantification of identifiable sources of risk associated with an initial point estimate
.  This section defines risk, breaks it into components and describes how the components are addressed in the BMDO risk methodology.  

2.1
Definition of Risk

Before discussing cost risk analysis, it is important to understand common terminology.  The two terms, risk and uncertainty, are often confused. The following definitions, used by the Air Force System Command Cost Handbook, highlight the technical differences between risk and uncertainty.

Risk: 
A situation in which the outcome is subject to an uncontrollable random event stemming from a known probability distribution.  The roll of two dice is a good example.  In one roll of the dice the outcome is not known but the probability associated with each outcome is known.

Uncertainty:  
A situation in which the outcome is subject to an uncontrollable random event stemming from an unknown probability distribution.

From a weapon systems acquisition decision perspective, the definitions highlight the fact that program managers and cost analysts deal much more in the realm of uncertainty than risk.  “Rarely in systems analysis studies, and in cost analyses in support of such studies, are objective probabilities available.  For the most part, the types of problems treated involve situations of uncertainty rather than of risk.”
  Although the term “risk assessment” will be used throughout this manual in an attempt to remain consistent with weapon systems acquisition and cost analysis communities, the reader should remember that in estimating life-cycle costs, the relevant probability distributions are not known and must be estimated or assumed as part of the analysis.

2.2
Components of Cost Risk

The first step in any risk assessment is identifying the types of risks to be considered in the analysis.  If more than one risk type is being assessed, the relationship between the risk types must also be defined.  The simplest approach involves aggregating all types of risk into one category.  However, there are several drawbacks to this approach.  First, the types of risk associated with weapon system acquisition are so broad that often, no single analyst has the expertise required to assess risk in every area.  For example, although most cost analysts can develop cost estimating risk distributions for a particular CWBS element, they may be hard pressed to estimate a technical risk distribution for the same element.  Conversely, the technical risk assessors often lack the background required to properly assess cost estimating risk.  Ideally, specialists will perform the risk assessment in their respective fields.  Second, combining all risks into a single distribution obscures the relative contribution of each type of risk and the relationship among the various types of risk.  The first step in any risk reduction program is the identification of the source of risk. If an unrealistically tight schedule is identified as the risk driver for a research and development program, a manager can investigate the impact of alternative schedules.  If a large amount of cost estimating risk is identified, additional cost research may be required to address the risk area.  The separation of risk types facilitates the identification of the contribution of each risk type as well as the process of risk reduction.

The BMDO risk methodology breaks risk into four components: Cost Estimating (CE) Risk, Schedule/Technical (S/T) Risk, Requirements Risk, and Threat Risk.  They are defined as follows:

Cost Estimating (CE) Risk: 
Risk due to cost estimating errors, and the statistical uncertainty in the estimate .    
Schedule/Technical (S/T) Risk:
Risk due to inability to conquer problems posed by the intended design in the current CARD.

 Requirements Risk:
Risk due to as-yet-unseen design shift from the current CARD arising due to CARD shortfalls due to the inability of the intended design to perform the (unchanged) intended mission, i.e. “we didn’t understand the solution”.

Threat Risk:
Risk due to as-yet-unrevealed threat shift from the current STAR, i.e. “we didn’t understand the problem”.

It should be noted that only CE and S/T risk are explicitly assessed in the BMDO methodology.  Requirements risk and threat risk are not explicitly identified.  As an example of identification of requirements risk, suppose a particular missile is designed to operate with a fragmentation warhead, and will operate perfectly as such, but at the same time, will be ineffectual at stopping ballistic missiles.  If this missile were subjected to a risk analysis by BMDO, the issue of efficacy would not be explicitly identified, although it might be addressed by other means.  The effect of this type of risk however is included in historical cost growth data.  This separation of explicit and implicit risk assessments relieves the risk assessor of the need to second-guess the program engineers and the validity of the assessed level of threat for which the program is designed.

Chapter 3.
Cost Risk Methodology Background

3.1
Requirements for Risk Assessment

The effort to develop the BMDO risk methodology was prompted by the need to acquire a statistically valid and historically accurate risk model that could be tailored toward any BMDO element.  It was also necessary to be able to assess the expected total cost and amount of dispersion for any level of the CWBS.  Each of the currently known risk techniques was analyzed and the one that provided the most benefit at a reasonable level of effort was chosen.  This chapter provides an overview of the risk techniques available, the reasoning for the one that was chosen for the BMDO methodology, and an overview of the assumptions and historical analysis that was applied to the model.

3.2
Selecting a Risk Assessment Technique

There are many techniques that can be used to measure the risk associated with system acquisition.  The most common techniques are displayed in Figure 3.2-1 with respect to the effort required and detail achieved.  Definitions follow as well as a discussion of the benefits and limitations for each as they apply to BMDO.
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Figure 3.2-1 Cost Risk Assessment Techniques

Risk Factor Method:  The risk factor method is performed by multiplying a factor greater than 1.0 by each WBS element affected by program risk.  This method is by far the simplest of the risk assessment techniques and can be performed rapidly.  The Risk Factor Method is useful if applied uniformly across a large number of programs.  The result is a reasonable approximation of cost growth as a whole, but the Risk Factor Method is not necessarily a good estimator of the cost growth on any single program.
Method Of Moments:  The analyst is forced to state that the convolution at the total level will be, for example, normal or lognormal. The means and standard deviations of a component distribution are combine using known probability distributions (e.g. the mean and standard deviation of a sum of normal distributions is known).  This is done step wise until the total distribution is known.  Tables are used to obtain percentiles.  This method only provides an analysis of distribution at a top level.  Moreover, the traditional advantage of the method of moments approach over other techniques is ease of calculation, and has been virtually negated by the rapid advances in microcomputer technology that have greatly reduced computing costs.

Historically Based Detailed Monte Carlo Method.  The Historically Based Detailed Monte Carlo Method is a Monte Carlo simulation of risk distributions that incorporate cost adjustments derived from a historical cost growth analysis.  The risk distributions are built using the point estimate in the cost estimate, the variability statistic from the CER used in the cost estimate, a cost estimating factor, and a schedule and technical factor.  The two factors are derived using Subject Matter Expert scoring against specific criteria that has been previously compared against completed programs, where cost overruns are known.
Expert Opinion Based on Probability and Consequence Method.  This method begins with analysis of all factors that can cause designs to fail or be wrong, by Subject Matter Experts (SME) or engineers, who identify each factor and estimate the probability of occurrence (Pf) and the cost impact if it occurs (Cf).  This method can be represented by Bernoulli Random Variables: The expected cost overrun is the sum of cost impacts multiplied by their respective probabilities (Cost Risk = Σ Pf * Cf). Pf*Cf relies on a complete lists of what could happen and accurate Pf’s and Cf’s.  While this method is intuitive and Engineer/Designer oriented and provides an outcome, it does not account for events that are unforeseen by SMEs (unknown unknowns), is difficult to do for independent SMEs, due to insufficient familiarity, is vulnerable to ax-grinding and hobby horsing, and correlation is unlikely to be handled as it is unclear how to do it, as most correlation methods are based on continuous Random Variables, not discrete Random Variables.

Expert Opinion Based on Detailed Monte Carlo Method.  This method involves cost analysts interviewing subject matter experts to ascertain the range of probable costs for various WBS elements.  The cost analysts define a distribution of the cost based on the range provided from the subject matter expert and the point estimate derived in the cost estimate.  Once the distributions are defined, the cost analysts run a Monte Carlo simulation to determine the distribution of costs at the program level.  The bias of the subject matter experts impact the results heavily, and subject matter expert opinions tend to be optimistic.

Detailed Network Method.  The Detailed Network Method is an analysis of each task the contractor must perform.  Probability distributions are developed for the cost and time to complete each task.  A PERT network is developed for each of the tasks and an analysis of the network is performed to determine the distribution of costs for the program.  The principal advantage of this method is that is closely alligned to the contractor’s plan for execution.  The method is time consuming and the probability distributions for each task are seldom known.
Although all approaches were considered, the Historically Based Detailed Monte Carlo approach was selected for the BMDO cost risk methodology.
  This technique was selected for five reasons. 

First it is a widely accepted method and has been used on a broad range of risk assessments across the services for many years.  This technique provides the most detailed approach possible for a BMDO program in its early stages of the acquisition cycle.  The CARD used in BMDO cost analysis contains a significant amount of technical and performance information, but it does not provide detailed programmatic information required for such techniques as the network approach.
  


Second, the Historically Based Detailed Monte Carlo approach does not restrict the risk analyst to a particular output distribution prior to the start of the analysis.  This is an advantage over the method of moments approach where the analyst must specify a priori the functional form of the output.  In the factor method, no distribution is used at all, which limits the ability to see a range of possible outcomes.  For these reasons, this simulation technique was preferred over such limiting approaches as the method of moments and factor method.

Third, the historically based detailed Monte Carlo simulation produces results that are not available from other risk assessment techniques such as the risk factor method.
  This simulation technique produces cost distributions.  The cost distributions give decision makers insight into the range of possible costs and their associated probabilities.  Typically, BMDO presents cost estimates at the 50th percentile of the distribution that includes all cost risk.  However, in special situations, BMDO may desire a risk tolerant or risk averse position other than the 50th percentile.  

Fourth, this approach quantifies shifts to correct for historical bias.  Each program receives an assessment of its own unique risks that are used to determine how much the cost will likely grow.  This result can be compared to historical data in order to gain a sense of how reasonable the prediction is.  This is an advantage not common to any expert based approach (Monte Carlo or Pf*Cf) in that the basis is validated by historical occurrences.      

Fifth, this approach allows us to inject correlations among the CWBS elements.  

The historically based Monte Carlo technique is as good or better in each category, and therefore is clearly the best choice for BMDO.

3.3
Ground Rules and Assumptions

The cost risk methodology was developed on the basis of one ground rule and a few assumptions.  The ground rule sets the level of detail for which the analysis is to be performed.  The assumptions resolve the issues of independence between CE Risk and S/T Risk, the distribution choices for CE and S/T Risk, and correlation among CWBS elements.  Each will be discussed in the following sections.

3.3.1
Level of Analysis

One of the key steps in any risk assessment is determining the appropriate level of detail to conduct the analysis.  Based on BMDO’s requirement to be able to determine risk at every level of the CWBS, it is necessary to conduct the analysis at the lowest level of the CWBS used in cost estimate.  When comparing multiple alternatives however, it is necessary to use the lowest level of the CWBS common to each of the alternatives.

3.3.2  Independence Between CE and S/T Risk
The methodology assumes that CE and S/T risk are independent.  This is an important assumption because it allows for separate calculation of each risk.  It should be noted that cost is not assumed to be independent of schedule and technical characteristics, but that CE risk is independent of S/T risk. The assumption stems from the fact that the factors influencing the accuracy of the cost estimate are statistically independent of the program’s schedule or technical risk.  For example, the variance associated with a particular CER is based on the historical points selected and not directly related to the technical risk of the CWBS element.  Independence between CE risk and S/T risk is intuitive.  A survey of cost risk literature failed to prove otherwise.  And statistical tests
 of historic cost data failed to show statistically significant dependence.


In contrast, the relationship between schedule risk and technical risk is so interrelated that it is very difficult to separate the two forms of risk. In fact, in many cases schedule slippage is often the manifestation of underlying technical problems. For this reason, the cost risk methodology combines schedule and technical risk into a single category.
3.3.3  Distributions of Risk Components


In risk analysis, a probability distribution is selected to measure the uncertainty associated with a particular estimate. Separate distributions are assumed for CE and S/T risk.  The BMDO methodology assumes that CE risk is normally distributed.  This assumption was made for two reasons.  First, CE uncertainty is reflected in the standard error of the CER used to generate the Point Estimate.  Since CERs are the result of regression analyses, their error terms are assumed to be normally distributed.  Therefore, in order to uphold the statistical foundation of the initial point estimate, it is necessary to use normal distributions for CE risk.  Second, a very thorough study on CE risk, performed specifically for BMDO, further supports this assumption
.  This study will be described in more detail in Section 3.4.  The assumed normal distribution is defined by two parameters:  mean () and standard deviation (.  The standard deviation is taken directly from the CER statistics.  The mean is derived from the application of a bias adjustment factor described in Section 3.4.

 
The BMDO methodology assumes symmetric triangular distributions for S/T risk.  This assumption is carried over from the underlying research of the S/T risk approach described in Section 3.5.  The research was based on regression analysis that assumes normal distribution of error, however the article states “triangular distributions were chosen primarily to avoid negative cost uncertainty factors.”  The authors therefore designed symmetric triangular distributions to approximate a normal distribution, thus the BMDO methodology assumes this same type of distribution.  The assumed triangular distribution is defined by three parameters - low endpoint (L), most likely (ML), and high endpoint (H). The methodology used by BMDO to quantify these parameters is described in Section 3.5.  Note that to approximate a normal, the mean is used for the ML parameter and the standard deviation is multiplied by 
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 to calculate the H and L parameters
. The shape of the distribution is obtained from these parameters, and the mean and the variance can be calculated using the following equations:
 

mean =  EQ \F(1,3)  (L + ML + H) ,

variance =  EQ \F(1,18)   [(H-L)2 + (ML-L)(ML-H)].

3.3.4
Correlation Among CWB S Elements

A final key assumption that all cost risk methodologies must address concerns the degree of dependence between CWBS elements.
  Two items are independent if the probability of the one, given the other, is equal to the probability of the one alone, and vice versa.  Expressed in a functional format the relationship is P(B|A) = P(B) and P(A|B) = P(A).
  In simpler terms, A and B are independent if there is no effective relationship between the two; that is, changes in A do not affect B and changes in B do not affect A. In terms of the risk assessment, the assumption of inter-element independence implies that risk associated with one CWBS element, such as Development Engineering, has no bearing on other CWBS elements, such as Prototype Manufacturing.

The assumption of independence affects the results of the risk assessment, specifically, the magnitude of the variance of the output probability function.  As stated by Wilder and Black, “The independence assumption, due to the operation of the Central Limit Theorem, will likely (cause) a relatively steep cumulative distribution function, hence may tend to understate the variability of risk. This represents an optimistic view of the possible outcomes.”
  



The assumptions for the BMDO risk methodology are:

1. Correlation between functionally related CWBS items:  There are many different methods to arrive at a correct treatment of correlation.  One such method is the use of a technique termed functional correlation.
  Other methods, such as Choleski Factorization, are available, but are ponderous in execution.  Further barriers to such a posteriori methods (where correlation is treated after the estimate is complete) are erected by the lack of actual data on correlation of such high-level WBS elements.  Functional correlation, on the other hand, takes advantage of the correlations embedded in the actual CERs used in the cost estimate.  This method, described in more detail in Chapter Four, provides for inter-element relationships within each phase.

2. Correlation among hardware items across phases:  One study has shown that historical Cost Growth Factors (CGFs) in R&D and Production are related by the following equation
:

CGFProd = 0.691 CGFR&D + 0.476

The BMDO methodology incorporates a method called phase-to-phase functional correlation to address phase relationships
.  The application of this method will be discussed in more detail in Chapter 4.

3. Independence of hardware items assessed with independently derived CERs.  

4. Perfect correlation of hardware items that are sub-components of a parent hardware item and the cost is estimated at the parent level then distributed by percent to the sub-components.
3.4
The CE Risk Adjusment Factor

The development of the CE adjustment factor is based on a study
 that incorporated 435 individual Selected Acquisition Reports (SARs) dating back to 1982, each of which was carefully reviewed in order to parse out cost variances specifically attributable to cost estimating error.  The resulting database included 44 programs from all services and platforms.  It was concluded that cost growth due to CE risk is normally distributed with a mean increase factor of 1.087 for RDT&E estimates and 1.032 for Procurement estimates.  

This mean increase is the basis for the bias adjustment factor to be applied to each CWBS element in the BMDO risk model.  Since analysts have a varying degree of confidence in the different methodologies available for estimating costs, a scoring system is used to determine whether the CE risk adjustment factor for a particular CWBS element should be smaller than, equal to, or larger than the mean.  The guidelines below are used to assess a score.  The levels range from 1 (most confident) to 5 (least confident).
1. Extremely Confident: Vendor quotes for a well-defined item, an off-the-shelf item, or a catalog price for an item.

2. Very Confident: Use of program actuals to extrapolate; or supplier information concerning an item that is very similar to one currently in production.

3. Confident: Results from a cost model in which the analyst has confidence; the scope/definition of the system is adequate; data are within the range of the CER or cost-to-cost factor; and/or the analogy is very close.

4. Fairly Confident: The estimate is developed using a model somewhat unfamiliar to the analyst; uncertainties exist related to the scope/definition of the item to be estimated, the analyst is unfamiliar with the underlying cost estimating database or the database is poorly documented; data are outside the CER range; and/or the analogy is not very close.

5. Slightly Confident: Major uncertainties exist related to the scope/definition of the item to be estimated; the analyst is unfamiliar with the cost model; and/or the estimating data sources are not documented.

The analyst confidence score is used to determine the bias adjustment factor used in the risk model.  The factors for each score and appropriation are tabulated below:


Confidence Score

RDT&E Adjustment

Procurement Adjustment

1
1.055
1.0


2
1.071
1.016


3
1.087
1.032


4
1.103
1.048


5
1.119
1.064

For both RDT&E and Procurement, the adjustment for a score of 3 (the typical score) is anchored on the mean calculated in the CE risk study cited earlier.  In Procurement, the determination for bias adjustments for scores other than 3 is based on the slope of the line connecting the point at the mean (3, 1.032) to the point (1,1) (i.e. where a confidence score of 1 is equivalent to a cost growth factor of 1.0).  This approach was constructed for RDT&E as well, but created an unrealistic amount of variation due to the large RDT&E mean.  Therefore, the slope from the Procurement line was used as an analogy, but calibrated to cross through the RDT&E midpoint.  

3.5
S/T Risk Adjustment Factor 

Historically, the majority of cost growth has been attributed to factors that fall into the S/T Risk category.  The approach used to assess S/T Risk is based on performance requirements and system specifications defined in the CARD.
 

In this study, S/T risk was decomposed into various categories, and then scoring matrices were developed to connect descriptions of various levels of risk within each category to scores ranging from 0-10.  Experts with technical knowledge specific to several different types of DoD programs then assigned a posteriori risk scores to a database of historical programs.  These scores were then plotted against the actual historical cost growth data from SARs of the same historical programs.  Regression analysis was performed which resulted in a series of equations that define a S/T risk distribution for any risk score assessed by an expert.

The scoring matrices developed for this study were tailored to several different components of a system.  These components include Hardware, Software, and IA&T.  The matrices are provided in Tables 3.5-1, 3.5-2 and 3.5-3.  There are three additional matrices that were designed for specific NMD programs that are not hardware-based.  These matrices apply to below-the-line CWBS elements of other programs as well and are provided in Tables 3.5-3, 3.5-5, and 3.5-6.  The breakdown of categories in each matrix captures the benefits associated with decomposing risk into a number of discrete categories.
  The decomposition approach has several benefits, including allowing a variety of analysts to directly contribute to the analysis in their field of expertise, limiting the amount of information any individual analyst has to process at one time, and facilitating a more rigorous and consistent assessment.  The following paragraphs provide a detailed description of each of the six risk categories for a hardware assessment and its risk scoring.

Technology Advancement—The technology advancement category refers to the level of technological sophistication required by a component relative to the current state of the art.  The lowest score, “Completed” (risk score 0), indicates that all or most technological requirements have been achieved on an identical item currently or previously in production.  In this case, few, if any, changes to the item are required before it can be integrated into the new system.  No significant integration, weight, or size issues need to be addressed.  The highest score, “New Technology” (risk score 9-10), indicates that the item in question is significantly beyond the current state of the art.  A new approach or concept is necessary to achieve the system requirement.  In addition, the new concept has yet to be demonstrated, even in a laboratory environment.  Unprecedented integration, weight, and size issues may have to be resolved before the system can meet operational requirements.

Engineering Development—The engineering development category refers to the current stage of development of the subsystem or component in question.  The uncertainty surrounding the program in engineering and manufacturing development is significantly less than the uncertainty surrounding the program in concept definition.  The technical status risk category ranges from currently “Completed” (risk score 0) to currently only a “Concept Defined” (risk score 9-10) which indicates that the configuration of the system is only broadly defined and that many unresolved technical issues remain to be addressed.

Reliability—The reliability category refers to the probability of the item in question operating for a specified period of time without a failure.  Reliability is usually measured in terms of Mean Time Between Failure (MTBF) or similar parameter relating failures to usage factors, such as cycles of operation.  The reliability risk level ranges from “Historically High for Same Item” (risk score 0) to “Unknown” (risk score 9-10).

Producibility—Producibility refers to the relative ease of manufacturing an item.  The lowest score, “Production and Yield Shown on Same Item” (risk score 0), indicates that the item is currently in production or has been successfully produced in quantity before.  In this case, no retooling or additional manufacturing processes are required to produce the item.  The highest score, “No Known Production Experience” (risk score 9-10), indicates production experience has been limited to research and development applications if at all, and materiel requirements are not well defined at this time.  In this case, an investigation of potential production processes and alternative materials may be required before major new retooling and major new capital investments can begin.

Alternate Item—The alternate item category refers to the availability of a back-up item in the event that development of the primary item (usually a high technology risk) is unsuccessful or cannot be completed in time to meet system schedule requirements.  This category is particularly important during the aggregation process since it allows the analyst to weight a particular item more heavily if it is critical to meeting the system’s operational requirements.  For example, if the technology risk associated with the optical subsystem on a new sensor design is unusually high and the risk associated with the other components (mechanical items, focal plane array, thermal control, software, etc.) is relatively low, this category can give extra weight to the risk of that optical subsystem.  If a suitable alternate item is available, it can have the effect of offsetting the technology risk to some degree.  On the other hand, if a suitable alternate item is not available, it can double the 9-10 score for a very high technology risk in the aggregate score.  The alternate item risk category ranges from “Exists or Availability of other items not important” (risk score 0) to “Alternative does not exist & is Req’d” (risk score 9-10).

Schedule—The schedule category accounts for the aggressiveness of the system development schedule, compared to other similar programs.  This category captures the analyst's view of the achievability of the program given the required schedule.  A rating of “Easily Achievable” (risk score 0) suggests that the schedule allows for ample development time and that there is sufficient separation among phases to minimize integration problems that may arise with overlapping schedules.  It also suggests that the schedule is more conservative than previous schedules for similar systems.  A rating of “Very Challenging” (risk score 9-10) suggests that the schedule is much shorter than is typical of similar systems (e.g., trying to build a missile system in five years vice the normal eight plus years required) and/or that there is a high degree of overlap among activities.

Table 3.5-1
Hardware Risk Categories and Scores
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The following paragraphs provide a detailed description of each of the seven risk categories for a software assessment and its risk scoring.

Technical Approach--The technology approach category refers to the level of innovation or newness required by the software relative to the current state of the art.  The lowest score, “Proven” (risk score 0), indicates that all or most of the approach has been achieved on an identical item currently or previously in use.  In this case, few, if any, changes to the code are required before it can be integrated into the new system.  No significant integration or algorithm issues need to be addressed.  The highest score, “Unproven” (risk score 9-10), indicates that the component in question is significantly beyond the current state of the art.  A new approach or concept is necessary to achieve the system requirement.  In addition, the new concept has yet to be demonstrated, even in a laboratory environment.  Unprecedented integration and algorithm issues may have to be resolved before the system can meet operational requirements.

Design Engineering--The design engineering category refers to the current stage of development of the subsystem or component in question.  The uncertainty surrounding the program in engineering and manufacturing development is significantly less than the uncertainty surrounding the program in concept definition.  The technical status risk category ranges from currently “Design Complete and Integrated” (risk score 0) to currently only a “Requirements Partially Defined” (risk score 9-10) which indicates that the design of the system is only broadly defined and that many unresolved requirements issues remain to be addressed.
Coding--The coding category is fairly self-explanatory; it refers to the level of readiness of the code.  It ranges from “Fully Integrated Code Available and Validated” (risk score 0) to “Wholly New Design; No Modules Exist” (risk score 9-10).

Integrated Software--The Integrated Software category is simply based on the SLOC count.  It ranges from “Thousands of Instructions” (risk score 0) to “Tens of Millions of Instructions” (risk score 9-10)

Testing--The testing category describes how much testing has been accomplished to date.  It ranges from “Tested with System” (risk score 0) to “Untested Modules” (risk score 9-10)

Alternatives--The alternatives category assigns risk based upon whether there is an alternative to the code in existence.  It ranges from “Alternatives Exist” (risk score 0) to “Alternative Does Not Exist” (risk score 9-10)

Schedule & Management--The schedules and management category ranks the software on the degree of tightness of the schedule.  It ranges from “Relaxed Schedule, Serial Activities, High Review Cycle Frequency; Early First Review” risk score 0) to “Fast Track with Missed Milestones; Review only at Demonstrations; No Periodic Reviews” (risk score 9-10).

Table 3.5-2
Software Risk Categories and Scores

[image: image7.wmf]Risk

Risk Scores (0=Low, 5=Medium, 10=High)

Categories

0

1-2

3-5

6-8

9-10

1

Technology 

Approach

Proven 

Conventional 

Analytic 

Approach; 

Standard Methods

Undemonstrated 

Conventional 

Approach, 

Standard Methods

Emerging 

Approaches, New 

Applications

Unconventional 

Approach, 

Concept Under 

Development

Unconventional 

Approach, 

Unproven

2

Design 

Engineering

Design Completed 

& Validated

Specifications 

Defined & 

Validated

Specifications 

Defined

Requirements 

Defined

Requirements 

Partially Defined

3

Coding

Fully Integrated 

Code Available & 

Validated

Fully Integrated 

Code Available

Modules 

Integrated

Modules Exist but 

are Not Integrated

Wholly New 

Design; No 

Modules Exist

4

Integrated 

Software

Thousands of 

Instructions

Tens of Thousands 

of Instructions

Hundreds of 

Thousands of 

Instructions

Millions of 

Instructions

Tens of Millions 

of Instructions

5

Testing

Tested with 

System

Tested by 

Simulation

Structured Walk-

Throughs 

Conducted

Modules Tested 

(Not as a System)

Untested Modules

6

Alternatives

Alternatives Exist; 

Alternative Design 

is Not Important

Alternatives Exist; 

Design is 

Somewhat 

Important

Potential 

Alternatives are 

Under 

Development

Potential 

Alternatives are 

Under 

Consideration

Alternative Does 

Not Exist but is 

Required

7

Schedule & 

Management

Relaxed Schedule, 

Serial Activities, 

High Review 

Cycle Frequence; 

Early First Review

Modest Schedule, 

Few Concurrent 

Activities; 

Reasonable 

Review Cycle

Modest Schedule, 

Many Concurrent 

Activities; 

Occasional 

Reviews 

Scheduled Late 

First Review

Fast Track but on 

Schedule; 

Numerous 

Concurrent 

Activities

Fast Track with 

Missed 

Milestones; 

Review Only at 

Demonstrations; 

No Periodic 

Reviews


The following paragraphs provide a detailed description of each of the nine risk categories for an IA&T assessment and its risk scoring.

Technology (Highest Level in System) - This category assesses the level of maturity of the technology in the systems being integrated.  Scores range from “Off-the- Shelf Old Technology” (risk score 0) to “New Technology Development” (risk score 9-10).
Engineering Development (Hardware) – Scores in this category assess the degree of Hardware Engineering Development of the system being developed.  Scores range from “System Complete, Fully Tested” (risk score 0) to “Preliminary Design Completed” (risk score 9-10).

Engineering Development (Software) - Scores in this category assess the degree of Software Engineering Development of the system being developed.  Scores range from “Software System Complete, Fully Tested” (risk score 0) to “Preliminary Architecture Defined” (risk score 9-10).

Interfaces Complexity - This category assesses the complexity of the interfaces of the pieces being Integrated, Assembled and Tested.  Note that the interfaces scored are only to which the IA&T applies, and at the level of the WBS that is relevant.    Scores range from “Standards Based; Few Simple Interfaces” (risk score 0) to “No Standards; Many Complex Interfaces” (risk score 9-10).
Subsystem Integration - This category assesses the subsystem integration of the pieces being Integrated, Assembled and Tested.  Note that the subsystems scored are only to which the IA&T applies, and at the level of the WBS that is relevant.  Scores range from “All Systems Integrated and Tested” (risk score 0) to “Subsystem Requirements Defined” (risk score 9-10).
Major Component Production – This category assesses the production yield on the systems being subjected to IA&T.  Scores range from “Production and Yield Demonstrated on Same System” (risk score 0) to “No Known Production Experience” (risk score 9-10).

Schedule (Hardware) - This category assesses the schedule for the Hardware being subjected to IA&T.  See Schedule definition for the hardware matrix.  Scores range from “Achievable, No Critical Paths” (risk score 0) to “Very Challenging; Many Critical Paths; Resources Shortfall” (risk score 9-10).
Schedule (Software) - This category assesses the schedule for the Software being subjected to IA&T.  See Schedule definition for the hardware matrix.  Scores range from “Not Time Critical” (risk score 0) to “Very Challenging; Many Critical Paths; Resources Shortfall” (risk score 9-10).
Reliability – This category assesses the reliability of the systems being subjected to IA&T.  See Reliability definition for the hardware matrix.  Scores range from “High Reliability Demonstrated; Predicted High” (risk score 0) to “Unknown/Serious Problems; Predicted Low” (risk score 9-10).
Table 3.5-3
IA&T Risk Categories and Scores
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The following paragraphs provide a detailed description of each of the six risk categories for a SE&I assessment and its risk scoring.

Technology Advancement:  This category assigns risk based upon the level of technological sophistication required by the task at hand.  Scores range from No New Technology or COTS (risk score 0) to New Technology (risk score 9-10).

Engineering Development:  This category assigns risk based upon the current stage of program development.  Scores range from Completed or COTS (risk score 0) to Concept Defined (risk score 9-10).
Coordination Required:  This category assigns risk based upon the amount of coordination required among the sources of the team.  Scores range from None, Single source (risk score 0) to New Team, Multiple Sources (risk score 9-10).
Analytical Toolset:  This category assigns risk based upon the automation of the Analysis tools.  Scores range from Fully Automated COTS (risk score 0) to Manual Analysis (risk score 9-10).
Interface Control:  This category assigns risk based upon the capabilities of the interface used.  Scores range from Fully Standardized Interfaces (risk score 0) to Interface to Enhance Performance (risk score 9-10).
Schedule:  Same description as shown for the Hardware scoring matrix.

Table 3.5-4
SE&I Risk Categories and Scores
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The following paragraphs provide a detailed description of each of the six risk categories for a ST&E assessment and its risk scoring.

Test Hardware Tech Instrumentation Tech: This category assigns risk based upon the familiarity and known capabilities of the Test Hardware and Instrumentation.  Scores range from Existing TE Suite (risk score 0) to New Equipment and Instrumentation (risk score 9-10).
Simulation Technology: This category assigns risk based upon the amount and maturity of simulation in testing.  Scores range from All Test, No Simulation (risk score 0) to New Simulation (risk score 9-10).
Software Development: This category assigns risk based upon the complexity and nature of the software required for testing.  Scores range from No Software Required (risk score 0) to New Test Driver, Real-Time Software (risk score 9-10).
Completeness: This category assigns risk based upon the level of completeness and maturity of the testing to be applied.  Scores range from Comprehensive Coverage (risk score 0) to New Test Methodology (risk score 9-10).
Test Environment: This category assigns risk based upon the type of testing environment being used and how much is real vs. simulated.  Scores range from Full Realism, Real Players (risk score 0) to Simulated Players or Environment (risk score 9-10).
Schedule:  Same description as shown for the Hardware scoring matrix.
Table 3.5-5
ST&E Risk Categories and Scores
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The following paragraphs provide a detailed description of each of the six risk categories for a system common assessment and its risk scoring.

Technology Advancement: This category assigns risk based upon the level of technological sophistication required by the tasks associated with each system common element.  Scores range from No New Technology or COTS (risk score 0) to New Technology (risk score 9-10).
Engineering Development: Same description as shown for the SE&I scoring matrix.
Material Handling: This category assigns risk based upon the prior experience in required material handling and HAZMAT procedures.  Scores range from Routine, Done Before (risk score 0) to New HAZMAT Handling (risk score 9-10).
Information Systems: This category assigns risk based upon the size and maturity of the Information System planned for implementation.  Scores range from Existing/COTS or None, (risk score 0) to Design and Develop new Component (risk score 9-10).

Consumables Management: This category assigns risk based upon the level of experience and automation available for managing consumables.  Scores range from Automated/Experienced (risk score 0) to New Area (risk score 9-10).

Schedule:  Same description as shown for the Hardware scoring matrix.
Table 3.5-6
System Common Risk Categories and Scores
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The equations derived from the study to map a schedule/technical risk score into a cost growth distribution are:

For RDT&E,


Ymax  
= 1  +  0.057x  + [image: image12.wmf]6

 * 0.055x 
(Equation 2a)


Yave
= 1  +  0.057x
(Equation 2b)

    
Ymin 
=  1  +  0.057x  - [image: image13.wmf]6

 * 0.055x
(Equation 2c)

Where
Ymax
=
the maximum possible cost growth, given the risk score x



Yave
=
the average cost growth, given the risk score x



Ymin
=
the minimum possible cost growth, given the risk score x



x
=
the schedule/technical risk score.

For Procurement,


Ymax
=
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(Equation 3a)


Yave
=
1 + 0.032x 
(Equation 3b)


Ymin
=
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(Equation 3c)


Where
Ymax
=
the maximum possible cost growth, given the risk score x



Yave
=
the average cost growth, given the risk score x



Ymin
=
the minimum possible cost growth, given the risk score x



x
=
the schedule/technical risk score.

It should be noted that the risk score is used as a measure of the technical analyst’s confidence regarding the achievability of the requirements in the CARD.  This confidence is then used to determine the parameters of the expected cost growth distribution.  The greater the analyst’s confidence (i.e., the lower the score), the greater the likelihood that the final program cost will be less than the initial point estimate and the lower the likelihood that the final program cost will exceed the initial point estimate.  Conversely, as the confidence level decreases (risk score increases), there is a greater probability that the final program cost will exceed the initial point estimate.

The above equations can be better understood by knowing the sources of the various terms.  For the RDT&E equations, the first coefficient, 0.057, is the average correction factor for risk.  The result is that for every one-point increase of risk score, there is a 5.7% increase in cost growth expected.  The second coefficient, [image: image16.wmf]6

, is a correction to set the standard deviation of the triangular distribution equal to the standard error of the estimate of the normal distribution developed in the regression that underlies the results.  It can be shown that the standard deviation of a symmetrical triangular distribution is less than the half base length by this factor.  This factor was derived in section 3.3.3.  The third coefficient, 0.055, is the standard error of the estimate for the underlying regression.  The explanation for sources of terms in the Procurement equations follows similarly.  Figure 3.5-1 graphically portrays the RDT&E relationships and Figure 3.5-2 graphically portrays the Procurement relationships.
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Figure 3.5-1
Mapping Risk Scores to Cost Growth (RDT&E)
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Figure 3.5-2
Mapping Risk Scores to Cost Growth (Procurement)
Chapter 4.  Implementation of the BMDO Cost Risk Methodology

4.1  Introduction
The BMDO Cost Risk Methodology uses Excel, Crystal Ball, and Visual Basic Applications (VBA) to incorporate the previously described cost risk studies into a semi-automated, interactive cost risk model.  The model applies the CE and S/T risk scoring systems and the equations for determining CE and S/T risk to an initial point estimate for a BMDO program.  The model enables the cost analyst to set parameters for CE and S/T risk distributions, run a simulation that replicates thousands of possible program outcomes, determine the distribution of likely outcomes, and adjust the cost estimate to account for S/T and CE risk.  Detailed instructions for using the BMDO Risk Model are provided in the BMDO Cost Risk Procedures Manual.  An overview of the major features are described in the following sections.

4.2  Preparation

Prior to conducting a BMDO cost risk assessment, preparation is required in three areas.  First, the technical experts score the system requirements outlined in the CARD against the S/T scoring matrices.  Second, the cost analyst completes the initial point estimate and all supporting documentation for the cost methodologies used.  And third, the cost analyst assesses the CE risk associated with each of the methodologies used to develop the point estimate.  The process for achieving these preparations is described below.

As soon as the Program Office publishes a CARD, the S/T risk scoring can begin.  S/T assessments are performed by technical analysts with expertise in areas specific to the system, e.g. missile systems, radar systems, satellite systems, laser systems, and software.  The cost analyst provides three items to the technical analysts: 1) a copy of the CARD, 2) a list of the system’s hardware, software, and IA&T CWBS, items at the level they are broken out in the initial point estimate, and 3) a list of any SE&I, ST&E, and D&S activities that require a score (this is the case for below-the-line items that are not functionally dependent on the cost of another CWBS item).  Ideally, at least two technical analysts perform the S/T assessment independently, then reconcile to create the BMDO assessment.  It is beneficial to use technical experts from diverse perspectives in order to minimize bias in the resulting S/T scores.  At reconcilation, a meeting takes place with the technical analysts and BMDO risk team.  The BMDO risk team moderates discussion between the analysts and facilitates development of a reconciled score. While the S/T scoring process takes place, the cost analyst develops the initial point estimate for the program.  The cost analyst uses information from the CARD and an appropriate cost model or estimating technique as the basis for developing the initial point estimate for each CWBS element.  As the analyst builds the point estimate, the analyst should collect all statistical documentation on the costing methodologies.  This will facilitate preparing the CE risk assessment.

The CE risk assessment requires the cost analyst to identify the standard error of the estimate, a quantification of the variation in step factors and learning curves , and a methodology confidence score to apply the results from the CE research described in section 3.4. From this input, the BMDO Risk Model develops a symmetrical triangular distribution for each CWBS line in the model.  
4.3  Using the Model

The BMDO risk model is composed of four spreadsheets:  S/T worksheet,  CE worksheet, Combo worksheet, and Results worksheet. The S/T and CE worksheets store analyst inputs and translate them into inputs needed by the Combo worksheet.  The Combo worksheet uses these inputs to create S/T and CE distributions and sets up and runs the Monte Carlo simulation. The Results worksheet displays the simulation output and converts it into a risk percentage for every CWBS item.  This section provides an example and brief explanation of the contents of each worksheet as well as a general description how to set up and complete a cost risk assessment.  The setup normally requires the use of automated tools (VBA macros) that  are described where appropriate.  The purpose of this section is to enable the reader to gain an understanding of how the risk model works.  More detailed step-by-step instructions are available  in the BMDO Risk Procedures Manual.

4.3.1  S/T Worksheet

The purpose of this worksheet is to obtain a weighted average risk score for every item in the CWBS that has S/T risk.  An example of the worksheet is provided in Figure 4.3.1-1.  
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Figure 4.3.1-1 Example S/T Worksheet

The CWBS items are listed on the left, and their respective scores are entered into the appropriate columns (e.g. columns B-G for Hardware). Each category is then assigned a weight and the worksheet calculates the weighted average score.  The practice of using equal weights is typical, though the capability for different weights exists in case, e.g.,  a technical analyst feels strongly that a certain category is a show stopper (higher weight) or isn’t applicable (zero weight) to a specific CWBS item. This worksheet stores the scores which are later referenced by the Combo worksheet and mapped to S/T risk distributions using the equations provided in section 3.5.

4.3.2  CE Worksheet

The purpose of this worksheet is to calculate a bias adustment factor and standard error for each CWBS item  that are used as parameters of the CE distrubutions setup in the Combo worksheet.  An example of the worksheet is provided below in Figure 4.3.2-1.
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Figure 4.3.2-1 Example CE Worksheet

In this worksheet, the analyst runs a macro to set up the CE worksheet template for a particular BMDO program (e.g. application of CWBS structure, initial point estimate, identification of Roll-up items, etc.).  The analyst then manually enters the type of cost estimating methodology, the standard error, and the analyst confidence score applicable to each CWBS item.  The Risk Model calculates, from this input, a bias adjustment factor and a standard deviation for that factor.  The values are linked to the Combo worksheet and used to define the parameters for the CE risk disributions used in the Monte Carlo simulation.

4.3.3  Combo Worksheet

The purpose of the Combo worksheet is to set up S/T and CE risk distributions for each CWBS item, apply uncertainty distributions to any learning curve slopes and step functions used in the estimate, setup correlations among CWBS items, and run a Monte Carlo simulation.  The worksheet is shown in three separate figures below.  Figure 4.3.3-1 shows the section that consists mostly of analyst inputs.  Figure 4.3.3-2 shows the columns in the worksheet that contain assumption cells setup by Crystal Ball.  Figure 4.3.3-3 shows the rest of the columns, which consist of formulas that calculate the distribution parameters used by Crystal Ball..  If the header is shaded gray, then inputs are required from the analyst to setup the column.  Light blue-shaded headers indicate that the column consists of formulas, and non-shaded headers indicate inputs are set up by a macro.
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Figure 4.3.3-1 Example Combo Worksheet:  Analyst Inputs

[image: image22.wmf] 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

A

B

C

D

E

F

G

H

Q

R

S

T

MACROS-->

Crystal Ball Assumption Cells

WBS Element Number

Cost Est 

Risk Factor 

Draw

Sched/Tech 

Risk Factor 

Draw

Step Factor 

Draw

Learning 

Percent 

Draw

0.0

TOTAL LCC

1.0

DEM/VAL

2.0

TOTAL EMD + LRIP

2.1

EMD (W/O LRIP)

2.2

LRIP EMD 

3.0

PRODUCTION

4.0

OPERATIONS & SUPPORT

-----------------------------------

--

--

--

--

--

--

-----------------------------------

1.0

DEM/VAL

1.1

Contractor

1.1.1

Development Engineering

1.1.1.1

Missile Hardware

1.1.1.1.1

Kill Vehicle

1.1.1.1.1.1

Shroud

1

1.1.1.1.1.2

Structure

1

1.1.1.1.1.3

IR SEEKER

1

1

1.1.1.1.1.4

Avionics

1

1

1.1.1.1.1.5

Kill Enhancement Device

1

1

1.1.1.1.1.6

DACS

1

1

1.1.1.1.2

KKV-to-Kick Stage Interstage

1.1.1.1.2.1

Autopilot/Battery

1

1

1.1.1.1.2.2

Transceiver

1

1

1.1.1.1.2.3

Interstage Structure

1

1.1.1.1.3

Kick Stage

1.1.1.1.3.1

Divert and Attitude Control

1

1

1.1.1.1.3.2

LEAP Booster

1

1

1.1.1.1.4

Kick Stage-to-MK 104 Interstage

1

1.1.1.1.5

Airframe/Control Section

1.1.1.1.5.1

Control Surface Set

1

1.1.1.1.5.2

Steering Control Section

1

1.1.1.1.5.3

Dorsal Fin Set

1

WBS Element Description


Figure 4.3.3-2 Example Combo Worksheet:  Crystal Ball Assumption Cells
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Figure 4.3.3-3 Example Combo Worksheet:  Distribution Parameters

To setup this worksheet, the analyst first runs a setup macro that tailors the CWBS, formulas, etc. to the BMDO program being assessed.  The analyst then manually links the S/T risk scores from the S/T worksheet to the appropriate CWBS lines.  The Risk Model automatically links the CE risk parameters and the initial point estimates from the CE worksheet. For CWBS items that use learning curve theory; the quantities, step factors, and learning curves are entered by the analyst, enabling the model to apply variation to the step factors and learning curves and calculate the total hardware cost during the simulation.  In addition to these inputs, the cost analyst must set up correlation among the CWBS items.  Two methods for capturing correlation are used: Functional Correlation to capture the correlations within phases and Phase-to-Phase Functional Correlation to capture the correlations between phases.  The next two paragraphs provide a general description of the setup for each. 


Setting up Functional Correlation involves entering the CER for any CWBS element whose methodology depends on some other item in the CWBS.  It is critical that cell references be used for any variable that the CER depends upon.  For example, if the methodology for calculating SEPM in the initial point estimate is SEPM = 0.1 * Hardware, then this equation is inserted in the cell that contains the SEPM value.  Now as the simulation runs, the SEPM value will equal 10% of the randomly drawn Hardware value for each of the 5000 iterations.  If this equation were not setup, then SEPM values would vary independently of Hardware and the relationships that were believed to hold true in forming the initial point estimate, would be abandoned in the risk analysis.  In order for the cost estimate to be in synchronization with the risk estimate, it is essential for these connections to be present in the model. 


The cost analyst accomplishes Phase-to-Phase Functional Correlation  by linking cells in the worksheet that receive the random S/T risk factor draws.  When the cost analyst links the S/T factor cells, a single CWBS item can receive identical random draws for each phase in the program life cycle on each iteration of the simulation.  


The rest of the macros embedded in the risk worksheet use Crystal Ball functions to setup the Monte Carlo simulation.  The macros set up assumption cells for all random variables (risk factors, step factors, and learning curves) and forecast cells for every CWBS  item.  Then they run a simulation consisting of 5000 iterations to determine a total cost distribution for each forecast cell, i.e. each CWBS item.  In addition, a second Monte Carlo simulation is run with the S/T risk factors held static (at 1.0) in order to break out the effects of CE and S/T risk.  The macro generates a report at the end of each simulation and extracts the information needed as input to the Results worksheet.

4.3.4  Results Worksheet

The Results worksheet calculates and displays the risk percentages for each CWBS item in the cost estimate.  The entire setup process for this worksheet is automated.  All necessary information from the simulation is generated and input by the last Crystal Ball macro run in the Combo worksheet.  These inputs include the point estimate, the mean cost from each of the two simulations (with and without S/T risk) and the standard deviation from the simulation that incorporates all risk.   Formulas embedded in the Results worksheet then calculate risk (S/T, CE, and Total) for each CWBS item in dollar and percent form.  An example of this worksheet is shown in Figure 3.3.4-1.
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Figure 4.3.4-1 Example Results Worksheet

4.4  Using the Results

After the risk model has been run, the cost estimate is updated at each CWBS level to include the full cost at the selected percentile.  Any percentile of the resulting CWBS cost distributions can be used as the final cost estimate.  BMDO policy is to estimate at the 50th percentile of the cost distribution that includes both Cost Estimating and Schedule/Technical Risk; therefore the mean of each CWBS distribution is used to calculate risk as a percentage of the initial point estimate.  Examples of these values are contained in the Results worksheet shown in the previous section. 

Analysts can collect other model outputs from Crystal Ball if additional information is desired.  These results are contained in the reports generated after each simulation and include general simulation information, additional statistics, frequency plots, and percentiles.  An example report is shown below in Figures 4.4-1 and 4.4-2.
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Figure 4.4-1 Example Crystal Ball Report (Page 1)
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Figure 4.4-2 Example Crystal Ball Report (Page 2)

Cost analysts currently apply the time phasing methodology used for the point estimate to the mean cost developed from the distribution including CE and S/T Risk.  Further research is necessary to deterimine whether the risk dollars should be time phased with a separate profile. 

Appendix A - Adjusting for Human Biases


Development of a risk distribution, whether CE or S/T, involves eliciting information from technical specialists. “Reliance on the advice of technical experts is mandatory since all information necessary for an accurate risk assessment usually cannot be derived from previous program data."
 Both cost estimators and technical risk assessors must participate in developing risk distributions for each CWBS element.  Wherever possible, analysts use objective quantitative techniques for developing the risk distributions based on the quantity and quality of statistical information available to the analyst.  However, in every estimate, at least a portion of the information used to develop the risk distributions is subjectively assessed by a cost analyst or technical expert.  In particular, the technical risk assessment requires a subjective assessment.  This section will examine some problems with relying on expert judgment, discuss techniques typically used for addressing these problems, and discuss whether these techniques are applicable to the BMDO model.  It must be noted that the discussion relates only to subjective choices, not to data-based methodologies.  Further, the discussion involves adjustment of the end points of distributions when these endpoints are estimated by experts.  The BMDO methodology has moved away from subjective determinations for the most part, and from endpoint estimation in total, and so this issue is less important than heretofore, however the discussion is useful, and the issue must occasionally be confronted.  For this reason the discussion has been left in this manual.


Any methodology which requires eliciting subjective information from experts is susceptible to biases because the process involves human judgment and interpretation.  Research by Kahneman and others has shown that these biases are systematic and lead to consistently overestimating or underestimating the probability distribution associated with a given event.
 The primary cause of this bias is the manner in which humans process information.  Humans reduce the complex task of processing all available information to a limited set of rules or heuristics.  Although this reduction process aids humans in making decisions in a highly complex world, the reduction leads to the neglect of vital information and to errors in judgment.


There is extensive literature on the types of biases that impact subjective estimates of experts. Based on an examination of this literature and the risk assessment team’s experience, several key biases in the cost risk assessment process were identified.  These biases are traditionally grouped into three categories:

•
Representativeness heuristic

•
Availability

•
Adjustment and Anchoring


Representativeness heuristic—The representativeness heuristic category, which involves the over-reliance on certain information and the neglect of other key data, includes two types of biases that are particularly important to the cost risk field.  The first representative bias is insensitivity to sample size.  In cost estimating, the severe restriction on the data available should make the analyst estimating the risk associated with a specific CWBS element particularly sensitive to sample size. This ceases to be of concern when valid CERs are used, and their distributions are properly characterized in the development of risk.  However, the risk assessment team has consistently found that cost analysts tend to neglect, or cannot obtain distributional information when developing risk distributions, and technical experts tend to neglect limited experience (small sample size) in their deliberations.
 


Another representativeness bias of particular importance to cost risk assessment concerns the illusion of validity.  “The unwarranted confidence which is produced by a good fit between the predicted outcome and the input information may be called the illusion of validity.  This illusion persists even when the judge is aware of the factors that limit the accuracy of his predictions.”
  For example, if a cost estimator’s model produces an output similar to that which he/she predicted before the modeling process started, the analyst tends to be overconfident of the predictive accuracy of the model.


There is no proposed analytical method to compensate for biases in this category.  They are discussed with the intention of making analysts aware of them while conducting a cost risk assessment.  In particular, analysts should consider these biases when assigning confidence scores to CERs in the cost estimating risk portion of the model.  More guidance on assigning confidence scores is given in BMDO Risk Procedures Manual.


Availability—The second judgmental heuristic, availability, refers to the ease with which past events are recalled when an expert develops a risk distribution.  Individuals recall those events that occur most frequently as well as those events that have occurred most recently.  Although this may appear obvious, it has important implications for the risk assessment process.  In estimating the endpoints of a risk distribution, the analyst must indicate the lowest and highest conceivable outcomes (i.e., the bound of the distribution).  Unfortunately, the analyst has a strong tendency to systematically neglect the extreme outcomes because these low probability events rarely occur.  Moreover, in the field of cost analysis it involves more than “forgetting” or neglecting these rare events.  The limited number of historical data points in most cost analyses creates a situation in which the extreme case may not have occurred or been recorded.  The analyst must then imagine the worst conceivable and best conceivable cases.  For all of these reasons, the availability heuristic reinforces the tendency of risk analysts to specify overly optimistic risk distributions.


Adjustment or Anchoring—The third heuristic, adjustment or anchoring, is of interest when individuals develop the bounds of a probability distribution by selecting an initial starting position and adjusting from that point to determine the distribution endpoints.  It has been found that the adjustments are consistently insufficient to cover the entire range of possible outcomes.
  Moreover, the range produced by the individual is highly sensitive to the initial starting point.  In the field of cost analysis, where the vast majority of time is spent generating an initial point estimate, the development of a distribution around the “most likely” estimate typically involves a quick adjustment from the initial point estimate.  Numerous studies have shown that both experts and less-experienced analysts tend to be overconfident in their assessments and thus underestimate the range of distributions when assessing subjective probabilities.
  The bias introduced by adjustment and anchoring from an initial starting point will result in overly optimistic assessment of the cost risk associated with a particular CWBS element (i.e., the range of the estimated distribution will be less than the range of the actual distribution).


Several other biases are introduced into the cost risk assessment process by relying on the subjective estimates of experts, including the cue-response effect, hindsight bias, and motivation bias.  The cue-response bias often impacts the risk analysis:  “If data is given in the same units as the judgment variable, people tend to weight the cue more heavily than other data given in different units."
  The risk assessment team has found that because the initial point estimate is traditionally generated in terms of dollars, the risk distributions developed in terms of dollars have less range than distributions estimated in terms of percentage factors.  This phenomenon occurs even when the same analyst estimates the range of the same CWBS element in terms of both dollars and percentage factors.  The hindsight bias results from the fact that the developers of initial point estimates (either consciously or unconsciously) have greater confidence in their model’s predictive ability than justified by the circumstances.  The analyst developing the initial point estimate would ideally be independent of the analyst providing the range around the initial point estimate; however, resource and time constraints often make this impossible.


In order to compensate for the biases described in the preceding paragraphs, many cost risk methodologies employ a technique that involves adjusting the endpoints of the risk distributions after they are created.  One such technique produces a modified form of the triangular distribution called the 10/90 triangular distribution.  The 10/90 triangular distribution compensates for the analysts' tendency to underestimate the range of possible outcomes by extending the range of the distribution.  This method expands the range of the distribution by supposing that the extreme endpoints provided by the individual analysts are actually the 10th and 90th percentiles of the cumulative distribution function.  The endpoints of the ultimate distribution are extended on this basis.   The model has a function available by which new endpoints are calculated automatically from the mode and the supposed 10th and 90th percentiles.  The BMDO cost risk team has determined that the 10/90 technique is not generally applicable to the BMDO model.  This is because there is never an instance where an expert estimates the endpoints of a probability distribution.  Technical experts make relatively less subjective assessments based on matching systematic and clear descriptive terms with the descriptions in the CARD.  Cost estimators make subjective judgments of the bias of their CERs.  In both these situations, the analyst chooses a clear category, which is then mapped to a set of historical endpoints.  The use of historical distributions solves the tendency of underestimation of extreme values.


Decomposition—The significance of the biases discussed above increases with the amount of information a particular analyst must examine and synthesize at a given time.  In order to limit the source of a potential bias, the risk is decomposed into discrete risk categories.  In the cost risk methodology, the technical risk assessment used the decomposition technique as one way to limit the biases in information processing.


Extensive literature exists on the benefits associated with decomposing risk into discrete categories.
  First, the decomposition allows a variety of analysts to be used in the assessment process.  A manufacturing expert can be used to assess producibility risk; a logistics expert can be used to assess reliability risk.  Similarly, the cost estimating risk can be developed by analysts intimately familiar with the cost estimating methods of the system element under consideration.  Second, the decomposition limits the amount of information the analyst must process at a given time.  The analyst does not have to simultaneously think about complexity, producibility, reliability, etc.  Finally, the decomposition facilitates a more rigorous and consistent assessment because the process compels the risk assessment team to precisely define the individual risk categories.  The use of strictly defined risk categories ensures that the analyst explicitly considers each component of risk rather than only the components he/she is most familiar with. 







�	BMDO has directed that all cost estimates report the expected value E(x) of the cost distribution.
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