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1.0 INTRODUCTION

Risk analysis is an important adjunct to cost estimation.  In cost estimation, we inform the Program Manager and the acquiring service how much an item is expected to cost.  In risk estimation, we inform them as to how bad things could get.  In fact, with history as our guide, we normally tell the Program Manager that the Expected Value of the cost is quite a bit more than the cost estimate.  This troubles many cost estimators, but it should not.  The fundamental problem in cost estimation is that estimators can only estimate the system as described.  There are always surprises in acquisition, and these manifest themselves in cost growth.  These surprises include things left out, problems more difficult than anticipated, and shifting requirements and threats.  Cost analysts often suppose that risk ought to be included in our cost estimating relationships (CERs).  This is not so, principally because we use CERs to cost the item as described – but the description is not right for the reasons enumerated earlier.  For these reasons, we must estimate cost risk.  We do this, in effect, by referring to historical plans and determining the error between the cost estimate and the actual cost.

This paper is not a treatise on why we should estimate risk, so after this brief introduction, we will set the question aside.  Readers who wish to learn more are encouraged to pursue the matter further, but the need for risk analysis will be assumed.  A short discussion on why there is risk in Operations and Support will be undertaken, since this is not always clear, but again, we will only briefly describe why, and then proceed to determine how it should be done, leaving the desirability as a separate topic.
2.0 PURPOSE

This research was performed for the Ballistic Missile Defense Organization (BMDO) to further enhance the BMDO Cost Risk Model, which has been used to develop independent life cycle cost risk assessments since 1989.  This model has been reviewed by a significant number of experts in risk analysis and briefed extensively at various review groups, conferences and symposia.  It has undergone many revisions to incorporate the most current cost risk research and is considered now to be a state-of-the-art model in the cost industry.  While the model is currently well received, there are some recognized weaknesses that await further research.  One such area is the capability for quantifying risk in O&S.  The focus of this paper will be to examine ways reflect more accuracy in O&S cost risk estimates.

3.0 OVERVIEW OF THE REPORT

This paper will address several issues regarding cost risk analysis in Operations and Support (O&S) estimates for BMDO elements.  Discussion will include arguments for incorporating both Schedule/Technical (S/T) and Cost Estimating (CE) Risk in O&S estimates, and rationalization of correlation to Acquisition cost growth.  Several approaches for implementing these concepts will be described as well as concerns associated with each.  An example using notional numbers from a BMDO system will be demonstrated and analyzed.  Conclusions and suggestions for further research will follow.

4.0 BACKGROUND

Some background on the current risk practices for BMDO is necessary before introducing the ideas for O&S risk improvements.  A brief description of the entire methodology is given in Section 4.1 and a detailed tutorial on Functional Correlation is provided in Section 4.2.  Functional Correlation is a significant part of BMDO’s risk estimation.  It will be beneficial for the reader to have a solid understanding of it before proceeding, as the ideas to be presented later are extensions of this fundamental concept.


4.1 The BMDO Cost Risk Methodology

The BMDO Cost Risk Methodology is briefly summarized in Figure 4.1-1. The assessment begins with the initial point estimate generated by a cost analyst for each system element.  Following the right hand side of the figure, the cost analyst uses information from the Cost Analysis Requirements Description (CARD) as the basis for developing an initial point estimate for each element in the Work Breakdown Structure (WBS).  The analyst then must quantify the uncertainty associated with each WBS item’s point estimate using the appropriate standard errors from all estimating techniques including Cost Estimating Relationships (CERs), learning curves, and step functions. 


Parallel to this effort (on the left side of the figure), engineers assess technical risk on the CARD using a set of schedule/technical risk scoring matrices.  This analysis produces a set of scores for each hardware, software, and IA&T WBS item.  Cost estimating and schedule/technical risk distributions are then developed for each WBS element based on an analysis of these inputs
.  Items within the WBS are correlated within each phase using Functional Correlation
 and correlation between phases is accomplished using a method called Phase-to-Phase Functional Correlation
.  A Monte Carlo simulation generates a complete cost estimate, including risk dollars, for each phase of the system element’s life cycle.  The mean of each resulting distribution is used as the total cost estimate.
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Figure 4.1-1 The BMDO Cost Risk Methodology

4.2 Functional Correlation

The essence of Functional Correlation is to embed the equations of the cost estimate, the CERs, into the simulation spreadsheet.  This may sound obvious, but it is not typically practiced.  The standard method is to import only the values of the point estimate and treat each WBS item as an independent random variable.  With equations embedded rather than values, the variables become correlated just like the original data that formed the basis of the CER.  For example, if the methodology for calculating System Engineering/Program Management (SEPM) in the initial point estimate is

SEPM = 0.1 * Hardware,

this equation is inserted in the cell that contains the SEPM value.  As the simulation runs, the SEPM line in each iteration will calculate 10% of the randomly drawn hardware value, then take that value and add variation associated with the SEPM CER.  If this equation were not entered, 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.  Since we desire our cost estimate to be unified with our risk estimate, it is essential for these correlations to be present in the model.

An illustration of this is found in Figure 4.2-1.  Again in this example, SEPM cost is related to hardware cost.  The two competing models are shown.  It is easily seen that the functional correlation methodology reproduces the sort of data that underlies the postulated CER.  It also increases the dispersion of the estimate and the mean result.  This occurs because the hardware items in the estimate incur schedule/technical risk, which is transferred through to the SEPM equation during each iteration.  If no equations were embedded, no schedule/technical risk would be present in SEPM or any of the other below the line functions.  Therefore, without functional correlation, the overall risk would be lower (by about half for most BMDO elements). 
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Figure 4.2-1.  Illustration of Functional Correlation

5.0 RISK COMPONENTS IN O&S


BMDO supports the position that it is important to incorporate cost estimating risk as well as schedule/technical risk in cost risk assessments. 

Since there is uncertainty associated with any costing method, statistical cost estimating error must be quantified. This is already incorporated in the BMDO O&S model, though it is understated due to the lack of the presence of correlation.  In addition, cost estimating risk has been studied and shown to be prevalent in all acquisition phases.  It was concluded in a previous study for BMDO that on average, a small amount of growth due to cost estimating error occurs in acquisition phases (~8% in R&D, ~3% in Production)
.  The most logical explanation (though not the only explanation, and certainly not proven) for this is that some components simply get left out of the estimate in the beginning.  Since this oversight issue is just as likely to apply to O&S estimates as to any other phase, and since there is no study on cost estimating risk using O&S data, results from acquisition studies must be used as analogies for implementation.  Therefore, the cost estimating risk distributions developed for the BMDO O&S risk model also embody a positive bias adjustment in addition to the standard deviation of the CER.

Though we have no data analysis of schedule/technical risk using O&S data, it is strongly believed that we should account for it in O&S estimates.  There is a common argument against this claiming that, "it will be well known in the O&S phase what is necessary to maintain the system, therefore there is no need to include schedule/technical risk in the estimate."  This is frequently voiced for the Production phase as well, and the same answer applies to both cases.  It is completely reasonable to think that once you arrive at O&S, the will be little to no risk, but the risk we model includes predictions of cost increases that get realized in the estimate during the acquisition process.  In other words, after O&S is first estimated (e.g. at MS I or MS II), the cost estimate for all phases will change (and most likely will increase) as the design of the system changes.  This is proven by rigorous data analysis for R&D and Production estimates, and if sufficient data were available for O&S estimating, we feel confident it would provide similar results.  An intuitive explanation of this is that parts and repair, for example, cost more when the basic system costs more.  This suggests that any part of O&S costs that depend on the cost of a system will have similar risk to that found in the production estimate.   Therefore schedule/technical risk should be included in the O&S portion of the BMDO risk model.

The assumptions above are strongly supported by the presence of correlation between O&S and acquisition.  The fact that O&S costs are correlated to acquisition costs is shown in costing methodologies (e.g. CERs, software estimating tools) and is intuitive since estimates within O&S and acquisition are frequently dependent on common descriptive parameters of the object being built.  Since it has been shown that cost growth occurs in acquisition, and we believe O&S is correlated to acquisition, it is reasonable to believe that cost growth would occur within O&S as well. This reasoning will provide powerful insight for analyzing how much cost risk should be applied to O&S despite the small amount of explicit O&S research available for reference. 

6.0 ISSUES

The main issue of concern for BMDO's O&S estimates is that the projected cost growth and variation are both severely understated.  The typical current estimate produces a small amount of cost estimating risk, close to zero schedule/technical risk, and a Coefficient of Variation (CV) of 10% or lower.  Acquisition Phase estimates typically include 3-8% cost estimating growth plus 15-25% schedule/technical growth with a CV of at least 15-20%.  This means that a program’s acquisition estimate could have a standard deviation of +/- 20% with a prediction of around 25% growth in the estimate, while the O&S estimate claims very little uncertainty and growth of not more than 3%.  This is not intuitive.  Additionally,  the model currently contains little to no correlation between O&S and acquisition which is contrary to what we believe to be true, and most likely the culprit of the understated results.  We will discuss several options for enhancing the O&S methodology so that it produces results that we find plausible and that are consistent with the other phases of the estimate.

7.0 POTENTIAL IMPROVEMENTS

The most natural and practical improvement is to fully incorporate Functional Correlation.  This extension of Functional Correlation to the O&S phase relies entirely upon the use of CERs that are dependent on variables also used to estimate acquisition costs (e.g. Using software Source Lines of Code (SLOC) to predict the cost of software development as well as software maintenance).  However, these methodologies are scarce, as is the data required to create them.  There are likely many correlations present between O&S and acquisition that have not been implemented through CERs.  Most of the current BMDO O&S estimates rely on throughputs (e.g. manpower), contain little or no correlation, and hence grossly underestimate risk.  Therefore, alternative options or modifications are necessary as we await improved parametric research in O&S.  Some suggestions follow.

7.1 Cost Response Curves

The first of these modifications is to use existing cost tools to create a functional relationship and apply that relationship to the estimate.  Software is the most practical example here.  Typically software development costs and software maintenance cost are both correlated to the estimated SLOC.  In order to use this correlation in the cost model, it is necessary to figure out the equation that links maintenance cost to development cost.  This can be done by using a software estimating tool (e.g. SLIM, SEER, SASET, etc.) to 

create a cost response curve where maintenance cost is the independent variable and development cost is the dependent variable.  One simply sets all of the environmental variables to comply with the program description and runs the model of choice on varied amounts of SLOC surrounding the estimate provided in the CARD.  After each run, the resulting estimate for maintenance cost and development cost should be recorded and plotted.  After a sufficient number of runs, an equation can be derived.  An example is shown in Figure 7.1-1.
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Figure 7.1-1 Software Development vs Maintenance
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These results were generated from a commonly used software estimating tool.  Standard environmental factors were held constant and ten SLOC values ranging from 10K to 100K were run individually.  A suitable curve was fitted resulting in following equation:

Y = 0.74 * X – 0.18

Where Y = Software Maintenance in $M

and X = Software Development in $M

Embedding this equation into the risk model in place of a fixed value, exactly as described earlier for the typical functional correlation implementation, allows the risk applied to the development cost during the Monte Carlo simulation to flow through to the maintenance cost.  As a result, the amount of risk applied to the maintenance estimate corresponds with development and therefore better suits our intuition.  Statistical variation is then drawn independently for development and maintenance.  The formulation of the cost response curve provides no information on variation, since the “data” are not actually data, but a series of most likely estimates.  Therefore, the standard error previously used to determine variation associated with each CER should be kept the same.  Overall variation will still increase due to functional correlation.  

This example may seem somewhat simplified, but serves the purpose for introducing the procedure.  A real life model would likely need several different equations, however each one would be developed exactly as described above and applied in a similar manner.

7.2 
Injected Correlations

Another approach is to inject correlation implicitly.  It is crucial not to confuse this idea with existing studies that suggest estimating actual correlation coefficients and using them as input parameters.  Rather, this concept involves directly linking cost growth between elements, and creating correlation in the simulation as a result.  The amount of correlation you have implicitly estimated can be calculated after the simulation has run.  

The procedure entails deciding which two WBS items should be correlated, then setting up an equation that calculates the total cost increase applied to the acquisition item, and using that result as a multiplier to the O&S item for each iteration of the simulation.  For example, suppose we believe that risk estimated for Recurring Production should be correlated to risk estimated for Spares and there exists no data and no tool to figure out the equation that provides this relationship.  A better alternative than ignoring this relationship is to multiply the spares number by the Recurring Production increase factor.  Then, as with the cost response curve, draw a separate uncertainty factor from a distribution that models the statistical error terms of the O&S CER.  Since the amount of correlation is an output (no explicit correlation coefficient is ever entered) there are no complications with computer limitations, the correlation matrix, or any of the other problems that arise with the usual methods of injecting correlations.

7.3 
Other Options


Other extensions of Functional Correlation are possible.  Similar to the Software Maintenance cost response curve, functional correlation may be applied if there is a CER that is related to a common variable in Acquisition, e.g. weight.  Then given these two CERs, there exists an equation that relates the two costs directly.  Only simple algebra is required in order to figure out the relationship.  Once this equation is inserted into the O&S estimate, the equation itself takes care of how much risk transfers through to O&S during the simulation.  Correlations will happen naturally.  While it would be ideal for equations such as this to be derived from actual data, this is a logical and completely valid step toward improving the model for the present time being.  An example that implements some of these ideas follows.

8.0 IMPLEMENTATION
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For a test case study, we used the BMDO Navy Area Theater Ballistic Missile Defense (TBMD) model.  Note that the numbers shown in this report are notional, and are not meant to be used for anything other than demonstration of the model improvements.  Figure 8.0-1 shows the items estimated and how much each line item is proportioned in the point estimate. 

Figure 8.0-1  Navy Area Point Estimate Components

Most of these items should be correlated in some way to acquisition costs, but the relationships are not readily available as CERs.  Currently, only 1% of the estimate is correlated to acquisition.  This is the Disposal line item, which is estimated as a factor of Recurring Production.  The yellow group, which includes Contractor Technical Support, Other Int. Maintenance (shipping), and Consumable Materials/Repair Parts, consists of items that will remain unchanged for this implementation example.  They will continue to be estimated independently because there was no particular acquisition cost that could be linked with them.  The other (blue) items will be correlated using the concepts discussed in the previous section.  These methods are suitable as an improvement until future sufficient data are available for finding the real equations and correlations. The blue items compose 89% which means a substantial amount of correlation will exist after the modifications are made.


Table 8.0-1 shows the current O&S estimate with the following information to describe each line item:  Item name, point estimate, portion of phase, Acquisition item to be correlated, cost estimate with risk dollars (mean result from Monte Carlo simulation), risk as a percent of the point estimate, and Coefficient of Variation (CV) result from the simulation.  The last three columns will be examined later in Section 9.0, Analysis of Results.  


The first step in setting up the model was make assumptions as to which O&S items should be correlated to acquisition.  Items highlighted in blue in Table 8.0-1 indicate where these determinations were made. The authors assigned the following relationships between elements:

1) Maintenance and Consumable Mat/Rep Parts to each be connected to recurring production of the missile 

2) Other Recurring Investments (estimates the replacement costs of ship adjunct processors) to correspond to ship hardware 

3) Software maintenance to be connected to software development.  

All relationships used injected correlations with the exception of Other Recurring Investments which used the cost model’s CER modified algebraically to determine a cost-to-cost relationship.  As stated before, the yellow items had no logical connections and were therefore left unchanged.  The purple item, Disposal, was already linked to Missile and Ship Recurring Production through a CER, so it was left unchanged as well.  A Monte Carlo Simulation was run with all other inputs consistent with the original model.  Results are displayed on Table 8.1 and are discussed in the next section.

Table 8.0-1 Navy Area O&S Risk Assessment
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9.0 ANALYSIS OF RESULTS


The new model results in Table 8.0-1 show that risk increased for all items that were modified.  Figure 9.0-1 provides a visual image of how much total risk percentage increase occurred for each line of the O&S estimate.  The items that did not increase are the ones that were left unchanged in the model setup.  All items started out around 3% which is the standard cost estimating risk.  The increased portion is the amount of schedule/technical risk that was added as a result of the established correlations.  
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Figure 9.0-1 Before and After Total Risk Percentages

The numerical results in Table 8.0-1 show that the item which clearly increased the most (added ~30%) was software maintenance.  This is because software development is correlated to software maintenance, and is composed of items that were assessed with very high schedule/technical risk scores.  This is not unusual since software development estimates have historically incurred very large amounts of cost growth.  At the other extreme is Other Recurring Investments which had a relatively small increase (~4%).  This line item estimates the replacement of ship adjunct processors so it is linked to the Ship hardware section of the acquisition estimate.  This is a well-defined item and therefore has a low risk score which is reflected on the cost of the replacements.  

Table 9.0-2 shows the risk estimates for all phases of the estimate before and after the model changes.  Note that the overall O&S risk percent seems understated in comparison with the other phases.  This is likely an anomaly with this element (systems are called elements in BMDO) because of the fact that the “Other Recurring Investments” item takes up the bulk (63%) of the entire O&S estimate.  Since it has low risk (as noted in the previous paragraph), it weighs down the risk of the entire phase.  This can also be seen by the fact that the O&S percentage (9.4%) is very close to the Ship Production result (9.8%).  With other estimates, we would expect the risk of the entire phase to be somewhat closer (possibly a little less due to the independent line items) to the other Acquisition phases.
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Table 9.0-2  Navy Area Risk Model Results-All Phases


In addition to the resulting amount of risk dollars to add to the point estimate, it is also important to observe how the variation of the estimate was affected and examine the resulting correlation.  In Table 8.0-1, note that the CV increased for each element that became correlated to acquisition.   This is logical as before we had a fixed base number multiplied by random cost estimating risk draws.  With the modifications, the base number rises and falls with the acquisition line item it is connected to, therefore the variability increases significantly.   Also, note that the total CV increased to 0.23, which seems to be more realistic than the previous result.


Perhaps the most important observation of all is to examine the correlation before and after the model variations.  We will use the software maintenance example again and graphically show the relationship of a series of 50 random draws between Software Development and Software Maintenance.  This can be done using Crystal Ball by running a simulation of 50 iterations and then retrieving the 50 resulting values calculated for each variable. Then these values can be plotted and regressed to determine the relationship between the two variables.  Figure 9.0-3 shows the results of this exercise.  Clearly in the "Before" run, Software Maintenance costs were drawn from a narrow distribution, completely unaffected by the Software Development draws.  In the "After" graph, notice that when Software Development costs were high, Software Maintenance costs tended to be high as well.  This is exactly how (positive) correlation is defined.  The visuals make it clear that correlation exists in the model, and it is implemented in a way that is as accurate as possible at this point.  The "After" regression is significant and implies a correlation of ( = .61 and the equation y =.15 x - 1.87.  This is not to say we have confidence that these results exactly reflect reality, but it is clearly a better result than what was previously accepted.  We now feel comfortable the model is generating scenarios that we find believable and that results in an unquestionably strong advance in BMDO’s risk modeling capabilities.
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Figure 9.0-3 Software Correlation Before and After

10.0    CONCLUSION

The methodology presented in this paper has significantly enhanced the quality of BMDO O&S cost estimates.  The concepts are relatively simple to implement and  require assumptions that can be feasibly made by a cost analyst.  All that is required is an idea of what relationships make sense between O&S and acquisition, and a knowledge of the best methods currently available for cost estimating.  As future parametric analysis of O&S cost data occurs, it can easily be incorporated into this methodology for continued enhancement.  For now, we have achieved a higher level of accuracy with a very small amount of additional effort.  This is a valuable result that is becoming typical of expanded studies involving functional correlation.  It is fundamental to accomplishing robust and elegant risk analysis and strengthening the bond with cost analysis.  This is especially true with O&S estimating as it is not focused on as much as acquisition and the data are scarce.  It is therefore equally important to focus future research on improving cost estimating tools, which will in turn, improve the quality of future assessments of risk and predicting overall expected cost.

Y= 0.74 X - 0.18
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