APPENDIX C:





INTEGRATING THE MAXWELL RISK CRITERIA MATRIX (MRCM) WITH THE ANALYTICAL HIERARCHY PROCESS (AHP)





�



	A briefing presented to the 24th Annual DoD Cost Symposium, entitled "A Quantification Structure For Assessing Risk-Impact Drivers" by R.L Abramson and S. A. Book, from the Resource Analysis Directorate of the Aerospace Corporation, outlined a procedure for developing a cost estimate of a subsystem that incorporated the influence of risk on cost. The briefing was based upon previous work done by F. D. Maxwell, also of the Aerospace corporation, who developed a risk-driver matrix that is known at the Space and Missile Systems Center as the Maxwell Risk Criteria Matrix (MRCM). 


	The Maxwell Risk Criteria Matrix (MRCM), as developed by Dr. Maxwell, is very useful in locating where a subsystem being evaluated for risk is relative to the criteria qualitatively (Fig. 1).  However, as Dr. Maxwell points out in his paper, a shortcoming becomes evident as soon as one tries to quantify this location.  The problem is that a numerical scale must be developed along each criterion's location continua in order to measure the magnitude of riskiness.  Too much arbitrariness and not enough precision is allowed to enter into the risk evaluation.  In this appendix I will present an alternative application of the MRCM.  I will demonstrate that embedding the MRCM within an Analytical Hierarchy Process (AHP) model eliminates arbitrary scaling problems and allows for the refinment of the MRCM by making it easy to weight not only all the Maxwell Criteria but also easy to scale each of the individual criterion's location continua. The creation of a cost-risk factor developed as a result of this approach will be described. �



RISK-DRIVER�
(FIG 1)


LEVEL�
�
CATEGORY�
Low�
Medium-Low�
Medium�
Medium-High�
High�
�
1. Required Technical Advancement�
Nothing new�
Minor modifications


only�
Major modifications�
State of the art�
Beyond state of the art�
�
2. Technology


Status�
Currently in use�
Prototype exists�
Under development�
In design�
Concept stage�
�
3. Complexity�
Simple�
Somewhat complex�
Moderately complex�
Highly complex�
Highly complex with uncertainties�
�
4. Interaction/


Dependencies�
Independent of other risk drivers�
Dependent on one additional risk driver�
Dependent on two additional risk drivers�
Dependent on three additional risk drivers�
Dependent on more than three additional risk drivers�
�
5. Process Controls�
Statistical process controls (SPC)�
Documented controls (no SPC)�
Limited controls�
Inadequate controls�
No known controls�
�
6. Manufacturing Precision�
High�
Adequate�
Limited margins�
Known but inadequate�
Unknown�
�
7. Reliability�
Historically high�
Average�
Known limited problems�
Serious problems of unknown scope�
Infeasible�
�
8. Producibility�
Established�
Demonstrated�
Feasible�
Known difficulties�
Infeasible�
�
9. Criticality to Mission�
Nonessential�
Minimum impact�
Known alternatives available�
Possible alternatives exist�
“Show stopper”�
�
10. Cost�
Established�
Known history or close analogies�
Predicated by calibrated model�
Out of range of experience�
Unknown or unsupported estimate�
�
11. Schedule�
Demonstrated�
Historical similarity�
Validated Analyses�
Inadequate analyses�
Unknown or unsupported estimate�
�
�
COST-RISK DERIVATION


 


	The cost-estimation process often assigns "low", "best", and "high" cost estimates to each subsystem.  The low cost estimate generally specifies subsystem cost under the most optimistic assumptions concerning development and production capabilities.  The best-estimate cost is typically derived from the output of a cost model or other appropriate estimating procedure such as analogy or engineering buildup.  The MRCM was developed to determine a realistic and credible high-end cost that encompasses the impacts of all technical risks faced in developing and producing the subsystem. It does this by producing a 'risk factor' to apply to the best-estimate cost to determine a high-end cost. The low, best-estimate, and high costs then define a triangular probability distribution of cost for each subsystem.  Monte-Carlo random sampling from each subsystem's triangular distribution produces a sequence of realizations of total-system cost that combine to define the cumulative distribution of total-system cost.  Percentiles of total-system cost can then be read off the cumulative distribution. 


	The numerical value of the risk factor is determined by evaluating risk levels of the subsystem under study with respect to the 9 risk-driver categories (Fig. 1).   A number, called a "risk value", is selected from an appropriate "risk-driver scale" and assigned to each of these categories.  In accordance with engineering judgment concerning the specific nature and application of the subsystem under study, one particular risk-driver scale may be more appropriate than others.  Scales that have been used in the past include the linear, logarithmic, and exponential scales.  The risk factor for the subsystem as a whole is then calculated by averaging the risk values for the 9 risk-driver categories.  Depending on the circumstances, a mean, median, or weighted average may be appropriate.1


	This appendix will suggest answers to F.D. Maxwell's three open questions presented at the end of his paper, (1) How the risk-driver numerical scale should be selected to realistically reflect a subsystem's high-end cost; (2) How risk values should be weighted among the various risk categories in compiling the subsystem risk factor; and (3) Whether or not different risk scales should be used for different risk categories. 





THE ANALYTICAL HIERARCHY PROCESS (AHP)





	The Analytical Hierarchy Process (AHP) allows for the modeling of criteria involved in influencing the outcome of any decision.  Most often it is used in differentiating among alternative selections, for example, automobiles to buy, locations to build a retail store, personnel to hire, etc., based on criteria that are relevant to each decision.  


	The form of the criteria modeling is a 'tree' structure, the overall 'goal' of the modeled structure identified at the top of the tree with criteria and sub-criteria filling out the lower 'branches'.  At the bottom of the tree are the 'leaves' or selections the decision maker is trying to choose among. Thus, AHP allows the factors that bear on the decision to be broken down into their separate pieces so that the decision maker can evaluate his or her factors individually.  


	Once so modeled, the criteria can be weighted relative to the goal, and sub-criteria can be weighted relative to their criteria, providing the decision maker with the flexibility of building-in his or her relative measures of importance to the criterion and sub-criteria. As I shall describe, this ability addresses F.D. Maxwell's three open questions mentioned above.  The technique utilized for the weighting procedure is the 'pairwise' method.  In this method for the criteria,  each criterion is compared to each other criterion relative to the goal, a matrix of these ratings is tabulated by application of  AHP mathematics, and a vector of values, called an eigenvector, is produced for the criteria so rated.  The values calculated for each criterion in the eigenvector are the weights assigned to each criterion.


	Once all the criteria are weighted by the decision maker to his or her satisfaction, each of the selections is rated relative to intensities (i.e. high, medium, low; simple, somewhat complex, moderately complex, highly complex; etc.) developed for each of the criteria or sub-criteria and the selection rated relative to the intensity scale. 'Scores' are accumulated for each selection by summing the products of the criterion's weight and the selection's intensity weight values across all criteria in a spreadsheet-like format.  The rows are the selections and the columns are the criteria and sub-criteria.  An intensity rating is input to each cell where a row and column intersect. The selection with the largest overall 'score' is generally the preferred selection, however, in this application of the AHP, the scores of each selection are used to generate a ratio that represents the relative risk between the baseline and the alternative.  In my example only two selections are compared, "Alternative A" and "Baseline".  (See top half of Figure 2)





INTEGRATING THE MRCM AND THE AHP





	Since the MRCM is a set of criteria it can, therefore, be modeled in AHP.  Once so modeled it is quite straightforward to utilize the features of AHP described above to weight the risk-driver categories (i.e. criteria) and derive an eigenvector that represents the cost estimator's or engineer's judgements about the relative importance of each criteria and intensity influencing the program's subsystem under evaluation.  


	 In the application of AHP to risk analysis we are concerned with just two selections.  The first is the new program's subsystem we are trying to cost estimate (in this illustration case, 'Alternative A'), and the second is the technological reference point program(s) (i.e. 'Baseline'),  for the subsystem as it exists in today's level of technology.


	 Since each criterion has a range of intensity levels associated with it, for example, the intensities 'Nothing New', 'Minor Mods Only', 'Maj Mods', 'State of the Art', 'Past State of the Art', for Required Technology Advancement, etc., each intensity weight can be determined the same way that the main criterion's weights were determined, i.e. by pairwise comparison.  This allows for the explicit scaling of risk driver range values (i.e. intensities) not only independent of the other criteria but also without having to make an arbitrary determination of whether this range is a linear, logarithmic, exponential, etc., scale.  The subsystem expert's own judgements determine the mathematical 'function' type.


	Once the hierarchy is developed all that remains is the ratings of the selections.  We rate both program's subsystems against each risk driver category with respect to where each program's subsystem falls within the risk driver category's risk levels.  A summing is then completed for each program's subsystem across all risk-driver categories and a weight or a 'score' developed for each program's subsystem.  The new program's subsystem score is divided by the reference point program's subsystem score and a ratio developed which is the risk factor to apply to the best estimate to determine a high-end estimate.  (See Figure 2)








�





FIGURE 2











ANSWERS TO F.D. MAXWELL'S QUESTIONS





	At this point I would like to return to F.D. Maxwell's three open questions presented at the conclusion of his paper and present answers to each.


	 (1) How the risk-driver numerical scale should be selected to realistically reflect a subsystem's high-end cost?  (Dr. Maxwell is referring to what I have termed 'intensities'.)   There should be no 'selection' at all!  The weighting of the intensities is handled within the pairwise comparison exercise.  There is no need to 'decide' ahead of time how they should be weighted, that is, in some arbitrary fashion, when the weighting becomes the natural result of the pairwise comparison process.


	(2) How risk values should be weighted among the various risk categories in compiling the subsystem risk factor?  Using the AHP there need only be the subsystem expert's judgements entered when deciding the relative importance of either the risk-driver categories or the intensities within each risk-driver category.


 	 (3) Whether or not different risk scales should be used for different risk categories?  The answer to this question is simply a moot point.  Again, there is no need to think about whether or not different scales should be used because different risk scales are the by-product of the AHP weighting process.  If the subsystem expert believes that all intensities are of equal influence then each intensity will be assigned an equal weight.  If he or she believes that they are not of equal influence, the subsystem expert is free to weight them accordingly, unconstrained by having to decide ahead of time which type of function to attribute to their relationship.  The resulting function will be a natural fallout from the AHP.





SUMMARY


	


	By utilizing the MRCM and the AHP a methodology was developed to derive a factor to apply to the most likely cost estimate that would generate the high-end of a triangular distribution useful for probabalistic cost-risk analysis. (The low end or 'optimistic' end of the triangular distribution can also be generated if the subsystem experts adjust their frames of mind to think very optimistically.  Then the risk adjustment factor's value could be < 1 (less than one) identifying a possible cost lower than the most likely cost estimate, which would certainly be optimistic!)  Using the AHP eliminates the necessity for arbitrarily setting numerical scales for the MRCM and assists in the weighting among the risk-driver categories.  One question remains for the author and that is simply that once a risk factor has been derived, why should we use it as a direct multiplier on the most likely cost?  I am not convinced that, a priori, we know that the true relationship between the most likely cost and the high end cost is represented by the factor we have developed.  Even though much thought has gone into developing the criteria, sub-criteria, intensities, and ratings of the selections against the intensities, the assumption that the relationship between this factor and the 'best estimate' is linear is just that, an assumption.  Through the application of the MRCM and AHP a great stride has been made to avoid the 'garbage in, garbage out' situation for generating endpoints to a distribution, further investigation is warranted. It is quite possible that during the actual development of the subsystem the honestly perceived risk, before beginning the project, would be managed to affect the cost outcome in a manner not exactly like we postulated with our risk factor.  Perhaps, after the subsystem has been developed, the cost impact turned out to be less by a quarter the risk factor we developed.  Perhaps if we had taken the square root of our derived factor we would be closer to the true relationship between the most likely cost and the high end cost? 


	


CONCLUSION BASED ON THIS YEAR'S STUDY





	During the last year in developing the strategy for risk tracking the authors have come to the conclusion that focusing on the derived factor is not the most productive approach.  If the desired product of this research is to arrive at a more accurate way of predicting final costs (which the authors contend is the correct focus) then the correct comparison should focus on the correct confidence level to select when bringing an estimate to a CAIG review.  By gathering hard data on final costs for systems that have been cost-risk analyzed in the manner described by the risk tracking strategy, that is, by performing this AHP Relative Risk Weighting (RRW) technique, 'a priori' an estimator will have developed a credible cumulative distribution function (CDF) upon which the final cost can be placed and an empirically-based confidence level can be identified.  Having this information in hand, by subsytem or even by component, the cost estimator can more accurately predict final costs containing the influence of technical and schedule risk.


	The authors also refined their approach to developing the cost-risk adjustment factors using the RRW technique.  The point estimate most often is based on some past actuals, be they from a CER data base or analogies.  The authors concluded, therefore, that some risk-driven cost change has already been accounted for in the point estimate and to avoid double-counting, only risk around the system represented by the point estimate (CARD-defined system) is used to develop the adjustment factor.  The CARD-defined system is first profiled against the risk criteria and then Pessimistic and Optimistic profiles are developed.  The comparison that results in the adjustment factors is between the Pessimistic and CARD and between the Optimistic and CARD profiles.  The ratios resulting from this comparison are the adjustment factors.  In a sense this is a 'marginal' risk analysis using the CARD profile (represented by a point estimate that already contains some risk-driven cost effects) to identify that risk due to future possible risks. 





