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ABSTRACT 
The Robotics and Process Systems Division of the Oak Ridge National Laboratory and the Westinghouse Savannah River Company 

have teamed with JBF Associates, Inc. to address risk-based robotic planning. The objective of the project is to provide systematic, risk-based 

relative comparisons of competing alternatives for solving clean-up problems at DOE facilities. This paper presents the methodology devel

oped, describes the software developed to efficiently apply the methodology, and discusses the results of initial applications for DOE. The 

paper also addresses current work in applying the approach to problems in other industries (including an example from the hydrocarbon 

processing industry). 

BACKGROUND 
Initially, this study focused on identifying and establishing the methods needed for risk-based robotic planning. Our specific focus was 

on the information that would help managers rationally choose between various robotics options and human options for accomplishing a 

particular task. As a result of this work, we developed a methodology and a software tool DECIDE (DECIsion Eefinition and Evaluation), 

that not only accomplishes all of the original goals for the project but also has a much wider application to risk-based decision making. 

Throughout the life of a project, selections are made between competing alternatives. Any rational analyst will correctly choose the "best 

alternative" if (1) the stakeholders identify all of the important factors for distinguishing between the alternatives, (2) the analyst develops 

reliable assessments of how each alternative rates against each evaluation factor, and (3) the stakeholders agree upon the relative weights for 

the evaluation factors. Failing to select the "best" of the competing alternatives will, by definition, cause the project to incur unnecessary risks 

(where the overall risks are a combination of safety, environmental, economic, legal, regulatory, and public/employee perception risks). 

The decision maker(s) must always strike a balance between making a decision with insufficient and inadequate information vs. waiting 

until "perfect" information is available to make a decision. Attempting to make a decision with insufficient and inadequate information can 

easily incur unnecessary risks. However, failing to make a prompt decision can just as easily incur unnecessary risks. 
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A World War II general indicated that a good battle plan implemented promptly was much better than the perfect battle plan implemented 

too late. This points toward an ever present tension in the process of risk-based decision making. That is, the decision maker is faced with the 

need to make a selection between competing alternatives in the absence of the "desired" perfeo data. Thus, the decision maker must rely on 

information that is based on a combination of data with varying degrees of uncertainty. 

Historically, we have relied on the expert manager to gather the available facts and to then make a decision based on past training and 

experience. Today, there is a greater demand than ever to allow many voices to be heard throughout the decision-making process. Thus, it is 

essential to employ a risk-based decision methodology that provides for (1) the efficient definition and collection of relevant data and expert 

judgment and (2) the clear presentation of this information and the associated uncertainties to all individuals involved in the decision-making 

process. 

Every rational decision maker strives for good decisions (not necessarily perfect decisions) on a consistent basis. Of course, the decision 

maker wants a positive outcome and approval from stakeholders for each decision, but failing to achieve these results does not mean that a 

decision was poor. Accepting calculated risks or choosing an alternative that is more politically acceptable than cost effective could be a good 

decision, even if in hindsight the outcome is undesirable. (In fact, a decision maker would often make the same decision again, even though 

the results of the last similar decision were negative.) Conversely, positive results can occur from completely arbitrary (or even intentionally 

detrimental) decisions. A solution to a problem selected by a flip of a coin may achieve positive results, but few would call this a good 

decision. 

Judging the quality of a decision is more a measure of the process for formulating the decision than an evaluation of the results from the 

decision. Thus, a good decision-making process is the distinguishing feature of a good decision. 

A good decision-making process deals with good decisions on several key elements, as shown in Figure 1: 

Good (practical, capable, viable) alternatives — a good process has features for identifying problem solutions that are 

(1) practical based on existing or reasonably achievable technology, (2) capable of producing a positive outcome, and (3) viable 

in that the alternative will not violate critical project constraints 

• Adequate distinguishing factors — involvement of all stakeholders provides the mechanism to identify the important factors/ 

issues that influence selection from among competing options in a good decision-making process 

• Appropriate weights among factors — a good process incorporates judgments about the relative importance of each factor that 

helps distinguish between alternatives 

Reliable assessment of factors — any good decision-making process includes a reliable assessment or valuation of each factor for 

m each alternative and accounts for uncertainty associated with the assessment 

• Rational interpretation — a good process provides information such that decision makers can make more objective decisions 

based on available information, minimizing the effects of personal bias, unstated concerns, and unfounded opinions 

Improved alternatives — features that help identify opportunities for improvement in the possible solutions (including the 

apparent best alternative) are a part of any good process because they lead to better solutions 

While positive or negative results are not an effective measure of an individual decision, consistently positive or negative results from a 

decision-making process are successful "measuring sticks" for the quality of the process. 
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FIGURE 1 PYRAMID SHOWING THE BASIC BUILDING BLOCKS FOR GOOD DECISIONS 

This perspective on what constitutes good decision-making requires that a consistent methodology, building on the key elements shown 

in Figure 1, be a part of any decision-based planning activity. Without such a methodology, there is little confidence of making good planning 

decisions on a consistent basis. 

APPROACH 

In our analysis of the risk-based robotic planning problem, we discovered that what is needed is a general approach. Such an approach (1) 

permits use of specialized assessment tools (ranging from simple "back of the envelope" approaches to very sophisticated analysis methods) 

for evaluating how each alternative rates against a set of key decision factors and (2) incorporates this information into a systematic frame

work that helps decision makers choose the most appropriate option from among the competing alternatives. Thus, the project team decided 

that the planning methodology and analysis tool must be: 

Flexible enough to interface with various techniques for qualitatively and/or quantitatively characterizing system parameters that 

distinguish competing alternatives 

* Sophisticated enough to manage and relate the data to provide overall comparisons between alternatives as well as comparisons 

in relation to each decision factor 

* Advanced enough to address uncertainty in the input data and the final results 

_• . Simple enough for managers facing decisions to effectively use the methodology and analysis tool without extensive training 

* Smart enough to use information from previous evaluations of similar problems to help managers make more informed and 

consistent decisions 

The risk-based decision methodology and DECIDE help decision makers identify the best alternative using the minimum amount of 

information needed to discriminate between competing alternatives. Initial applications demonstrate that the combination of the methodology 

and the DECIDE software is a powerful and practical tool in making good risk-based decisions in an efficient manner. 
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The project team chose a specifically crafted relative ranking tool as the basis for the Risk-Based Robotic Planning project This 

technique has the following features: 

• The ability to accommodate (and easily revise) all of the decision factors that are important for a specific application 

• The ability to characterize uncertainty in the relative comparisons of alternatives and to examine how that uncertainty could lead 

to different decisions 

The ability to create relative rankings of various alternatives using qualitative, quantitative, and/or graphical comparisons of 

input data about key decision factors to help managers discriminate between competing alternatives 

• The ability to define relative weighting relationships between the decision factors to derive a "best" solution based on simulta

neous consideration of all decision factors 

The ability to use libraries (based on previous evaluations of similar problems) to ensure that an evaluation of alternatives does 

not overlook or inappropriately assess factors that could influence decisions and to simplify the evaluation process 

• The ability to manually define decision factors that may not have been anticipated by the libraries mentioned above 

• The ability to identify improvements to alternatives and to examine what the effects on decision factors would be if such 

improvements were implemented (i.e., "what-if' scenarios about how improvements to alternatives could result in different 

decisions) 

Implementing the technique in a computer software package provides a user-friendly and efficient tool for conducting evaluations of 

alternatives for solving problems. 

METHODOLOGY 

The relative ranking methodology defined by our work is reasonably straightforward. Figure 2 graphically depicts the 10 major steps in 

applying the evaluation methodology. 

The following subsections provide a discussion of the important concepts and pitfalls for each of the steps identified in Figure 2. An 

additional step is also described for improving alternatives. If you would prefer to review actual applications performed using the method

ology instead of investigating the details of the methodology, then you should proceed to the discussion of a test application for a DOE facility 

or to the discussion of a test application for the hydrocarbon processing industry. 

Step 1 - Identify the Problem 

CONCEPT - A problem is a specific situation that has created the need for someone to choose between competing alternatives (defined 

below) for remedying the situation. 

PITFALLS - Failing to define a manageable problem with definable competing alternatives. 

Step 2 - Define the Tasks/Phases for Problem Solution 

CONCEPT - In relation to solving a problem identified in Step 1, tasks/phases are the major conceptual divisions of the operation/ 

activity that remedies the situation associated with the problem. 
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FIGURE 2 METHODOLOGY FOR EVALUATING COMPETING ALTERNATIVES 

PITFALLS - The major pitfall is simply failing to perform this task or only doing this task in a superficial way. Failing to divide i 

problem into tasks/phases often results in a failure to identify important decision factors. 

Step 3 - Specify the Competing Alternatives 

CONCEPT - Competing alternatives are potential solutions to the problem (as defined above) that are fully capable of satisfying the 

minimal requirements for remedying the problem situation as well as complying with other external requirements such as pertinent rules, 

regulations, codes, and standards. 
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PITFALLS - Competing alternatives must apply to the problem at hand. If some form of screening on the ability to meet minimal 

requirements does not occur, an alternative with a "'fatal flaw" may be selected because its weaknesses are offset and hidden by its strengths 

in the evaluation process. An initial screening of alternatives for compliance with minimal requirements is necessary before considering the 

alternative in the competitive evaluation process. 

Step 4 - Identify the Important Decision Factors and Sub-Factors (as necessary) 

CONCEPT - Decision factors are the important parameters/characteristics that (1) individually discriminate between specific strengths 

and weaknesses of alternatives and (2) jointly characterize the overall appropriateness of alternatives for selection as the problem solution. 

Sub- factors are the constituents of a decision factor and are specified in some cases to model a decision factor in more detail. Numerically, 

the sum of the sub-factors equals the factor. 

PITFALLS - Defining the decision factors is perhaps the most important step in applying the methodology. Failing to include an 

important factor in the model significantly increases the risk of making a poor decision. The process of clearly defining the problem and its 

tasks/phases certainly helps structure thinking about decision factors, but does not ensure that all important factors are identified. The best 

protection against overlooking important factors is having experienced personnel from diverse backgrounds participate in a brainstorming 

session. The synergy of such a group helps them do an excellent job of identifying important decision factors, but there is never any assurance 

that all of the important factors have been addressed. The key is having the right group of people evaluating the alternatives. 

On the other end of the spectrum, an overzealous analyst may be tempted to include too many factors in the model. This can be 

detrimental because it increases the complexity of the analysis and distracts analysts from the really important factors. Models for evaluating 

competing alternatives should be developed to a level that they are barely adequate for decision making, no more and no less. 

Issues listed as sub-factors must have a direct relationship to the factor (e.g., only types of costs should be included under the cost factor). 

If this relationship does not exist, the issue should be listed as a separate factor (or perhaps a sub-factor of another factor). Sub-factors are 

basically itemized breakdowns of factors and should only be used to clarify understanding about a factor. As mentioned above, models for 

evaluating competing alternatives should be developed to a level at which they are barely adequate for decision making. 

Step S - Establish a Scoring Scale for judging Each Decision Factor 

CONCEPT - The scoring scale provides the structure for evaluating the worth or significance of the specific value established for each 

factor. The mapping of a value for a factor must be defined for the problem being analyzed. That is, the analyst must define the structure and 

the resolution of the scoring scale (e.g., 1 to 10, 0 to 100) and how the range of values for the factor of interest relates to the scale. For 

example, if the scoring scale ranges from 1 to 10, then a specific range of values must be assigned to each point on the scale. 

PITFALLS - Unless the scoring scales are well defined and the information for scoring is very precise, applying "values" for factors/sub-

factors will be very subjective. Different people can interpret the same (or similar) information very differently, leading to variances in scores. 

The key is to define scoring scales as well as possible to help reduce subjective interpretation of the scales. Benchmarking points on scoring 

scales by using examples that would be well known to those assigning values can help improve the quality of the estimates. 
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Another pitfall is in the convention of the scoring systems. The scoring systems must be consistent as to whether high scores for each 

factor/sub-factor are good or bad (e.g., Is a 10 a good score or a bad score for a factor?). The scoring system definition should ensure that high 

scores are consistently good or bad for every factor/sub-factor (e.g., assuming that 10 is always a good score for every factor/sub-factor). 

A third pitfall is failing to consider how important the resolution of the scoring systems is. A scoring system that is too broad will not 

sufficiently differentiate between alternatives. For example, a scoring scale ranging between $0 and $1,000,000 over a 10-point scale is 

unlikely to differentiate between alternatives with costs of $150,000 and $190,000, respectively. This lack of differentiation may be appro

priate if a difference of $40,000 would not significantly affect the decision-making process, but the lack of differentiation could conceal the 

fact that there is a real difference between the alternatives in terms of costs. On the other hand, dividing a scoring scale too finely will create 

an overstated difference between alternatives. For example, if a cost scale for comparing two alternatives (costing $99 and $ 100 respectively) 

has 10 divisions across a range of only $99 to $ 100, then there will be a 9-point scoring differentiation between the $99 and $ 100 alternatives. 

This could clearly overstate the differences between the alternatives, possibly affecting the overall decision process. As a guide, define ranges 

for scoring factors/sub-factors across the most reasonable spectrum of "values" for the application, not just the actual range between compet

ing alternatives. The key is to ensure that those participating in the decision-making process (1) feel that a specific division of the scale 

represents a class or range of "values" that are more or less equivalent for this application and (2) feel that the preceding and following 

divisions of the scale represent a class or range of "values" that are notably different for this application. 

Step 6 - Assign "Values" to Factors/Sub-Factors 

CONCEPT - A "value" must be established for each factor or sub-factor (sub-factor values are summed to establish a single value for the 

factor) of each competing alternative. A value represents the best information available, and is expressed in the defined units of the factor (e.g., 

$, injuries, rem, excess cancers). The best information available can range from a definitive cost quote from a contractor for the cost of 

specified existing equipment to a best estimate of how long it will take to perform a "never-before-performed-task." A value can be expressed 

either quantitatively (e.g., $ 100,000) or qualitatively (e.g., very low). A value or a range of values must then be "mapped" to a score for the 

particular factor. Because the uncertainty associated with the input data can have a significant impact on the decision to be made, it is 

important to allow those establishing the input values to express the uncertainty in the input data. This methodology allows the user to express 

the worst case and best case for each defined value. 

PITFALLS - Failing to account for uncertainty in the input information (e.g., by not using worst-case and best-case situations) may 

mislead decision-makers if the best estimates are ultimately shown to be inaccurate. Considering and documenting uncertainty in input 

information helps decision makers by (1) showing/acknowledging the uncertainty in the overall results and (2) increasing the confidence that 

the overall results are not based solely on a single anticipated situation or outcome. 
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Step 7 • Apply Importance Weights to Decision Factors* 

CONCEPT - Because some decision factors will likely be more important to evaluators than other factors, weights for the various factors 

are used to derive an overall comparison of alternatives based on weighted scores. For example, in an evaluation of alternatives based on two 

factors (Factor A and Factor B), Factor A may be twice as important to the decision makers as Factor B; thus, Factor A has a weight of 67% 

and Factor B has a weight of 33%. Together with the scoring systems described above, the weights serve as a basis for determining overall 

comparisons between alternatives. Weighted scores allow factors with different units to be simultaneously considered in a single cumulative 

weighted score. 

PITFALLS - Weights are highly dependent on the beliefs, experiences, and opinions of each person involved in the decision-making 

process. If the weights do not reflect the actual relative importance of decision factors as viewed by those who will make the decision, the 

results of the evaluation will likely be difficult for the decision makers to accept. Direct input from the decision makers is highly desirable 

throughout the evaluation process, but is virtually mandatory in assigning the weights among factors. In fact, having the decision makers 

actually assign these weights (and perhaps defend the weighting strategy) may lead to them revising their preconceptions about relative 

importances of factors. Without involvement of all of the decision makers at this stage, the evaluation process is unlikely to produce results 

that truly indicate the best alternative for this problem (and subsequent review by all the stakeholders would likely fail to win widespread 

acceptance). 

Step 8 - Generate Overall and Factor-by-Factor Comparisons of Alternatives 

CONCEPT - Although much can be learned through factor-by-factor comparisons between competing alternatives, the ultimate question 

is, "Which alternative provides the best overall solution to the problem?" The scores for individual factors and the weights assigned for each 

factor form the basis for generating overall comparisons of competing alternatives. The weight for each factor is applied to the score for each 

factor to generate a weighted factor score, and the weighted factor scores are summed to generate the overall score for each alternative. The 

overall scores are indicative of which alternative best solves the problem at hand (i.e., the alternative with the highest (lowest] weighted score 

is best if an individual factor score of 10 [1] is good). If uncertainty bounds are used for "values" assigned to factors, the calculation approach 

is repeated for a worst-case overall score, a best estimate overall score, and a best-case overall score (using only the worst-case, best estimate, 

and best-case scores for the factors, respectively). 

PITFALLS - Provided that the steps completed to this point in the evaluation are correct, there are few pitfalls at this stage other than 

basic computational and clerical errors. Computerized implementation of the methodology minimizes the likelihood of errors at this stage. 

'This step is optional. If the decision maker has difficulty in establishing the weights (e.g., Health vs. Environment vs. Cost), then it may be best to 

simply present separate results for each factor. For example, computer magazines present separate figures for computer speed and customer service when 

comparing hardware. Also, if the decision maker has sufficient information to make a decision from factor-by-factor comparisons (in which case, generation 

of overall scores is not necessary), there is no need or value in applying weights to the decision factors. This is most often the case when one alternative is 

clearly better than others (i.e., the alternative scores comparably or better than others in all areas or at least in the areas of most interest to the decision maker). 
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Step 9 • Revise the Model (as necessary to gain consensus) 

CONCEPT - The initial model created through the evaluation process will likely need some level of revision after review of the prelimi

nary results from Step 8. Review of the preliminary results from Step 8 may identify any of several necessary revisions: 

Revisions in the problem statement to more clearly and/or specifically define the problem 

Clarifications/additions to the list of tasks/phases for problem solution 

Modifications/additions to the list of competing alternatives 

Modifications/revisions to the scoring scales for each decision factor 

Modifications/revisions to the factors/sub-factors and their "values" 

Modifications in the weights assigned to factors 

Generally, these types of revisions occur because of (1) deterministic errors in the data (e.g., an incorrect cost score assignment or an 

inconsistent scoring system definition), (2) disagreements about input data (e.g., differing opinions about "values" assigned to factors/sub-

factors and/or the weights assigned to factors), and (3) conceptual difficulties associated with problem definition and applicability of various 

alternatives. 

This step in the evaluation process is iterative. In fact, several iterations may be required before a model can attain consensus among a 

group evaluating the problem (including the decision makers). The key is to ensure that the model and results are complete and accurate (to 

the level necessary for decision making). If the model and/or its results do not make sense (i.e., the indicated solution seems incorrect), then 

(1) preconceived notions about the best overall solution are not accurate or (2) some part of the existing model needs revision. If some 

member of the evaluation group takes issue with the indicated results, that person should highlight changes in the model that address his or her 

concerns. The model should be revised and the new results examined. The individual suggesting the change (or others) should suggest any 

additional changes to the model until the group reaches consensus that the model is sufficiently developed and accurate. 

PITFALLS - The process of iteratively modifying the model to reach consensus on completeness and accuracy is very important for 

developing quality models and results, but also presents several pitfalls. First, evaluators can easily become so focused on revising the model 

(especially including more and more detail into the model) that the level of precision exceeds the level needed for decision making (i.e., more 

than the levei of resolution necessary to draw a distinction between alternatives). Second, a group or individual with a vested interest in one 

alternative may make changes in the model/data to make the model more favorable to a specific alternative. (Well-intentioned people may 

make this mistake when they truly believe an alternative is best, even if no one can identify a weakness in the model.) Third, evaluators may 

not reach consensus. Strong beliefs, opinions, and interpretations of data that people have or make about alternatives may not allow group 

consensus. The best solution for all three types of problems is to have participation in the evaluation process by someone (e.g., an experienced 

group facilitator) who is at least somewhat independent of the various groups that have a vested interest in the problem at hand. An indepen

dent facilitator can focus the evaluation, maintain integrity in the data collection, and manage/negotiate conflicts about model revisions. 

However, in many cases (especially the lower profile and/or less complex problems), these comparative evaluations will be performed by one 

person who must be sensitive to the three types of problems described above. 
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Step 10 - Use Results in Deciding Between Alternatives 

CONCEPT - After obtaining consensus for a model, the results are ready for use in decision making. The model and its results are never 

a mandatory choice for decision makers, but simply provide well-documented comparisons of alternatives based on expert judgments and 

available data that the decision makers can use as input into their ultimate decisions. In regard to a specific alternative, the model will 

basically identify that the alternative is (1) clearly more appropriate for this application than other alternatives, (2) not noticeably better than 

other alternatives for this application, or (3) clearly less appropriate than other alternatives for this application. 

If a model indicates that the worst-case score for an alternative is higher than the best-case score for the other alternatives, the model is 

a strong endorsement that the alternative is likely the best solution among the competing alternatives. If the range between the worst- and 

best-case scores for an alternative overlap with the ranges of the worst- and best-case scores for other alternatives, more careful comparison of 

the alternatives with the overlapping ranges may be necessary. Unless substantial score improving enhancements are made, an alternative 

whose best-case score is lower than the worst-case score for other alternatives is not likely a good candidate for selection. 

For alternatives with overlapping ranges between worst- and best-case scores, different decisions may be indicated. Conservative 

decision makers would likely choose the alternative with the narrowest uncertainty range and/or the most favorable worst-case score. Less 

conservative decision makers would likely choose the alternative with the most favorable best estimates and/or best-case scores. If a decision 

maker needs better differentiation between specific alternatives, the decision makers could perform a head-to-head comparison of selected 

alternatives by (1) using more narrowly defined scoring systems that provide greater differentiation and/or (2) increasing the accuracy of the 

evaluation data. 

PITFALLS - Because there is never any assurance that a model is complete, the results of an evaluation should serve only as inputs to the 

decision-making process, never as a replacement for common sense and other evaluation methods. Keep in mind that this evaluation process 

assumes that all competing alternatives will meet minimal requirements. Also, this evaluation process only compares the relative merits of 

competing alternatives; there is no assurance that any of the alternatives are "good," only that certain alternatives may be better than others. 

For example, cleaning a banquet hall floor with a scrub brush may be better than cleaning the same floor with a toothbrush, but neither is a 

"good" option for most situations. 

Improving Alternatives 

In addition to discriminating between alternatives for specific applications, this evaluation methodology also helps identify key improve

ment opportunities for alternatives. On a factor-by-factor basis, the difference between the maximum score and the assigned score for an 

alternative is obvious. Conceptually, for any factor that does not receive the maximum score, some improvement opportunity exists. Specific 

improvements can be developed to minimize the weaknesses of an alternative and improve the alternative's score, making a good aitemative 

better or making a weaker alternative more competitive. Identifying the specific weaknesses of an alternative (or class of alternatives, such as 

a type of robotic system) can help direct focused efforts for optimizing the alternative's benefits. 

Although improvements can be gained by improving any weakness, improvements in some decision factors (i.e., those with higher 

weights) offer a greater effect on the overall evaluation results than the same incremental improvement in omer decision factors (i.e., those 

with lower weights). Also, decision factors with lower assigned scores tend to have the greatest improvement potential because those closer 

cmb:\papers\95-05\95-05.pm5 Page 10 



1 i 2 
gh

t 
W

ei
 

3 4 
Score 

FIGURE 3 EXAMPLE WEIGHT VERSUS SCORE CHART 

to maximum scores generally require more substantial effort to maximize the assigned value. Figure 3 demonstrates these concepts graphi

cally. Factors with Jow scores and high weights (i.e., those in area 1 on the figure) generally are strong candidates for improvement actions 

because of the ample improvement range and importance assigned to the factor. Factors with high scores and high weights (i.e., those in area 

2 of the figure) may be candidates for improvement actions, but the anticipated increase in the score would have to be significant compared 

to the benefits of other improvement actions that may cost less. Factors with low scores and low weights (i.e., those in area 3 of the figure) 

may also be candidates for improvement actions, but again the anticipated increase in score would have to be significant compared to the 

benefits of other improvement options. Factors with low weights and high scores (i.e., those in area 4 of the figure) are generally not 

candidates for improvement actions because of the small improvement range and the low weight of such improvements. The most reliable 

way to determine which improvement option to implement is to estimate improvement-to-cost ratios for each option, implementing options 

with higher ratios first. 

SOFTWARE 

To allow for efficient implementation of the 10-step methodology and the process for improving alternatives defined above, the project 

team developed the DECIDE6 (DECIsion, Definition, and Evaluation) software. A prototype of the DECIDE software was developed in 

Phase tof the project and a Beta test version of the software is under development and will be ready in the fall of 1995. DECIDE is an 

application for Windows 3.1 or above. DECIDE software has (or will have) the following features: 

• File management capabilities for storing, updating, and copying comparative evaluations of alternatives 

Library capabilities for using previously defined databases and previously solved problems to identify and characterize decision 

factors for a new problem 

Problem definition capabilities to (]) fully describe a specific problem, (2) divide the problem into smaller, more manageable 

tasks/phases, and (3) define the important decision factors/sub-factors for the problem 
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Flexible qualitative and/or quantitative scoring capabilities for decision factors 

Relative importance weighting of decision factors 

Alternative comparison capabilities, including (1) factor-by-factor comparisons and (2) comparisons based on overall weighted 

scores 

• Capabilities to identify and evaluate possible improvement opportunities for alternatives 

Report and graph generation 

TEST APPLICATION FOR A DOE FACILITY 

As a test of the methodology and the software, the project team arranged to apply the planning approach to an actual clean-up problem 

for which both manual operations and robotic systems were competing alternatives. This section of this paper summarizes the test application 

approach and its results. 

Approach 

Through a series of teleconferences, the project team discussed the following with personnel at INEL: (1) the methodology being 

developed, (2) the type of problem sought for testing the methodology, and (3) the information needed to apply the methodology. Experi

enced INEL personnel defined the problem and collected information about the problem's tasks/phases, competing alternatives, and impor

tant decision factors. The INEL personnel also assigned "values" (i.e., worst-case scores, best estimate scores, and best-case scores) for each 

decision factor of each alternative. INEL personnel supplied this information to the project team in late August 1994. The project team 

examined the data and input the data into the analysis software. On September 7 and 8,1994, the project team met with INEL personnel at the 

INEL site to accomplish the following: 

• Discuss the problem and the competing alternatives 

Review and revise (as necessary) the list of factors/sub-factors and their "values'* 

Assign weights to the decision factors 

Evaluate the preliminary comparisons of the alternatives 

Revise the comparison model to gain a group consensus of the model's completeness and accuracy 

Discuss how the results of the revised model could be used to (1) make decisions about the clean-up problem and (2) highlight 

development efforts needed to increase the viability of robotic systems for such applications 

Additionally, the ORNL/JBFA team asked INEL personnel to critique the methodology and the software. 

Problem Identification 

The analysis team worked with INEL personnel and selected a system containing a number of high radiation areas. The ceil selected was 

not decontaminated after shutdown. Loose debris (fine sand-like material, tools left after maintenance, small rocks/concrete from spalling off 

of walls, etc.) can be found on the floor of the cell. The cell, constructed of concrete (with a 7-inch-high, stainless steel drip pan on the floor), 

is 21 feet wide, 35 feet long, and 30 feet high. Access to the cell is through a labyrinth on the access corridor level and through a hatch in the 
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cell ceiling covering. Current radiation levels within the cell prohibit personnel entry for extended periods of time, and process solution 

leaking from failed valves/piping was reported during operation of the cell. The problem was to determine what type of system/operation 

INEL should select to clean up the loose debris on the cell floor. 

Task/Phase Definition 

The INEL staff considered the problem simple enough to address in one phase. During the joint meetings between the analysis team and 

INEL personnel, INEL personnel indicated that this one phase included all aspects of the clean-up operation for the cell. 

Competing Alternative Specification 

The INEL staff hypothesized four competing alternatives for solving the problem: 

Remote Liquid Decontamination - This method of removing the debris from the floor would involve a remotely operated vehicle 

(Andros Mark VI) entering the cell and removing the tools and larger materials that have been left there. Then, the vehicle 

would take a hose connected to a decontamination header into the cell and flush sand/dirt into the floor drain. The drain directs 

the material to waste handling facilities, where existing facilities would process the decontamination solution. 

Manual Liquid Decontamination - This method of removing debris from the floor would involve operators entering the cell, 

taking a hose connected to a decontamination header, and flushing the sand/dirt into the floor drain. The operators would flush 

the surfaces to reduce the radiation fields and would have to work their way into the ceil. Some areas of the cell would not be 

accessible because of radiation fields from materials contained within vessels. After the radiation fields within the cell decrease, 

operators will enter the cell to remove larger debris. 

Remote/Manual Decontamination - This method of removing debris from the floor would first involve a remotely operated 

vehicle (Andros Mark VI) entering the cell and removing tools and larger materials that have been left there. Then, the operators 

would enter the cell, take a hose connected to a decontamination header, and flush the sand/dirt into the floor drain. The 

operators would flush the surfaces to reduce the radiation fields and would have to work their way into the cell. Some areas of 

the cell would not be accessible because of radiation fields from materials contained within vessels. 

Remote Vacuum Removal of Dirt and Debris - This method of removing the debris from the floor would involve a remotely 

operated vehicle (Andros Mark VI) entering the cell and removing large materials that have been left there. Then, the vehicle 

would take a hose connected to a vacuum collection system into the cell and vacuum the sand and dirt. The waste collected in 

- » the vacuum would then be transported to existing mixed waste storage facilities. 

Decision Factor/Sub-Factor Identification 

The following are the factors that the INEL staff identified as important to the decision-making process: 

Safety: Radiation Exposure (man-rem) 

Safety: Hazardous Materia] Exposure (no units) 

• Access (no units) 
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Cost: Equipment ($) 

Cost: Support (staff-months) 

Facility Restraints: HVAC (no units) 

Facility Restraints: Facility Location (no units) 

Facility Restraints: Utilities (no units) 

Waste: Liquid Waste Volume (gallons) 

Waste: Solid Waste Volume (cubic meters) 

Waste: Storage Availability (no units) 

Waste: Treatment Availability (no units) 

Schedule: Facility/Area Availability (no units) 

Schedule: Permitting Construction (no units) 

Technology: Availability (no units) 

Technology: Flexibility (no units) 

Technology: Development (no units) 

Technology: Maintenance/Decontamination (no units) 

Two other factors, (1) Schedule: Commitments and (2) Technology: Usability, were initially included in the above list, but after further 

review by the group, these factors were omitted because they were unlikely to help discriminate between the competing alternatives. Another 

factor, Cost: Waste Generation, was also included in the initial list of factors, but the group removed this factor because the Waste: Liquid 

Waste Volume and Waste: Solid Waste Volume factors address the same issue. 

Factor/Sub-Factor Valuation 

A 10-increment scoring system was used for each decision factor. Tables 1-4 present four examples of different scoring schemes 

implemented for the various decision factors. Tables 1,3, and 4 each include a lower and upper bound associated with score (e.g., in Table 

1 the score of 5 is associated with values ranging between 10 and 12 man-rem). Each of these scoring schemes has units associated with the 

numerical values (i.e., man-rem, $, and gallons). In contrast, Table 2 presents no upper and lower bound values and thus there are no units 

associated with the table. Rather, a hazardous material exposure of "none" is associated with a score of 10 and "severe" is associated with a 

score of 1. When numerical values are provided, the analysts can either use existing experience or analyses to identify a quantitative value for 

comparison to the defined scoring table or the analyst can use "best judgment" to define the expected quantitative value for comparison to the 

defined scoring table. For example, for a particular alternative the analyst may have a bid that defines equipment costs at $110,000, which 

would receive a score of 6 in Table 3, while the analyst may establish the equipment costs for a different alternative as $95,000, which would 

receive a score of 7, based on "expert judgment" since no other information is available. The software allows the analyst to better understand 

and differentiate these estimates by assigning worst-case and best-case values to each sub-factor or factor evaluated. 

Table 5 presents the worst-case score, the best estimate score, and the best-case score for the four decision factors just addressed and each 

alternative. 
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TABLE 1 SCORING FOR SAFETY: RADIATION 
EXPOSURE (F1) (IN MAN-REM) 

TABLE 2 SCORING FOR SAFETY: HAZARDOUS 
MATERIAL EXPOSURE (F2) (NO UNITS) 

Score Description 

Lower 
Numeric 
Bound 

Upper 
Numeric 
Bound 

10 Low 0 2 

9 2 4 

8 4 6 

7 6 8 

6 8 10 

5 10 12 

4 12 14 

3 14 16 

2 16 18 

1 High 18 >18 

Score Description 

Lower 
Numeric 
Bound 

Upper 
Numeric 
Bound 

10 None 

9 

8 

7 

6 

5 

4 

3 

2 

1 Severe 

TABLE 3 SCORING FOR COST: 
EQUIPMENT (F4) (IN $) 

Score Description 

Lower 
Numeric 
Bound 

Upper 
Numeric 
Bound 

10 Low $0 $25,000 

9 $25,000 $50,000 

8 $50,000 $75,000 

7 $75,000 $100,000 

6 $100,000 $125,000 

5 $125,000 $150,000 

4 $150,000 $175,000 

3 $175,000 $200,000 

2 $200,000 $225,000 

1 High $225,000 >$225,000 

TABLE 4 SCORING FOR COST: SUPPORT (F9) 
(IN STAFF-MONTHS) 

Score Description 

Lower 
Numeric 
Bound 

Upper 
Numeric 
Bound 

10 Low 0 1 

9 1 2 

8 2 3 

7 3 4 

6 4 5 

5 5 6 

4 6 7 

3 7 8 

2 8 9 

1 High 9 > 9 
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TABLE 5 SCORES ASSIGNED FOR SELECTED FACTORS AND EACH ALTERNATIVE 

Factor 
Assigned Scores for Each Alternative 

Factor 
Worst Estimate Best 

Safety. Radiation Exposure (Fl) 

- Remote Liquid Decontamination 
- Manual Liquid Decontamination 
- Remote/Manual Decontamination 
- Remote Vacuum Removal 

9 
3 
5 
8 

10 
7 
9 
9 

10 
10 
10 
10 

Safety. Hazardous Material Exposure (F2) 

- Remote Liquid Decontamination 
- Manual Liquid Decontamination 
- Remote/Manual Decontamination 
- Remote Vacuum Removal 

7 
3 
3 
3 

10 
5 
7 
9 

10 
9 
9 
10 

Cost: Equipment (F4) 

- Remote Liquid Decontamination 
- Manual Liquid Decontamination 
- Remote/Manual Decontamination 
- Remote Vacuum Removal 

9 
9 
9 
7 

10 
10 
10 
9 

10 
10 
10 
10 

Waste: Liquid Volume (F9) 

- Remote Liquid Decontamination 
- Manual Liquid Decontamination 
- Remote/Manual Decontamination 
- Remote Vacuum Removal 

2 
1 
1 
10 

7 
5 
6 
10 

7 
7 
7 
,0 

Weighting Definition 

The INEL staff developed the weights for the factors through a two-step process: 

(1) Assigning fractional importances for the major factor groups (i.e., Safety/Access, Cost, Facility Restraints, Waste, Schedule, and 

Technology) 

(2) Further dividing the fractional contributions of the major factor groups into fractional contributions of each factor (as listed above) 

Results Generation 

Based on the assigned values and relative weights for the identified decision factors, the team generated factor-by-factor and overall 

weighted score comparisons of the four competing alternatives. After creating and reviewing preliminary results, it became obvious to the 

decisionmakers that some of the scores assigned to certain factors did not accurately reflect current conditions. Once the scores were revised, 

the group then reviewed the effect of the changes on the weighted comparisons of the competing alternatives. Table 6 and Figure 4 present the 

revised weighted scores for the alternatives. At this point, the group reached consensus that the level of detail in the model and the accuracy 

of the information was adequate for evaluation purposes. Figure 5 presents the weighted best estimates scores for each alternative on afactor-

cmb:\papers\95-05\95-05.pm5 Page 16 



TABLE 6 FINAL WEIGHTED SCORES FOR EACH ALTERNATIVE 

Alternative 

Weighted Scoree 

Alternative 
Worst Estimate Best 

Remote Liquid Decontamination (Alt 1) 5.1 8.5 9.3 

Manual Liquid Decontamination (Alt 2) 4.1 7.6 9.3 

Remote/Manual Decontamination (Alt 3) 4.0 7.9 9.3 

Remote Vacuum Removal (Alt 4) 4.1 7.3 9.3 

Weighted Scores 

10 

I 6 

•5> A 

t 

9.3 

8.5 

5.1 

Alt 1 
* ' >l i ' >«46ttgJ4.rft 

9.3 

- 7.6 

4.1 

9.3 

- 7.9 

4.0 

Alt 2 Alt 3 
Alternatives 

9.3 

7.3 

4.1 

Alt 4 

FIGURE 4 REVISED WEIGHTED SCORES 
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by-factor basis. (The bold lines in Figure 5 represent the maximum weighted score possible for each decision-factor.) Figures 6 through 9 are 

weight vs. score plots of factors for each alternative. 

Results Interpretation 

As indicated in the overall scores and detailed in the factor-by-factor comparisons of Figure 5, the combination of the values assigned for 

the identified factors with the importance weights for the factors results in the following ranking of the competing alternatives: 

(1) Remote Liquid Decontamination - This alternative scores best largely because of its ability to limit human exposure to radiation and 

hazardous materials. The revised equipment costs of existing technology and limited staff support requirements also significantly 

contribute to the higher rating for this alternative. 

(2) Remote/Manual Decontamination - This alternative scores below the previous alternative because this option (1) requires additional 

support costs, (2) generates somewhat more waste, and (3) does not provide the same level of safety in terms of radiation and 

hazardous material exposure. 

(3) Manual Liquid Decontamination - This alternative ranks third among the competing alternatives primarily because of its associated 

radiation and hazardous material exposure. Furthermore, this alternative is expected to be the largest generator of liquid waste and 

the second largest generator of solid waste, both of which require storage and treatment. 

(4) Remote Vacuum Removal of Dirt & Debris - This alternative scores lowest among the competing alternatives. The low rating for 

this alternative is primarily due to (1) the highest equipment costs and support costs, (2) limited waste-storage and treatment 

availability, and (3) less technology availability. 

None of the alternatives is an indisputable "best" choice in relation to the others (i.e., the ranges of uncertainty in the weighted scores 

overlap significantly). However, assuming that the information developed by the analysis group is adequate in detail and accuracy, the 

Remote Liquid Decontamination alternative scores slightly above the others. Because the alternatives do score reasonably close, other factors 

(which were not initially considered in the evaluation) may become important. These factors could be incorporated into the model or could 

serve as "tie-breakers" among closely scoring alternatives. For example, if facility management wants personnel to become more familiar 

with robotic devices and their uses, this fact could enhance the argument for using the Remote Liquid Decontamination alternative or the 

Remote Vacuum Removal alternative. 

In addition, it is also interesting to observe that factors F6, F7, Fl 1, F12, F13, and F14 have identical values for Alternatives 1,2, and 3. 

If Alternative 4 were eliminated, these factors would have no bearing on the results, and thus they could be removed from the analysis. The 

weightings for the remaining factors would have to be adjusted, which could cause a change in the alternative selected. As a minimum, the 

analysis would be less cluttered. To document that all important factors were considered, all removed factors should be noted. 
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Alternative No. 2 
Manual Liquid Decontamination 
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Score (Best Estimate) 

FIGURE 7 WEIGHT VERSUS SCORE PLOT FOR ALTERNATIVE 2 

Alternative No. 3 
Remote Manual Decontamination 

3 4 5 6 
Score (Beet Estimate) 

FIGURE 8 WEIGHT VERSUS SCORE PLOT FOR ALTERNATIVE 3 
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TEST APPUCATION FOR THE HYDROCARBON PROCESSING INDUSTRY 

The following is a simple example application of practical risk-based decision-making in the design process for an offshore oil platform. 

The hypothetical analysis provides insights that discriminate between two competing alternatives and helps designers identify key weak

nesses in each alternative. The result is identification of a third alternative that is better than either of the two originally proposed alternatives. 

Problem Identification. A project team was working on the preliminary design of a new Outer Continental Shelf (OCS) platform for 

deployment in the Gulf of Mexico. (The project already won approval for further development from corporate planners because of its relative 

benefits compared to other possible projects, and the project team already completed the conceptual design of the new platform.) In the 

conceptual design, the plans called for scrubbers (i.e., knockout drums) upstream of both the 1st and 2nd stages of the gas compressor to help 

prevent entrained liquids (i.e., hydrocarbons and produced water) in the gas from entering the compressor, where the liquids could damage the 

compressor. The plans for the new platform called for a pump to return the liquids that accumulate in the scrubbers to the 1 st-stage separator 

(i.e., the vessel that separates the produced water, the oil, and the gas as it flows from the riser to the platform). However, the plans did not 

specify the type of pump. The project team had to decide what type of pump is best suited for this application. 

Task/Phase Definition. The project team considered the problem simple enough that dividing the problem into multiple tasks/phases 

(e.g., acquisition of the pump, transportation of the pump to the site, installation of the pump, operation of the pump, and maintenance of the 

pump) was not necessary. 
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Competing Alternative Specification. The project team considered two types of pumps for this application based on previous 

experiences with similar applications: 

• Canned pumps - a centrifugal type pump that uses a hermetically sealed space to confine pumpage, minimizing the risk of 

material releases by eliminating the need for mechanical-type seals 

Standard centrifugal pumps - a centrifugal pump (vertical or horizontal orientation) that uses a single mechanical seal to prevent 

pumpage from leaking at the pump 

In the project team's judgment, either type of pump will meet the service requirements and company standards for mis application. 

Previous experience has shown that the centrifugal pump is the least expensive to purchase, but is prone to more failures (especially seal 

failures) requiring downtime for maintenance and involving dangerous releases of hydrocarbons. The canned pump is more expensive to 

purchase and repair, but is less prone to failures. Maintenance technicians generally prefer the standard centrifugal pump because these 

pumps are easier to repair and are much more common than canned pumps, making spare parts more readily available and the technicians 

more knowledgeable about centrifugal pumps. 

Decision Factor/Sub-factor Identification. The project team identified the following factors as important in their decision-making 

process between the two types of pumps: 

• Cost (S) 

Initial 

Maintenance (over 5 years) 

Safety risk (% chance of a significant event over S years) 

Environmental risk (% chance of a significant event over 5 years) 

Maintenance training needs (hours of training for each technician) 

• Operational outage (hours over 5 years) 

Spare part acquisition 

Actual repair 

The team considered other factors that were important for the pump (such as the size of the pump in the limited space available on the 

platform), but did not document these factors in the comparative analysis because both types of pumps were essentially equivalent in regard 

to these factors; thus, these other factors would not help discriminate between the pumps. 

Factor/Sub-factor Valuation. The team established a 10-increment scoring system (similar to the scoring system presented in the 

previous example) for each decision factor. Table 7 presents the worst-case score, the best estimate score, and the best-case score for each 

decision factor and each alternative. The team defined the scoring systems and assigned the values based on (1) their previous experience, (2) 

input from the maintenance group, and (3) information from potential pump vendors. 
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TABLE 7 SCORES ASSIGNED FOR EACH FACTOR/SUB-FACTOR FOR EACH TYPE OF PUMP 
11 

Factor Sub-factor (if any) 

Assigned Scores (and Values) for Each Type of Pump 
11 

Factor Sub-factor (if any) Worst-Case Best Estimate Best-Case 

Cos t -F l 
(Unit: $) 

Initial - F1A 

-Canned 

- Standard Centrifugal 

Maintenance - F 1 B 

-Canned 
- Standard Centrifugal 

1 
($2,000) 

1 
($1,000) 

1 
($2,000) 

6 
($1,000) 

1 
($1,900) 

6 
($900) 

9 
($400) 

8 
($500) 

2 
($1,800) 

7 
($800) 

10 
($0) 
10 

($200) 

Safety Risk - F2 
(Unit: % chance of a 
significant event over 
a 5-year period) 
- Canned 

- Standard Centrifugal 

None 

5 
(1%) 

4 
(3%) 

7 
(0.1%) 

5 
(1%) 

9 
(0.01%) 

7 
(0.1%) 

Environmental Risk- F3 
(Unit: % chance of a 
significant event over 
a 5-year period) 

- Canned 

- Standard Centrifugal 

None 

5 
(1%) 

3 
(10%) 

6 
(0.3%) 

4 
(3%) 

7 
(0.1%) 

6 
(0.3%) 

Maintenance Training 
Needs-F4 
(Unit: hours of training 
needed for each technician) 
- Canned 

- Standard Centrifugal 

None 

1 
(> 40 hr) 

8 
(< 1 hr) 

3 
(4-8 hr) 

10 
(Ohr) 

5 
(l-4hr) 

10 
(Ohr) 

Operational Outage- F5 
(Unit: hours over a 
5-year period) 

Spare Part Acquisition 

-Canned 

- Standard Centrifugal 

Repair-F5 B 

-Canned 

- Standard Centrifugal 

8 
(10 hr) 

8 
(8hr) 

8 
(8hr) 

8 
(8hr) 

9 
(2 hi) 

10 
(0.5 hr) 

9 
(4hr) 

10 
( lhr) 

10 
(lhr) 

10 
(~0hr) 

9 
(2hr) 

10 
( lhr) 
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Weighting Definition. The following are the relative weights that the project team assigned to each decision factor based on their 

specific situation: 

• Cost(Fl) 9% 

Safety Risk (F2) 35% 

Environmental Risk (F3) 35% 

Maintenance Training Needs (F4) 1% 

Operational Outage (F5) 20% 

Results Generation. Based on the assigned values and relative weights for the identified decision factors, the team generated factor-

by-factor and overall weighted score comparisons of the two pumps. Table 8 and Figure 10 present the overall weighted score comparisons 

of the pumps, and Figures 11 through 13 present the factor-by-factor comparisons of the pumps. 

Consensus Approval and Final Results. In assigning the scores for each factor and the weights associated with each factor, the 

team members made several data assignments that they then revised after further discussion and review of preliminary results. The results 

presented above represent the team's final consensus agreements. 

Results Interpretation. As shown in the overall scores and detailed in the factor-by-factor comparisons, the combination of the 

values assigned for the identified factors with the importance weights for the factors indicates that the canned pump is a somewhat better 

alternative than the centrifugal pump for this specific problem. The canned pump is the better choice because it poses significantly less safety 

and environmental risks, both of which are highly weighted factors. 

It is important to note that neither pump is an indisputable "best7 choice because of the significant uncertainty represented by the overlap 

in the ranges of overall weighted scores; however, without any further information or refinements to reduce the uncertainty, the canned pump 

appears to be the best choice among the existing alternatives. 

Improvement Opportunities. The comparative evaluation focused only on discriminating between the two existing alternatives. 

Figure 11 clearly indicates which factors are areas of significant weaknesses for each type of pump (i.e., those deviating most from the 

maximum possible weighted scores). Figures 12 and 13 also highlight areas of significant weakness for each type of pump (i.e., those factors 

residing in areas 1,2, and 3 of the graphs). By correcting the weaknesses of a pump as indicated by the comparative evaluation, that pump 

may become a better choice. 

To address the most prominent weaknesses of the standard centrifugal pump for this application, which are in the safety and environmen

tal risk areas (as indicated by Figure 11), the design team decided to consider a slightly more expensive tandem seai, centrifugal pump as a 

third alternative. Table 9 summarizes the values assigned for the factors/sub-factors associated with this third alternative, and Figures 14 and 

15 summarize the comparison results for all three pump alternatives. 
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TABLE 8 OVERALL WEIGHTED SCORES FOR EACH TYPE OF PUMP 

Pump 

Overall Weighted Score 

Pump Worst-Case Best Estimate Best-Case 
Canned (Alt I) 4.80 6.27 7.63 

Standard Centrifugal (Alt 2) 3.82 5.41 7.19 

o 
C0 

10.0 
9.5 
9.0 
8.5 
8.0 
7.5 
7.0 
6.5 
6.0 
5.5 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

Overall Evaluation 

r 7.63 

p-7.19 

- 8.27 

-S.41 
1- 4.8 

L.3.B2 

Aitl Alt 2 

Alternatives 
FIGURE 10 OVERALL WEIGHTED SCORE OF THE PUMPS 

As shown in Figure 14, the tandem seal, centrifugal pump (Alt 3) scores much better than the standard centrifugal pump (Alt 2) and 

slightly better than the canned pump (Alt 1) for this application. Thus, by identifying the specific weaknesses of an alternative and imple

menting effective corrective actions to improve the alternative, the result was a solution better than either of the existing alternatives. 

OBSERVATIONS 

Insights gained based on the test applications include: 

Screening potential alternatives for solving problems to identify actual competing alternatives that meet minimal requirements 

(performance, safety, environmental, schedule, cost, etc.) is a very important step. Failing to perform this step correctly can 

significantly increase the scope of the decision-making process. 
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FIGURE 11 WEIGHTED BEST-ESTIMATE SCORES BY FACTOR FOR THE PUMPS 

Factors for the Canned Pump Weight versus Score 
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FIGURE 12 WEIGHT VERSUS BEST-ESTIMATE SCORE FOR THE CANNED PUMP 
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Factors for the Standard Centrifugal Pump Weight versus Score 
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FIGURE 13 WEIGHT VERSUS BEST-ESTIMATE SCORE PLOT FOR THE CENTRIFUGAL PUMP 

TABLE 9 SCORES ASSIGNED FOR EACH FACTOR/SUB-FACTOR FOR A CENTRIFUGAL 
PUMP WITH TANDEM MECHANICAL SEALS (Alt 3) 

Factor Sub-factor (if any) 

Assigned Scores (and Values) for Each Type of Pump 

Factor Sub-factor (if any) Worst-Case Best Estimate Best-Case 

Cost - Fl 
(Unit: $) 

Initial - F1A 

Maintenance -Fl„ 

3 
($1,450) 

4 
($1,350) 

4 
($1,350) 

8 
($500) 

4 
($1,250) 

10 
($0) 

Safety Risk-F2 
(Unit: % chance of a 
significant event over 
a 5-year period) 

None 4 
(2%) 

7 
(0.1%) 

9 
(0.01%) 

Environmental Risk - F3 
(Unit: % chance of a 
significant event over 
a 5-year period) 

None 4 
(2%) 

5 
(0.5%) 

7 
(0.1%) 

Maintenance Training 
Needs -F4 
(Unit: hours of training 
needed for each technician) 

None 1 
(8-40 hr) 

3 
(4-8 hr) 

5 
(1-4 hr) 

Operational Outage— F5 
(Unit: hours over a 
5-year period) 

l— 

Spare Part Acquisition 

Repair-F5, 

9 
(4 to) 

8 
(8 to) 

10 
(0.5 hr) 

9 
(2hr) 

10 
(~0hr) 

10 
(lhr) 

.—. 1 
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Overall Evaluation 
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FIGURE 14 OVERALL WEIGHTED SCORE COMPARISON OF THE THREE PUMPS 

Weighted Best Estimate Scores 
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FIGURE 15 WEIGHTED BEST-ESTIMATE SCORE BY FACTOR FOR THE THREE PUMPS 
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Documentation of assumptions made during the evaluation process as well as justifications for scoring scales and assigned 

scores for factors is important Without this documentation it will be difficult to explain and defend the information presented to 

management, and to use the information gathered for the current decision in addressing similar decisions in the future. 

The iterative process of gaining group consensus about results and making appropriate data changes proved very important and 

valuable. This important step is one that is often missed when no attempt is made to document the decision-making process. 

• The approach of adapting the resolution of the analysis to only that which is necessary for providing the information needed for 

decision making is essential for making good decisions efficiently. When applying the approach outlined in this paper, the initial 

evaluation should rely heavily on sound judgment. Then, as it becomes clear that more precise information is needed to 

distinguish between competing alternatives, more detailed analytical approaches can be used. 

• When faced with the need to repeatedly make decisions of a particular type (e.g., use of humans vs. robotics), having a library is 

important. Specifically, having a library from previous decision-making efforts that documents the important factors distinguish

ing the alternatives and the information used in evaluating the factors can make a significant difference in the effectiveness and 

efficiency of making future decisions. 

CONCLUSION 

The methodology and analysis tool resulting from this work was never intended to be a great advancement in decision theory nor a 

sophisticated numerical method for applying decision theory principles. In fact, the approach is simple and easily understood by even the 

most inexperienced decision maker. 

History has repeatedly shown that simple concepts form the basis for the most practical tools, while more complex approaches often 

become unwieldy, cumbersome, and unnecessarily expensive to implement. This is why this project seems invaluable as a practical applica

tion of theory to real life problems involving engineered systems. The approach has a sound fundamental basis, has a straightforward 

technique that anyone can use almost immediately, has an adaptive level of resolution so that problems are not overworked, and has docu

mented successes and test applications with real systems and Issues. 

We are confident that this approach/tool and ongoing modifications will provide the basis for effective risk-based decision-making/ 

communication for DOE, other government agencies/contractors, and private industry as they face complex controversial problems. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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