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ABSTRACT 

Decisions among alternatives that do not fit rigorous numerical frameworks are 

common. Such decisions, in which the various aspects of the alternatives are considered 

simultaneously, are called a tradeoff studies. Tradeoff studies may be more common than 

optimization problems, but are not generally formalized in written form. 

Tradeoff studies are broadly recognized and mandated as the method for 

considering many criteria simultaneously.  They are the primary method for making a 

decision among alternatives listed in the Software Engineering Institute’s Capability 

Maturity Model Integration (CMMI) Decision Analysis and Resolution (DAR) process. 

The field of Decision Making can explain why the mechanics of tradeoff studies 

are approached with underconfidence, and can also help eliminate biases from the 

tradeoff process. Many conclusions obtained from Judgment and Decision Making 

(JDM), Cognitive Science and Experimental Economics can be used to shed light on 

various aspects of the tradeoff process. Of course, since many experiments were designed 

to reveal truths about choice at a basic level, they do not exactly model the processes of 

tradeoff studies. The technique used to compare the basic experiments and tradeoff 

studies will be abstraction. 

 

 Abstraction noun 1. a general concept formed by extracting common features 

from specific examples, 2. the process of extracting the underlying essence. 
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What follows is a union of the fields of tradeoff studies and cognitive decision 

making.  Because these two areas have never before been explicitly unified, I have 

produced some unfinished areas in which specific research needs to be done. At this 

stage, the work of unification must necessarily be conducted at an abstract level. 
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INTRODUCTION 

Conditions triggering a tradeoff study 

There are three decision conditions that together call for a formal tradeoff study:   

 1) a choice among alternatives has been formulated,  

 2) a definite time limit for resolution exists, and  

 3) the decision may have long-term consequences, such as regret [Landman, 

1993]. 

As pertains to the first condition, “a choice among alternatives has been 

formulated,” it can be said that all decisions are shaped by interested parties, and do not 

necessarily have a pre-existing structure. It is always possible that a decision can be 

avoided altogether; that is, the do-nothing alternative can be chosen, without any 

consideration of the other alternatives, as a means to avoid expense or effort. It is also 

possible that if there are many alternatives, the cost of using multiple alternatives will be 

assumed at the cost of efficiency. 

If the second condition, “a definite time limit for resolution exists,” does not hold, 

a decision can be postponed indefinitely, and there is no need to obtain and act upon a 

definite ranking of alternatives at any point in time. 

If a decision “does not have long-term consequences,” then the cost and 

inconvenience of incorrect or suboptimal decisions can probably be born, since any 

consequences do not last long. 
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 An efficient decision maker in the natural world must be able to quickly formulate 

and resolve decisions among alternatives in order to maximize speed and agility, and 

minimize opportunity costs and negative consequences. 

Tradeoff study history 

The first tradeoff study is probably as old as mathematics. The basic procedure of a 

tradeoff study is to numerically account for empirical values and preferences. When this 

accounting is formalized, it provides a stable base for deciding among alternatives. 

Aristotle (384-322 BCE) developed logic and empirical observation, and noted that 

humans are capable of deliberating on a choice among alternatives. 

 An early description of a method for adding the weights given to criteria is in this 

letter from Benjamin Franklin to Joseph Priestley: 

Dear Sir, 
London Sept. 19. 1772 

In the Affair of so much Importance to you, wherein you ask my Advice, I cannot 
for want of sufficient Premises, advise you what to determine, but if you please I 
will tell you how. When these difficult Cases occur, they are difficult chiefly 
because while we have them under Consideration all the Reasons pro and con are 
not present to the Mind at the same time; but sometimes one Set present 
themselves, and at other times another, the first being out of sight. hence the 
various Purposes of Inclinations that alternately prevail, and the Uncertainty that 
perplexes us. To get over this, my Way is, to divide half a Sheet of Paper by a 
Line into two Columns, writing over the one Pro, and over the other Con. Then 
during three or four Days Consideration I put down under the different Heads 
short Hints of the different Motives that at different Times occur to me for or 
against the Measure. When I have thus got them all together in one View, I 
endeavour to estimate their respective Weights; and where I find two, one on each 
side, that seem equal, I strike them both out: If I find a Reason pro equal to some 
two Reasons con, I strike out the three. If I judge some two Reasons con equal to 
some three Reasons pro, I strike out the five; and thus proceeding I find at length 
where the Balance lies; and if after a Day or two of farther Consideration nothing 
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new that is of Importance occurs on either side, I come to a Determination 
accordingly. And tho' the Weight of Reasons cannot be taken with the Precision 
of Algebraic Quantities, yet when each is thus considered separately and 
comparatively, and the whole lies before me, I think I can judge better, and am 
less likely to make a rash Step; and in fact I have found great Advantage from this 
kind of Equation, in what may be called Moral or Prudential Algebra. Wishing 
sincerely that you may determine for the best, I am ever, my dear Friend, Yours 
most affectionately. 

B Franklin 
Dr Priestly 

Academic history 

The seminal academic descriptions of tradeoff studies appeared in the Keeney and Raiffa 

[1976] book Decisions with multiple objectives: Preferences and value tradeoffs, and in a 

paper by Edwards [1977], How to use multiattribute utility analysis for social decision 

making. Both works concern with the numerical determination of subjective values. 

Tradeoff studies are today prescribed in industry for a myriad of reasons, 

including the choosing of alternative concepts, designs, processes, hardware or 

techniques. A recent use of tradeoff techniques is in the elicitation and modeling of 

human preference spaces in the rapidly evolving field of Mass Customization.  

This present work will focus on tradeoff studies as described in Section 1: What is 

a Tradeoff Study? 

Modern Judgment and Decision Making, Cognitive Science and Experimental Economics 

Judgment and Decision Making (JDM) is an interdisciplinary field of psychologists, 

economists, organizational researchers and decision analysts who study the normative, 

descriptive, and prescriptive theories of decision. 
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Cognitive Science seeks to understand the nature of the human mind. It 

cooperates with fields such as artificial intelligence, linguistics, anthropology, 

psychology, neuroscience, philosophy, and education. 

Experimental Economics broke the traditional reliance of economics on the 

assumption of a “homo œconomicus” with self-interest and rational decision-making. 

Replacing theoretical and observational pursuits with controlled laboratory experiments, 

experimental economics tests basic economic assumptions with empirical studies. 

The experimental results and evidence collected by JDM, Cognitive Science and 

Experimental Economics over the last decades can now be used to shed light on a 

perplexing question: Why does man have difficulty in systematically trading off the 

criteria of a choice among alternatives? 

Contribution of the present work 

The contribution of the present work can be summarized as follows: 

 1) An integration of the findings of JDM, Cognitive Science and Experimental 

Economics into the large-scale, structured, rational decision process of tradeoff studies. 

 2) The introduction of this integration to the Systems Engineering community, 

which has heretofore not been largely exposed to such considerations. 
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1. WHAT IS A TRADEOFF STUDY? 

What is a Tradeoff Study? 

A tradeoff study is a choice among alternatives, in which it becomes necessary to 

convert, or tradeoff, a gain in one criterion for a loss in another. Such a choice among 

alternatives is usually confusing when conducted without aid or experience, because the 

various criteria in the different alternatives call one’s attention in varying degrees and at 

different times.  

In order to avoid such confusion, the value of each criterion as regards each 

alternative should be evaluated individually. These values are converted to subjective 

utilities (if not already so) by means of utility functions – otherwise called scoring 

functions. Also, the weight of importance of each criterion in relation to the others is 

determined in a consideration separate from the actual alternatives. Further, the criteria 

are arranged in their natural hierarchy tree, so that their utilities and weights of 

importance can be combined numerically, with the aid of appropriate combining 

functions, to produce one final score for each alternative. The final score represents each 

alternative’s rational utility. (For definitions of terms, see the Glossary.) 

By such a tradeoff study procedure, all the criteria in the decision are considered 

simultaneously, and an exact ranking of all alternatives according to their rational utility 

emerges. 

It should be noted that the nomenclature “tradeoff study” may be slightly 

misleading, for although many small tradeoffs are considered during the discovery of 

utilities and weights, it is exactly in the eventual avoidance of tradeoff considerations, 
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and rather in the simultaneous combination of the discovered values, that a tradeoff study 

comes into its full effectiveness. 

Optimization versus Tradeoff Studies 

Optimization refers to a mathematical search within a mathematical model. The 

optimization of a mathematical model occurs after the model has been constructed – 

usually as an idealized concretization or systematization of reality. In Optimization, a 

rigorous mathematical model frames the search for optimal solutions. Formulas provide 

exact values. 

Tradeoff studies are used when no complete mathematical model can be 

constructed. All or part of the mathematical framework remains to be determined from an 

iterative examination of reality. For example, the exact values of various aspects of some 

alternatives may be known exactly, but the weight of importance of each aspect to the 

customer may be difficult to determine at once. In other cases, both the input values and 

the weights of importance may be difficult to assign without ongoing re-examinations of 

reality. Tradeoff studies may consider alternatives that are similar, and are already within 

a common numerical framework, or completely distinct, and must have a subjectively 

constructed framework of criteria, utilities and combining functions built for their 

comparison. Tradeoff studies develop a numerical framework, on which sensitivity 

analyses may be conducted, and from which optimization efforts may take off. 
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Why Tradeoff Studies? 

Tradeoff studies provide an ideal, rational standard for making a choice among 

alternatives. In fact, their structure is basically an expansion of the well-known expected 

utility model. Tradeoff studies involve a mathematical consideration of all aspects of the 

decision.  They consider all aspects of the alternatives simultaneously, that is, in parallel. 

In this way, tradeoff studies seek to eliminate human error in choosing alternatives, since 

humans usually consider alternatives in series, not parallel, and are often irrationally 

swayed by fixating on criteria individually. 

Getting a final preferred alternative from a ranked list of alternatives is not the 

only important result of a tradeoff study. Doing a tradeoff study will help define the 

project requirements and the criteria derived from these. Documenting the tradeoff 

process itself, and the data used, is often the most important contribution, especially in 

projects sold by a coherent proposal. The San Diego County Regional Airport site-

selection tradeoff study documented the reasoning process for public review [SDCRAA, 

2006] [http://www.san.org/authority/assp/index.asp]. Throughout a formal tradeoff 

process with iterative versions, thought processes are stimulated and the discovery of 

values is documented. Of course, corporate culture and the decision maker’s personality 

may determine how well the recommendations of a tradeoff study will be received. 

INCOSE Reference 

For a consensus on the fundamentals of tradeoff studies, the International Council on 

Systems Engineering (INCOSE) [INCOSE, 2006] [http://www.incose.org] provides a 
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Systems Engineering (SE) Manual [INCOSE, 2004] 

[http://www.incose.org/ProductsPubs/products/sehandbook.aspx]. The manual not only 

describes the tradeoff process, but also the four main classes of systems engineering 

requirements, Cost Requirements, Performance Requirements, Schedule Requirements 

and Risk Assessment, which usually define the most important super-criteria in any 

tradeoff decision. 

Types of Tradeoff Studies 

The INCOSE Manual defines three types of tradeoff studies [INCOSE, 2004, p. 173]. In 

the industrial world, the phrase “tradeoff study” is often shortened to “trade study” or 

even to “trade.” 

“Formal. These trades use a standardized methodology, are formally 
documented, and reviewed with the customer or internally at a design review. 

Informal. These trade studies follow the same kind of methodology, but 
are only recorded in the engineer's notebook and are not formally reviewed.  

Mental. When a selection of any alternative is made, a mental trade study 
is implicitly performed. The trade study is performed with less rigor and formality 
than documented trades. These types of trade studies are made continuously in 
our everyday lives. These are appropriate when the consequences of the selection 
are not too important; when one alternative clearly outweighs all others; or when 
time does not permit a more extensive trade. However, when the rationale is not 
documented, it’s soon forgotten and unavailable to those who may follow.” 

Simultaneity is the goal 

The goal of a tradeoff study is to simultaneously consider, in their true weighted 

proportion, the utilities of all relevant criteria. 

A mental search of values usually sheds light on only one or a few criteria at a 

time. It is important for the tradeoff analyst to document the values and weights of 
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importance of criteria as they become mentally available. As indicated in the “Mental” 

tradeoff study section above, if “the rationale is not documented, it’s soon forgotten and 

unavailable to those who may follow.” It is thus important to document discovered 

information about the criteria, even if the information is only available piecemeal and 

pertains to only a few criteria at a time. The integration of information is accomplished 

later, sometimes with the help of mathematical procedures; in the case of weights, the 

Analytic Hierarchy Process [Saaty, 1980] will simultaneously test the consistency of all 

pairs of weights.  

1.1. The basic components of a tradeoff study 

Although tradeoff studies can be constructed in a mathematically ad hoc manner, a 

differentiation and specialization of components that clarifies the tradeoff process is 

preferred. 

A list of basic components: 

    1.  Problem statement 

    2.  Evaluation criteria 

    3.  Weights of importance 

    4.  Alternative solutions 

    5.  Input values 

    6.  Scoring functions (otherwise known as Utility functions) 

    7.  Output Scores 
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    8.  Combining functions 

    9.  Recommended alternatives 

    10. Sensitivity analysis 

Ranking Procedure 

The available alternatives are ranked by this procedure: 

Input values for each evaluation criteria are normalized and converted to output 

values (utilities) with the help of a scoring (utility) functions. These output values 

are combined with different combining functions according to the weights of 

importance of the criteria, yielding a final score for each alternative.  

There is no set arrangement of the components. The components should be structured in 

the fashion that best models the values of the customer or decision maker. 
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Alternative 1
Alternative 2

Alternative 3

 
Figure 1: Elements of a tradeoff study 
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1.1.0. Example: Car tradeoff study 

1. Problem Statement: Determine which car is best in Performance and Cost 

2. Evaluation Criteria: Horsepower for Performance; Purchase Price in dollars for Cost 

(There may be minimum or maximum requirements for the criteria, but for 

simplicity none are included here.) 

3. Weights of Importance: 0.60 for Performance; 0.40 for Cost 

4. Alternative Solutions: Car1. Car2. 

(If any alternatives do not meet minimum or maximum criteria requirements, they 

would be eliminated without further consideration with the procedure of 

‘elimination by aspects,’ or ‘killer trades.’) 

5.1. Input Values: Car1: 220 Horsepower for Performance; $20,858 Purchase Price for Cost 

5.2. Input Values: Car2: 206 Horsepower for Performance: $17,683 Purchase Price for Cost 
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6. Scoring Functions: 
O

ut
pu

t S
co

re

 
Figure 2:  Horsepower scoring function 

O
ut

pu
t S

co
re

 
Figure 3:  Purchase Price scoring function 

7.1. Output Scores: Car1: 0.69 for Performance; 0.415 for Cost 

7.2. Output Scores: Car2: 0.56 for Performance; 0.72 for Cost 

8. Combining Function: Sum of Products:   CarTotalScore = 

OutputScore_Performance*Weight_Performance + OutputScore_Cost*Weight_Cost 
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Car1Total Score = 0.69*0.60 + 0.415*0.40 = 0.58 

Car2TotalScore = 0.56*0.60 + 0.72*0.40 = 0.62 

9. Recommended Alternatives: Car2 is the recommended alternative. 

10. Sensitivity Analysis: The derivative of Car1 Total Score with respect to 

OutputScore_Performance is 0.6, the Weight_Performance.    Similarly, the derivative of 

Car1 Total Score with respect to OutputScore_Cost is 0.4, the Weight_Cost. 

It is therefore 50% more important to increase the Performance Output Score than the 

Cost Output Score. 

Car2 has 94% of Car1’s Horsepower, but costs only 85% as much as Car1. Car2’s drop in 

horsepower is substantial, but it makes up for the disadvantage by costing less. Car2’s 

specific higher utility for its lower cost is a function of the scoring function. 

The Car Tradeoff Study’s input values, displayed as a JDM choice: 

 Which is better, Car1 or Car2? 

 Horsepower Cost 

Car1 220 $20,858 

Car2 206 $17,683 

Table 1:  Car tradeoff study input values 

Note that in this format, the input values are presented in a format identical to many 

Judgment and Decision Making economics experiments. Note that the Table 1 can be 

expanded in rows or columns to fit a greater number of choice experiments. 
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Note that the input values are subject to a transformation to personal utilities, before a 

decider makes a mental choice, just as the input values are transformed to utilities in the 

tradeoff study by means of utility functions, before a mathematical combining function 

determines the winner between Car1 and Car2. 
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1.1.1. Problem statement 

In order to make a decision that is useful, the problem statement shall be stated in term of 

customer requirements. The problem statement shall formalize customer needs so that 

engineering can match these with solution alternatives. The scope of the problem must be 

delineated so that the alternative solutions will adequately meet the customer’s needs. 

 Decision problems that may require a formal tradeoff study include [Bahill, 

2006]: 

– Alternate systems 

– Bid/no-bid 

– Make-reuse-buy 

– Tool selection 

– Vendor selection 

– Incipient architectural design 

1.1.2. Evaluation criteria 

Evaluation criteria are based on important system requirements that might help 

differentiate between alternatives. Each criterion should link to a utility requirement, i.e. 

a requirement that can be traded-off. Note that mandatory requirements cannot be traded 

off; they must be met, or the alternative is not viable. 

 Criteria should be objective, but when objective criteria are not available, often 

personal preferences are substituted. Edwards [1977] stresses that criteria should be based 
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on fundamental values, but often criteria are derived from the particular means 

(alternatives) available that supposedly promote the fulfillment of important fundamental 

values. 

 It seems that human values create requirements, which must be fulfilled through 

alternatives, which we must evaluate through criteria. 

 It is preferable that criteria be independent. This may mean that each criterion 

follows the form of natural categories as described by Rosch, Mervis, Gray, Johnson and 

Boyes-Braem [1976]. Humans categorize objects at a level of abstraction that has the 

most information: the category is free of the generalizing abstraction in levels above in 

the classification scheme, and free of the obfuscating detail in levels below. 

Criteria must be arranged hierarchically in levels. It is important to avoid the most 

common mistake in modeling systems: mixing elements of different levels [Bahill, 

Szidarovszky, Botta and Smith, 2005]. The top-level criteria are usually Cost, Schedule, 

Performance and Risk – criteria that Program Management should prioritize at the 

beginning of a project. Note that the Risk criteria will include both (a) risk factors with 

known probabilities, and (b) uncertain factors with unknown yet estimated probabilities. 

Each company should have a repository of generic evaluation criteria as a reminder of 

what criteria may be important in new projects. An example of such a repository is found 

in the Appendix D. 

An interesting example of the use of truly appropriate criteria in the face of 

tradition appears in Moneyball: The art of winning an unfair game, by Michael Lewis 

[2003]. Lewis tells the story of Billy Beane, General Manager of the Oakland Athletics 
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baseball team. Beane developed new criteria and statistical measures for baseball players, 

and thus gained insights that allowed the Athletics to win an inordinate number of games 

despite the fact that the A’s had the second-lowest payroll in all of Major League 

Baseball. Major League Baseball still remains unwilling to adopt new evaluation criteria. 

1.1.3. Weights of importance 

When beginning a trade study, it is best to establish and maintain evaluation criteria, and 

the relative ranking of these criteria according to weights of importance, for the purpose 

of evaluating the alternatives. 

Obtaining weights of importance 

If pair-wise comparisons of importance (preferences) between the criteria can be 

determined, or elicited – preferably from experts - then the weights of importance can be 

determined through the Analytic Hierarchy Process (AHP). The exact solution procedure 

for the Analytical Hierarchy Process is as follows [Saaty, 1980, pp. 20-21]: 

1) Raise preference matrix (with forced reciprocals) to arbitrarily large powers, and 
divide the sum of each row by the sum of the elements of the matrix to get a 
weights column.   

2) To get a Consistency Index: 
a) Multiply preference matrix by weights column 
b) Divide the elements of this new column by the elements in the weights 

column 
c) Sum the components and divide by the number of components.  This gives 

λmax (called the maximum or principal eigenvalue).  The closer λmax is 
to n, the elements in the preference matrix, the more consistent the result. 

d) Deviation from consistency may be represented the Consistency Index  
(C.I.) =  (λmax – n)/(n-1) 
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e) Calculating the average C.I. from a many randomly generated preference 
matrices gives the Random Index (R.I.), which depends on the number of 
preference matrix columns (or rows): 
1,0.00;  2,0.00;  3,0.58;  4,0.90;  5,1.12;  6,1.24;  7,1.32;  8,1.41;  9,1.45;  
10,1.49;  11,1.51;  12,1.48;  13,1.56;  14,1.57;  15,1.59.  

a) The ratio of the C.I. to the average R.I. for the same order matrix is called 
the Consistency Ratio (C.R.).  A Consistency Ratio of 0.10 or less is 
considered acceptable. 

Buede [2000, p. 364] refers to weights of importance as swing weights because, 

when the product of these weights and the normalized 0-1 output scores are added 

together, a change from 0 to 1 in the output score will result in the ‘swing’ of the sum 

equal to the swing weight. Buede notes that direct elicitation of weights within a 0-100 

range often results in excessive clustering. Anchoring on the most or least important 

weights yields a better result [Edwards and Barron, 1994]. Rank orders can be 

transformed into weights by several techniques [Stillwell, Seaver and Edwards, 1981]. 

Buede also lists the indirect weight-elicitation techniques of: 1) paired comparison 

techniques such as AHP, 2) tradeoff comparison of weights, and 3) the balance beam 

approach. 

1.1.4. Alternative solutions 

Alternative solutions are listed at this point because it has been found in Systems 

Engineering that writing the Problem statement, and getting the customer requirements 

right is preliminary to looking for solutions. Also, one might first want to determine the 

weights of importance of the requirement-derived criteria, before looking for appropriate 

solutions “The problem of the design of a system must be stated strictly in terms of its 
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requirements, not in terms of a solution or a class of solutions”—A Wayne. Wymore 

[2004]. 

1.1.5. Input values 

Input values are preferably quantitative empirical data and thus can exist on many scales. 

The collection, preparation and choice of the input values can be subject to subtle biases 

and errors, especially if the data are subjective. Causes of inaccuracy include: Cognitive 

impediments, preference and discounting biases, probabilistic fallacies and circumstances 

that affect the collection and selection of quantitative input data. 

 The development of uncertain input values often proceeds as follows: 

I. Blue sky guesses 

II.  Approximation 

III.  Simulation 

IV.  Prototype 

Input values also come from analyses, models, and experiments.  

1.1.6. Scoring functions 

Scoring functions take input data and map them to normalized output scores. The shape 

of scoring functions should ideally be determined objectively, but often customer input or 

subjective expert opinion is involved in their preparation. Scoring functions are often 

utility functions, mapping objective values onto human utilities. 
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Creating scoring functions takes a lot of time. First, a scoring function package 

should be created by a team of engineers. Then every time it is used with the customer, it 

must be reevaluated [Wymore, 1993, pp. 385-398; Daniels, Werner and Bahill, 2001].  

Wymore [1993] gives a complete set of scoring functions that have continuous 

first and second derivatives. Buede [2000, pp. 363-364] gives a complete set of ‘value 

functions’ (excluding hill and valley functions, which he says are really a combination of 

two combined, underlying objectives) based on exponential functions. 
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Figure 4:  Wymore standard scoring functions [1977] 

1.1.7. Output scores 

Output scores may be utilities, or simply normalized values. The numerically normalized 

0-1 scores obtained from the criteria scoring functions are easy to work with. Assuming 



34

that the weights of importance are also normalized, subsequent combination of these 

scores leading to a rankable set of scores for the alternatives can easily be made to 

preserve a normalized 0-1 range. 

Utility Independence [Keeney and Raiffa, 1976, p. 226]: “Y is Utility 
Independent of Z when conditional preferences for lotteries on Y given z 
do not depend on the particular level of z. Y is utility independent of Z if 
and only if the following equation holds: 

u(y, z) = g(z) + h(z)u(y, z’),” where g(z) and h(z) are functions. 
 

Mutual Utility Independence: “If Y and Z are utility independent of each 
other, they are Mutually Utility Independent. Their two-attribute utility 
function is multilinear, and can be written in the form: 

u(y, z) = u(y, zo) + u(yo, z) + k u(y, zo) u(yo, z), where 
u(y, z) is normalized by u(yo, zo) = 0 and u(y1, z1) = 1 for arbitrary y1, and 
z1 such that (y1, zo) f  (yo, zo) and (yo, z1) f  (yo, zo) 
[Keeney and Raiffa, 1976, p. 234]. 

Utility Independence is important [Keeney and Raiffa, 1976, pp. 224-5] because: 

1. “Various utility independence conditions can imply that the multiattribute 
utility function must be of a specified form. These forms include many 
possibilities for the final shape of the utility function, including situations 
involving an interaction of preferences among the attributes, and yet these 
independence assumptions simplify greatly the assessment of the original utility 
function. 
2. The utility independence assumptions are appropriate in many realistic 
problems, and they are operationally verifiable in practice. 
3. Utility functions exploiting utility independence have been used in a number of 
important problems. 
4. Utility independence might help structure a problem and thus make it easier to 
run sensitivity analyses 
5. The decision maker can effectively delegate different parts of his assessment 
problems to different groups of advisors when utility independence is ascertained. 
6. Systematic exploitation of utility independence assumptions is an appropriate 
step in conflict analysis and resolution. In group decision problems, the decision 
makers might have different utility functions but they might jointly agree on the 
appropriateness of various utility independence assumptions. They can then better 
concentrate on those critical aspects of their problem where they disagree and 
examine various compromises. By better understanding their differences they 
might also be able to generate new action alternatives.” 
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Preferential Independence – The pair of attributes F {X1, X2} are 
preferentially independent of other attributes X3,…XN, if the preference 
order for consequences involving only changes in X1 and X2 does not 
depend on the levels at which X3,....XN are fixed. If all subsets of 
attributes are preferentially independent from their complementary sets of 
attributes, then the attributes X1,…XN are said to be mutually 
preferentially independent [Loerch, 2006]. 

 
Weak-Difference Independence – The attribute c X1 is weak-different 
independent of the other attributes X2,…XN if the order for preference 
consequences involving only changes in pairs of X1 levels does not 
depend on the levels at which X2,…XN are fixed [Loerch, 2006]. 

1.1.8. Combining functions 

Combining functions come in many types.  The most common are: 

•Sum Combining Function = x + y  

–Used most often by engineers 

–Use when both criteria add equally to the result, and criteria can 

compensate each other perfectly 

•Product Combining Function = x * y 

–Cost to benefit ratio 

–Risk analyses 

–Used when the combination must equal zero whenever either variable 

equals zero 

•Sum Minus Product = x + y - xy 

–Probability theory 

–Fuzzy logic systems 
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–Expert system certainty factors 

•Compromise = (xp + yp)(1/ p), where p is the compromise number 

–If p = 1, x and y simply add together in perfect compensation. 

–If p = 2, x and y combine according to the Pythagorean Theorem. 

–If p = ∞, the larger of x and y is the only criterion used. 

Weighted combining functions 

Additive Value Function Theorem: Given criteria X1,…Xn, n≥ 3, an 
Additive Value Function 

v(x1, x2, …, xn) = )(
1

i

n

i
i xv∑

=
 

(where vi is a value function over Xi) exists if and only if the attributes are 
mutually preferentially independent [Fishburn, 1970]. 

Sum of weighted scores: ∑weight*score 

This combining function has the property that the second derivative with respect 

to any one parameter will equal zero. This has the effect of simplifying sensitivity 

analyses. 

Cooper’s [1999] exponential: 1 – 1/e∑weight*score 

Cooper’s exponential allows the incremental addition of criteria. 

Multiplicative value functions: 1 + kv(x1, x2, …, xn) = ∏
=

n

i 1
[1 + kki vi(xi)] 

“All pairs of criteria are Weak-Difference Independent.  

Example:  v(x1, x2) = k1v1(x1) + k2v2(x2) + k3v1(x1) v2(x2) 

Looks like a regression equation with interactions, and is more difficult to use” 

 [Loerch, 2006]. 
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Product (with weights in the  exponent): Πscoreweight 

Compromise with weighted scores: [ ∑(weight*score)#  ]1/ # 

(# = compromise number) 

Minimax (or Maximin): Max[min(weighti*scorei)] 

In the case of criteria with positive utilities, Maximin is used. 

Despite their various forms, the combining functions can produce results from the same 

data which are fairly consistent. The exception is the Product combining function, which 

is drawn to zero by the presence of small input values. When fed random data, the 

combining functions do not diverge, but produce results which differ only by 

multiplicative constants: 

Comparison of Combining Functions
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Figure 5:  Combining functions with random data 
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1.1.9. Recommended alternatives 

The alternatives recommended should arise from the impartial, parallel consideration of 

the evaluation criteria.  Each alternative’s final score will allow a definitive ranking of 

alternatives. Care must be taken, however, to eliminate human tendencies which draw the 

tradeoff study to a result which is subjectively preferred – for example, through the 

Expectancy Effect or by Confirmation Bias (reviewed below). 

1.1.10. Sensitivity analysis 

In a sensitivity analysis you change a parameter or an input and measure changes in 

outputs or performance indices. You should perform a sensitivity analysis anytime you: 

• create a model 

• write a set of requirements 

• design a system 

• make a decision 

• want to discover the cost drivers 

A sensitivity analysis completes a tradeoff study by gauging the robustness of the 

recommended alternative. 

Sensitivity Functions 

The absolute sensitivity of the function F to variations in the parameter α is [ /F α∂ ∂ ]. 

 It should be evaluated at the normal operating point (NOP). 
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The relative sensitivity of the function F to variations in the parameter α  is 

[ /F α∂ ∂ ](α /F), evaluated at the normal operating point. Relative-sensitivity 

functions are used to compare the effect of different parameters, and are 

equivalent to elasticities in economics. 

Disadvantages of relative sensitivity functions: 

• different in time and frequency domains 

• cannot use Laplace transforms to get time-domain solution 

• division by zero problem 

The semirelative sensitivity of the function F to variations in the parameter α is 

 [ /F α∂ ∂ ]α . 

1.2. Industrial applications 

Capability Maturity Model Integration 

Carnegie Mellon’s Software Engineering Institute [SEI, 2006] [http://www.sei.cmu.edu/] 

has collected the best practices from diverse engineering companies in order to compile a 

process improvement approach called the Capability Maturity Model Integration [CMMI, 

2006] [http://www.sei.cmu.edu/cmmi/]: 

• CMMI is a collection of best practices from diverse engineering companies 

• CMMI provides guidance for improving an organization’s processes 

• One of the CMMI process areas is Decision Analysis and Resolution (DAR) 
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Decision Analysis and Resolution [DAR, 2004] 

The DAR process principally prescribes tradeoff studies for software selection, 

purchasing decisions, etc. The DAR process is given as follows: 

1. Decide if Formal Evaluation Process is Warranted 

2. Establish Evaluation Criteria 

3. Identify Alternative Solutions 

4. Select Source of Data 

5. Select Combining Method 

6. Evaluate Alternatives 

7. Select Preferred Solutions 

Industry Application 

The truth, from a 1999 INCOSE (International Council on Systems Engineering) 
International Symposium tutorial [INCOSE, 1999] 
[www.incose.org.uk/incose99/tutt05.htm]: 
 “Over the past few years [Dr. Terry] Bahill has worked with several major 
aerospace companies … and asked for examples of tradeoff analyses that had 
been done there.  
 He has not yet found one.” 

Proposals in Industry 

The quest to successfully bid for a new project usually begins with a mental assessment 

of how existing COTS (Commercial Off The Shelf) technology can be adapted and 

reused. The proposal engineers conduct small-scale, informal 'trades' in their notebooks 

to decide which components and technologies will be used in the new system. When the 
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formal proposal is due, the proposal team patches together a full tradeoff study just in 

time for the proposal presentation. 

Reduction of Uncertainty 

The usual proposal process indicates that, in the development of new systems, reduction 

of uncertainty is occurring everywhere in the decision tree, and that it may not be 

possible to quickly produce a complete tradeoff study. During this process, knowledge of 

cognitive biases can help catch outliers created by bad judgment. 

Four Exemplary Tradeoff Studies 

• San Diego County Regional Airport location study [SDCRAA, 2006] 

http://www.san.org/authority/assp/index.asp 

• Pinewood Derby Tradeoff Study– well documented in the book Engineering 

Modeling and Design [Chapman, Bahill and Wymore, 1992].  See Section 

1.3.1. below, or http://rayser.sie.arizona.edu:8080/resume/. 

• Tradeoff Study on Tradeoff Study Software [Bahill, 2005]. See Section 1.3.3 

and Table 2 below. 

• Dog Selector Tradeoff Study [Bahill, 1997]. See Section 3.2 and Table 8 

below. This tradeoff study ranked different alternatives for a household dog. 

The tradeoff study was produced by seven senior systems engineers at Idaho 

National Engineering and Environmental Laboratories. The materials 

produced are now used in the class Systems and Industrial Engineering 454A 
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The Systems Engineering Process, at The University of Arizona, in Tucson, 

AZ. 

1.3. Software 

1.3.1. Pinewood Derby Tradeoff Study 

The Pinewood Tradeoff Study is a real tradeoff study that also serves as a reference, 

being well documented in the book Engineering Modeling and Design [Chapman, Bahill 

and Wymore, 1992]. 

“Over 80 million people have participated in Cub Scout Pinewood Derbies.  
Pinewood is a case study of the design of a Cub Scout Pinewood Derby for one 
particular scout pack.” The system helps manage the entire race from initial entry 
through final results.  Many alternatives for race format, scoring, and judging are 
presented” [Chapman, Bahill and Wymore, 1992, p. 83]. 

The Pinewood tradeoff study has been implemented in Excel for anyone wanting to see a 

large and complete tradeoff analysis, complete with sensitivity analysis. An electronic 

file is freely available at: http://rayser.sie.arizona.edu:8080/resume/. 

Pinewood Architecture in Excel 

The Microsoft Excel spreadsheet architecture for implementing the Pinewood Tradeoff 

Study easily follows the flow of the tradeoff study by using the four worksheets which 

are described below: 

1) Input Matrix  --  consolidates all input values and weights in one worksheet; 

normalizes the weights 
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2) Criteria Module  --  takes the input values and puts them into their respective 

scoring functions, obtaining normalized evaluation criteria scores  

3) Output Matrices  --  summarizes, for each alternative, input values, 

normalized evaluation criteria scores, weights, normalized weights and the 

combining function operation which yields a final score for each alternative 

4) Summary Matrix  --  consolidates all output values for easy review and 

displays the final scores for all alternatives;  picks the best alternative. 

Alt-3
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Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
   SubCrit-3.3
Criteria-4

Alt-2
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Alt-1
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Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
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Criteria Module
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Figure 6:  Pinewood Derby Tradeoff Study architecture in Excel 
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Sensitivity Analysis is accomplished using TopRank from Palisade Decision Tools. 

TopRank is a plug-in for Microsoft Excel.  From a pre-existing worksheet(s), it 

computes: 

• Relative Sensitivity Functions: 

 (% change F)/(% change parameter) 

• In Top Rank each parameter is varyied +-10% (or other percentage) and the % 

change in F is plotted  --  in both directions, in the case of the Tornado chart. 

• Can perform a sensitivity analysis of a large tradeoff study in an Excel 

worksheet, involving 100 parameters or more. 

• Free trial at:  http://www.palisade.com/html/trial_versions.html 

1.3.2. TradeOffStudyTool 

TradeOffStudyTool is a research product developed by the author under the support of 

the Air Force Office of Scientific Research, under the Multiple University Research 

Initiative, grant # AFOSR/MURI F49620-03-1-0377. See Appendix A2 for a description 

of TradeOffStudyTool. The tool is openly accessible at:  

http://rayser.sie.arizona.edu:8080/TradeOffStudyTool/. Its program files, and instructions 

on how to install it with Java and Apache Tomcat, are at: 

http://rayser.sie.arizona.edu:8080/resume/. 
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1.3.3. Commercial software 

This list of commercial tradeoff study software was obtained from ORMS Today 

[Maxwell, 2004]. 

• Frontier Analyst 

• Decision Explorer 

• Equity 3.2; Hiview 3 

• IDS 

• HiPriority 

• OnBalance 

• Logical Decisions for Windows 

• Logical Decision Portfolio 

• @Risk 

• Precision Tree 

• DEA Solver Pro 

• DPL 6.0 Professional 

• Expert Choice 

Tradeoff Study on Tradeoff Study Software 

The software programs above were evaluated for BAE Systems in an internal document 

produced by Dr. Terry Bahill [2005]. Some of the software products were eliminated 

from consideration because they did not meet necessary minimum levels in certain 
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criteria: That is, ‘killer trades’ were employed, considering the criteria: Ease of 

installation, Ease of use, U.S.-based vendor, and Supplementary software needed. The 

remaining software products were ranked by the tradeoff study in Table 2. 
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Criteria Weight 

Hiview 
3 

IDS OnBalance Logical 
Decisions 

for 
Windows 

Expert 
Choice 

Pinewood

Reliability 1 10 8 10 10 10 10 
Speed of Resp. 0.1 10 10 10 10 10 10 
Security 0.1 10 10 10 10 10 10 
Design 
Constraints 

0.1 10 10 10 10 10 10 

Interoperability 0.1 10 10 10 10 10 10 
Cost 0.1 10 10 10 10 10 10 
Schedule 0.1 10 10 10 10 10 10 
Risk 1 5 5 5 5 5 6 
Data Transfer 0.1 10 10 10 10 10 10 
Sensitivity 
Analysis 

1 5 1 1 8 10 1 

Incomplete 
Data 

0.5 8 5 2 10 10 1 

Comb. Func. 1 1 1 1 2 5 10 
Scoring 
Functions 

1 6 1 7 10 9 10 

Hierarchal 1 10 10 4 10 3 10 
U. S. Company 
or 
Representative 

1 4 1 10 10 10 10 

Pair-wise 
comparisons 

0.3 8 1 1 8 10 1 

Ease of install 0.3 5 4 7 7 5 9 
Ease of Use 1 2 2 5 1 3 9 
Clarity of 
Tutorial 

1 8 1 7 7 5 5 

Purpose 0.1 5 5 5 5 5 5 
Output 0.8 10 2 5 1 1 5 
Learning time 1 5 2 7 5 2 10 
Sum of 
weights times 
scores 

12.7 

79 45 72 86 80 96 

  3b   2 3a 1 

Table 2:  Tradeoff study on tradeoff study software, with ranking shown at bottom 
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Summary 

Tradeoff studies are widely endorsed and prescribed in industry. The mathematics of 

tradeoff studies is well known, and tradeoff study software is available. However, it is 

surprisingly difficult to obtain examples of actual tradeoff studies. 
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2. WHAT ARE COGNITIVE BIASES? 

Judgment and Decision Making Historical Overview [Piattelli-Palmarini, 2005]: 

“Normative theories: 
– Logical vs. Subjective probability--John Maynard Keynes, [1921]; Frank 

Plumpton Ramsey, [1931]; Bruno De Finetti [1937]; Leonard James 
Savage, [1954] 

– Expected utility theory--John von Neumann and Oskar Morgenstern, 
1944/1947 [1953] 

– Decision theory--R. Duncan Luce and Howard Raiffa, 1957.[1959]  

• The paradoxes of decision making--Maurice Allais, [1953]; Daniel 
Ellsberg [1961; Ellsberg, 1962] 

• Spontaneous induction and its errors--Jerome S. Bruner, 1949-1956; 
Bruner and Postman [1949]. The New Look. 

• Clinical versus statistical prediction and decision Paul E. Meehl, [1954] 
• Experimental decision-making--Donald Davidson, J.J.C. McKinsey and 

Patrick Suppes, 1954-1957 [Davidson, McKinsey and Suppes, 1955; 
Davidson and Suppes, 1956; Davidson, Suppes and Siegel, 1957] 

• The experimental approach to reasoning--Peter Wason, Philip N. Johnson-
Laird and Jonathan Evans, ever since 1960 [Wason and Johnson-Laird, 
1972] [Evans, 1982] 

• The development of a theory of problem-solving--Allen Newell and 
Herbert Simon, 1955-1958 [Simon, 1955]” 

2.1. Introduction to heuristics and biases, and prospect theory 

The combinations among value and utility, and the objective and the subjective, must 

first be made clear in order to gain an understanding of decision theory as it applies to 

human decision making. Edwards [1955] originally created Figure 7, which differentiates 

the four variations of the expected value model. 
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Objective Subjective

Isomorphic
[Value]

Non-
Isomorphic

[Utility]

Expected Value Subjective Expected Value

Subjective Expected UtilityExpected Utility

 
Figure 7:  Edward’s [1955] Four Variations on the Expected Value Model 

The upper left quadrant represents the rational, normative, or prescriptive, mathematical 

theory of Expected Values, where objective probabilities and isomorphic, absolute values 

or rewards are considered. Isomorphic here means preserving an identical value – 

determined by a normative rational theory - despite the opinion of any individual.  

The lower right quadrant represents the subjective, behavioral, ‘biological,’ 

descriptive theory of Subjective Expected Utility (SEU), where subjective probabilities 

and subjective, or non-isomorphic, utilities are considered. Note that Edward’s adjective 

“Subjective” modifies “Expected,” implying a subjective-probability based averaging. 

Von Neumann and Morgenstern [1953] assumed probabilities to be objective, and so 

redundantly used “Subjective” to modify “Expected Utility” or “Utility.” 
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This terminology is made clear in Figure 8. The terminology in boldface is 

associated with the purely objective and subjective varieties of the expected value model. 

The upper left quadrant is free of heuristics and biases. The two bottom quadrants involve 

subjective utility, while the two right quadrants involve subjective probabilities. 

Isomorphic
Value

Non-
Isomorphic

Utility

Objective Subjective

Rational
Normative

Prescriptive
Mathematical

Expected Utility

Subjective Expected Value

Subjective
Behavioral
Descriptive
Biological  

Figure 8:  Areas of heuristics and biases in the expected value model 

Thus, there are two models (or views or theories) of human behavior: the 

normative, or prescriptive, and the behaviorally descriptive.  The normative model arises 

from the view that humans should make decisions according to rational calculations, for 

example, when the sum of objective probabilities multiplied by corresponding objective 

values gives the overall expected value of a choice. The descriptive model (or view) of 

human decision making seeks to describe what humans actually do. 
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Prospect Theory 

The most accepted descriptive theory is Prospect Theory, developed by Amos Tversky 

and Daniel Kahneman [1979], which explains the nature of the subjective human 

decision-making process in terms of the heuristics and biases present in the assessment of 

information, and the common deviations from rational decision-making that result. 

Kahneman won the Nobel Prize in Economics in 2002 "for having integrated 

insights from psychological research into economic science, especially concerning human 

judgment and decision-making under [risk and] uncertainty" [Nobel, 2002]. Tversky did 

not share this prize because the Nobel prizes are not given posthumously. 

Subjective Utility 

Prospect Theory breaks subjective decision making into a preliminary ‘screening’ stage, 

and a secondary ‘evaluation’ stage. The effect of these two stages is that values are 

considered not in an absolute sense (from zero), but subjectively from a reference point 

established by the subject’s perspective and wealth before the decision. This 

psychological phenomenon is called Framing. The key graph that shows how objective 

values translate into subjective utilities is shown below: 
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Figure 9:  Subjective utility versus value according to Prospect Theory 

Note the significant disparity in magnitude with which gains and losses are 

subjectively valued – approximately a 1-to-2 ratio. 

Subjective Probability 

Prospect Theory describes the subjective evaluation of probabilities according to the 

experimentally-obtained curve in Figure 10 [Tversky and Kahneman, 1992]. 

Subjectively, small probabilities are overestimated and large probabilities are 

underestimated. 
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Figure 10:  Subjective probability assessment 
compared to actual, objective probabilities 

Now, with some understanding of the key differences between objective and 

subjective values and probabilities, we apply Prospect Theory to Edward’s schema and 

obtain the descriptive Figure 11. 
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Figure 11:  Four varieties of decision making 

In the presence of objective (and accurate) numerical values, tradeoff studies give 

an exact ranking of alternatives through rational numerical calculation. In the presence of 

subjective utilities, when a person expresses judgments concerning preferences, the best 

description of human behavior is Prospect Theory. 

Implications 

What are the implications of this range of theoretical foundations and decision-making 

methods and descriptions? On the examination of human decision making and excepted 

decision practices, the presence of cognitive biases – even in extensive and vetted 

analyses – can never be ruled out. This is the contention of the Kahneman and Tversky 
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economic school of heuristics and biases, which produced the now widely accepted 

Prospect Theory [Kahneman and Tversky, 1979] that describes how people respond to 

choices under risk and uncertainty. Innate human biases, and exterior circumstances, such 

as the framing or context of a question, can compromise decisions and plans. It is 

important to note that subjects maintain a strong sense that they are acting rationally 

while exhibiting these biases.  Dr. Massimo Piattelli-Palmarini, in his book Inevitable 

Illusions, introduces the subject this way: 

“The current term for these biases is “cognitive” illusions, to indicate that they 
exist quite apart from any subjective, emotional illusion and from any other such 
habitual, classical, irrational distortion by a particular subject.  The pages that 
follow provide ample documentation, and contain suggestions as to how we may 
take urgent and sensible precautions against these illusions. 
It never ceases to surprise me that, more or less 20 years after these illusions were 
first discovered, and after dozens of books and hundreds of articles have been 
printed on the subject of cognitive illusions, almost no one except for a select 
circle of specialists seems to have taken this discovery seriously” [Piattelli-
Palmarini, 1994, p. x]. 
“In simple and basic fashion, this book proposes to set out the recent scientific 
discovery of an unconscious.  Not the unconscious or subconscious explored by 
psychoanalysis, but one that always and unbeknownst to us involves the 
cognitive; that is, the world of reason, of judgment, of the choices to be made 
among different opportunities, of the difference between what we consider 
probable and what we consider unlikely” [Piattelli-Palmarini, 1994, p. 1]. 

Because tradeoff studies play such a vital role in decision making, it is therefore 

proposed that the components of tradeoff studies be re-examined with the goal of finding 

subtle introductions of biases and illusions. What follows is a summary of the elements of 

tradeoff studies, together with common biases and illusions that may unconsciously take 

part in what is presumed to be rational decision making. Practical examples of how biases 

affect elements of tradeoff studies are provided.  
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2.2. Introduction to the biases versus tradeoff study components matrix 

Biases vs. Tradeoff Study Components Matrix 

This matrix was created to efficiently map cognitive biases to tradeoff study components. 

The effects are categorized by severity and importance: 

 Main effects are ranked and marked with an “X1,” “X2,” or “X3.”  

 Effects that are strong are marked with an “X.”  

 Effects that are weak are marked with an “x.” 

In the column labeled “Quadrant,” each effect is categorized according to the quadrant of 

Figure 11 which best describes the range of the effect.  

The matrix is a preliminary review of the effects of cognitive biases on tradeoff 

study components. Omitted from the matrix of biases are simple errors that can affect all 

components of a tradeoff study. Such simple errors include absent-mindedness, lack of 

attention, lack of motivation, lack of memory, skewed implicit assumptions, and 

linguistic ambiguity. 
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Decision Making Errors 
vs. Tradeoff Study 
Elements Q

ua
dr

an
t 

Ev
al

ua
tio

n 
cr

ite
ria

 

W
ei

gh
ts

 o
f 

im
po

rta
nc

e 

In
pu

t v
al

ue
s 

Sc
or

in
g 

fu
nc

tio
n 

C
om

bi
ni

ng
 

fu
nc

tio
n 

Tr
ad

eo
ff

 S
tu

dy
 

as
 a

 w
ho

le
 

Se
ns

iti
vi

ty
 

an
al

ys
is

 

Biases working against the acceptance or trust of tradeoff studies 
Overconfidence SEU   x X x   X1 x 
Satisficing SEU x x X x x   x 
Selection of alternatives SEU           X   
Regret SEU           X   
Independence SEU X1 x X   x     
Causality SEU X2 x X       x 
Calibration SEU   X X X       
Discriminability of updates SEU   X X3 X       
Law of small numbers SEU   X3 X         
Strength and weight SEU   X X2     X   
Elimination by aspects: KT SEU           X   
Experimenter's regress SEU x x X x x X x 
Randomness SEU   X X x       
Case for non-objectivity SEU   X X x       
Effort SEU x x X x x x x 
Obviating expert opinion SEU           X2   
                 

Judgment and Decision Making -- general considerations 
Training of personnel SEU X X X X X1 X X1 
Ambiguity aversion SEU     X         
Severity amplifiers SEU   X1 X x       
Comparative ignorance SEU           X X 
Personal experience SEU X X X1 X X X X3 
Confirmation bias  SEU     X     X3   
Disconfirmation bias SEU     X     X   
Lump judgments/math SEU           X   
Portfolio effect SEU X         X   
Personal/common interests  SEU X X X x       
Group serving bias SEU X X X x       
Biased judgment: 
Individuals vs. groups SEU           X   
Conflict of interest SEU x x           
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Preference Reversals and causes, including Hyperbolic Discounting 
Preference reversals SEU   X X x x     
Prominence hypothesis SEU X X X   X   X 
Choice versus matching SEU   X2 X x       
Constructed preferences SEU   X X x       
   Intransitivity SEU   X X         
Contrast effect SEU   X X         
Regression fallacy SEU   X X         
Time value of money SEU X X X         
Hyperbolic discounting SEU X X X X3       
Temporal preference 
reversals SEU   X X         
Hyperbolic vs. rational 
outlook SEU x x X x   X    
Age and income SEU x x X         
Gambling and substance 
abuse SEU x x X     X   
Time constraints SEU X X X X2 X X X 
                  

Framing and Value vs. Utility:  Prospect Theory 
Framing SEU X X X x X     
Ease of rep: Typicality  SEU     X x       
Availability SEU X x X X2 X2   X3 
Anchoring SEU X x X X3       
Adjustment SEU   X X         
Loss/gain utility EU X X X X1       
Loss aversion EU x X1 X X X     
Status quo bias SEU X X X X X3     
Endowment effect SEU X X X x X     
Delay-speedup asymmetry  SEU   X   X       
Loss/gain discounting  EU     X         
Disposition effect EU X X X X X     
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Subjective Probability and Illusions 
Gambler’s fallacy  SEV     X         
Over-alternation fallacy  SEV     X         
Conjunction fallacy  SEV     X   X  X X 
Disjunction fallacy  SEV     X         
Extensionality fallacies  SEU     X         
Subjective probability SEV     X         
Certainty effect  SEV       X       
Sub-additivity  SEV     X         
Super-additivity  SEV     X         
Aversion to a sequence of 
chance events SEV     X         
Frequency illusions  SEV     X         
Base-rate neglect  SEV     X         
                  

Circumstances which effect human decision making   (all SEU) 
Expectancy effect expectancy               
Valence/wishful thinking wishes     X         
Mere exposure effect memory X X X x X     
Primacy effect memory X X X x       
Peak-end rule memory   X           
Halo effect personality X X X x X     
Attributional errors bias               
Forer effect opinion X3 X X X X X X 
Hawthorne effect social x x X     X X2 
False consensus effect social X X X X X     
Belief perseverance beliefs x         X   
Hostile media effect media           X   
Multi-trait ascription Bias personality     X     X   
Clustering Illusion image   X X         
Texas sharpshooter honesty X   X         
Pareidolia imagination     X         
Cum hoc ergo propter hoc logic X             
Post hoc ergo propter hoc logic X             
Zeigarnik effect memory           X X 

Table 3:  Matrix of biases by tradeoff study components 
http://rayser.sie.arizona.edu:8080/resume/ 
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Why JDM Experiments are Comparable to Tradeoff Study Components 

Many JDM experiments investigate the reaction of a decider to values, probabilities, 

weights and rankings. The decider is put in a situation where he is in danger of not 

maximizing his payoff if he does not accurately assess the rational importance of each of 

the measures. 

Assessments of values, weights, rankings and probabilities are present in tradeoff 

studies. Sometimes these assessments occur in trading off written numbers in manners 

very similar to economics experiments. In other instances, the emphasis is on maintaining 

a consistent and rational mental assessment of criteria and utilities, for example, and on 

transferring such to written form. 

Why cognitive biases provide conclusions applicable to tradeoff studies as a whole 

Experiments in cognitive science also shed light on the reaction of a decider to decisions 

as wholes.  For example, an experiment may shed light on the reaction of the decider to 

excessive ambiguity in a class of problems. Such general conclusions are pertinent and 

applicable to tradeoff studies, in which the analyst also reacts to aspects of the tradeoff 

study as a whole -- such as excessive ambiguity. 

2.3. Biases working against the acceptance or trust of tradeoff studies 

Moving forward with the tenet that there is at least an abstract analogous correspondence 

between certain aspects of a multi-dimensional tradeoff study, and the simplified 

examples of experimental decision choices, we begin by examining biases and prejudices 
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against tradeoff studies as wholes, before moving on to a more detailed examination of 

biases affecting tradeoff study components. 

The Absence of Documented Tradeoff Studies 

There are many aspects of formal tradeoff studies which discourage human decision 

makers. The evidence for this is in the number of tradeoff studies performed. Here is an 

excerpt from a description of a 1999 INCOSE (International Council on Systems 

Engineering) International Symposium tutorial: 

“Over the past few years [Dr. Terry] Bahill has worked with several major 
aerospace companies. For these companies he presented seminars on Systems 
Engineering, worked on product development teams and helped them describe 
their Systems Engineering Process. At each company, he asked for examples of 
tradeoff analyses that had been done there, that he could take them back to the 
University of Arizona and present to his students. 

He has not yet found one. 
A similar lack of tradeoff studies was found by Szidarovszky working 

with engineers in Hungary, Brazil and China. The suspicion is that systems 
engineers in industry do not do quantitative tradeoff analyses. 

When an engineer performs a tradeoff analysis and submits the results to 
his or her boss, the boss often says "No, that is not the right answer." In response 
to this the engineer might change weights, values, scoring functions or tradeoff 
functions. Part of the reason that engineers do not do tradeoff studies may be that 
they have seen applications where similar analyses using similar techniques have 
given different preferred alternatives. Tradeoff analyses fall into the field of 
decision making under risk or uncertainty, often called utility theory or 
multicriterion decision making. … 

Multicriterion decision theory [Szidarovszky, Gershon, Mark and 
Duckstein, 1986] is an old field with lots of researchers, lots of papers, lots of 
books and lots of practitioners, especially in the field of public policy, particularly 
in Europe. However, sophisticated multicriterion techniques are not included in 
systems engineering textbooks and they are not used by systems engineers” 
[INCOSE, 1999] [www.incose.org.uk/incose99/tutt05.htm]. 

Perhaps the thought of having to delve into this vast mathematical field discourages 

human decision makers from performing tradeoff studies. Similarly, there may be some 
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hesitation and discouragement because of an unclear perception of the field of cognitive 

biases.  

Confidence in Subjective Choice:  Often Wrong, but Rarely in Doubt 

Griffin and Tversky [1992, p. 411] have this to say about the weighing of evidence and 

the determinants of confidence: 

“The weighing of evidence and the formation of belief are basic elements of 
human thought. The question of how to evaluate evidence and assess confidence 
has been addressed from a normative perspective by philosophers and 
statisticians; it has also been investigated experimentally by psychologists and 
decision researchers. One of the major findings that has emerged from this 
research is that people are often more confident in their judgments than is 
warranted by the facts. Overconfidence is not limited to lay judgment or 
laboratory experiments. The well-publicized observation that more than two-
thirds of small businesses fail within 4 years [Bradstreet, 1967] suggests that 
many entrepreneurs overestimate their probability of success [Cooper, Woo and 
Dunkelberg, 1988].” 

Overall, then, people can be said to be too confident of their ability to decide complex 

questions correctly, and lack a mild pessimism needed for sobriety. People will generally 

have a strong subjective and overconfident opinion about the presupposed overall final 

results of a tradeoff study before they begin any assessments and calculations. Where, 

therefore, does the uneasiness and reluctance to proceed with, and complete a tradeoff 

study arise? 

Theory Versus Data-Based Reasoning 

People have a propensity to try to find a solution by thinking in terms of their theories, 

and not through an assessment of the data. Usually, the rational approach is quite the 

opposite. 
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“In God we trust, all others bring data.” Edward Demming [1986]. 

Satisficing 

When making decisions under risk and uncertainty, often there are insufficient time and 

resources to explore the whole problem space. Therefore, people cannot make rational 

decisions. The term satisficing was coined by Noble Laureate Herb Simon [1955]. Simon 

proposed that people do not attempt to find an optimal solution.  Instead, they search for 

alternatives that are good enough, alternatives that satisfice.  

If a decider thinks that he can mentally pick a satisficing alternative, he will 

probably prefer to avoid the effort of a formal tradeoff study. Also, alternatives are often 

chosen from a mental search. When a decider encounters his first satisficing alternative, 

he is likely to forgo the detailed analysis of a tradeoff study. 

Conflict Among Alternatives and the Search for Dominance 

Tversky and Shafir [1992] found these results in the presence of conflicting choices: 

“You can either select one of these gambles or you can pay $1 to add one 
more gamble to the choice set.  The added gamble will be selected at 
random from the list you reviewed.” 
 
Conflict: 
Imagine that you are offered a choice between the following two gambles: 
 x)  65% chance to win $15 [Expected values:] [ $9.75]   
 y)  30% chance to win $35 [Added by author.] [$10.40] 
55% chose to pay for an additional choice 

Dominance: 
   x)  65% chance to win $15    [ $9.75] 
 x’)  65% chance to win $14    [ $9.10] 

 30% chose to pay for an additional choice 
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It is seen that a choice among alternatives with conflicting features will cause a continued 

search for alternatives, while the presence of clear dominance among the alternatives will 

increase the chance of the decider finalizing his decision. 

Distinctiveness by the Addition of Alternatives 

A similar study in medical decision making by Redelmeier and Shafir [1995] investigated 

the addition of alternatives. The objective was to determine whether situations involving 

multiple options can paradoxically influence people to choose an option that would have 

been declined if fewer options were available. Surveys were mailed randomly in one of 

two versions to members of the Ontario College of Family Physicians, neurologists and 

neurosurgeons affiliated with the North American Symptomatic Carotid Endarterectomy 

Trial, and a group of legislators belonging to the Ontario Provincial Parliament. Here is 

the problem statement they sent to these deciders. 

Three patients are scheduled for carotid endarterectomy, but two OR 
[operating room] slots have [already] been taken by emergency cases 
(more slots won’t be available for 2 weeks). Of these three patients, who 
[should have a] higher priority? 
 
Patient M.S. is a 52 year old employed journalist with TIA’s experienced 
as transient aphasia.  She’s had one such episode occurring ten days ago 
which lasted about 12 hours.  Angiography shows a 70% stenosis of the 
left carotid.  Past medical history is remarkable for past alcoholism (no 
liver cirrhosis) and mild diabetes (diet controlled). 
 
Patient P.K. is a 55 year old employed bartender with TIA’s experienced 
as transient monocular blindness.  She’s had one such episode a week ago 
which lasted less than 6 hours.  Angiography shows a 75% stenosis of the 
ipsilateral carotid.  Past medical history is remarkable for ongoing 
cigarette smoking (since age 15 at a rate of 1 pack per day). 
 
Patient A.R. is a 72 year old retired policeman with TIA’s experienced as 
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left hand paralysis.  He’s had 2 such episodes over the last three months 
with the last occurring one month ago.  Angiography shows a 90% 
stenosis of the right carotid.  He has no concurrent medical problems and 
is in generally good health. 
 
If asked for your opinion, on which patient would you operate first?  
Check one: 
[One group of deciders was given just these two choices. 38% chose 
Patient A.R.] 
 
       2 patients:  109  Patient M.S. 
       68 Patient A.R. 38% 
 
[Another group of deciders was given these three patients. Here, 58% 
chose Patient A.R.] 
 
       3 patients:   57  Patient M.S. 
       16 Patient P.K. 
    102 Patient A.R. 58% 

It is seen that the introduction of an additional alternative can increase decision difficulty 

and thus the tendency to choose a distinctive alternative. Note that the distinctive 

alternative was rather unnoticeable before the additional alternative was added. 

Additional Alternatives Maintain the Status Quo 

In another scenario involving a patient with osteoarthritis, family physicians were less 

likely to prescribe a medication (53%) when deciding between two medications than 

when deciding about only one medication (72%). The difficulty in deciding between the 

two medications led some physicians to recommend not starting either. Similar 

discrepancies were found in decisions made by neurologists and neurosurgeons 

concerning carotid artery surgery and by legislators concerning hospital closures 

[Redelmeier and Shafir, 1995]. 
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 In an experiment by Tversky and Shafir [1992], students were asked to fill out a 

questionnaire for $1.50. They were then offered either a metal zebra pen for the $1.50, or 

they were offered a choice of a metal zebra pen or two plastic pilot pens for the $1.50. 

The probability of keeping the $1.50 was higher (53%) when they were offered the 

choice of pens, than when they were offered only the zebra pen (25%). An increase in the 

conflict of the choice thus increased a decision to stay with the status quo. It seems that 

the students thought the increase in conflicts within the subset of pen options increased 

the chance of making a bad choice within the subset. 

“When Choice Is Demotivating” [Iyenger and Lepper, 2000] 

When shoppers in an upscale grocery store encountered a tasting booth for jams, 40% 

stopped and 30% bought when 6 jams were present. However, when 24 jams were 

present, 60% stopped and only 3% bought.. Increased features seem to attract attention 

but discourage choice. Similarly, it can be supposed that a tradeoff study with multi-

criteria alternatives will attract attention but discourage a definitive choice. 

Salient Features Causing Opposite Choices and Confusion 

This example was given by Shafir [1993]: “Imagine that you serve on the jury of an only-

child sole-custody case following a relatively messy divorce.  The facts of the case are 

complicated by ambiguous economic, social, and emotional considerations, and you 

decide to base your decision entirely on the following few observations.” 

Group 1: To which parent would you award sole-custody of the child? 
Group 2: To which parent would you deny sole-custody of the child? 
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Parent A: 
Average income 
Average health 
Average working hours 
Reasonable rapport with the child 
Relatively stable social life 

Parent B: 
Above-average income 
Very close relationship with the child 
Extremely active social life 
Lots of work-related travel 
Minor health problems 
 

 Group 1: Award decision Group 2: Deny decision 
Parent A, average features 36% 45% 
Parent B, salient features 64% 55% 

It is seen that salient features can draw the attention of a decision maker, and, depending 

on whether he is looking to choose or not choose one alternative, can cause him to use 

salient features to justify choosing and not-choosing the same alternative.  

A decision maker who has considered such a question from both perspectives may 

be faced with conflicting choices that may lead him to consider the problem to be not 

decidable. The rational procedure would be to consider the features of each alternative 

separately, giving them each a utility score and a weight of importance for this situation, 

and then let a simultaneous mathematical combination render a final utility for each 

alternative. 

Calibration 

Griffin and Tversky [1992, p. 411] provide an answer to the question of uneasiness in 

conducting tradeoff studies: “Overconfidence is not universal. Studies of calibration have 

found that with very easy items, overconfidence is eliminated, and underconfidence is 
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often observed [Lichtenstein, Fischhoff and Phillips, 1982].” Since the process of 

completing a tradeoff study involves much calibration, underconfidence can easily occur, 

and possibly accumulate. 

Consider the following two questions - now provided with average answers - 

which were each posed to a random 50% of a group of experimental subjects by Schwarz 

[1990]: 

Please estimate the average number of hours you watch television per 
week: 
 ____      ____      __X_      ____        ____        ____ 
 1-4        5-8         9-12       13-16       17-20       More 

Please estimate the average number of hours you watch television per 
week: 
____      ____       __X_        ____       ____        ____ 
1-2   3-4          5-6           7-8         9-10         More than 10 

With both random halves of the experimental population, the average answer lay in the 

central option of the five pre-determined ranges. Numerically, however, the average 

answers do not coincide or even overlap. Obviously, humans cannot be trusted with a 

calibration problem, even when it pertains to their own personal experience. In this case, 

subjects seemed eager to calibrate a number in a way that seemed most compatible with 

the given range of scale. 

Discriminability of Updated Information 

Griffin and Tversky reviewed the discrimination of a hypothesis against its updated 

hypothesis: “People seem to focus on the strength of evidence for a given hypothesis [or 

a favored hypothesis] and neglect how well the same evidence fits an alternate 
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hypothesis” [1992, p. 418]. Further, Griffin and Tversky note that “studies of sequential 

updating have shown that posterior probability estimates commonly exhibit conservatism 

or underconfidence [Edwards, 1968]” [1992, p. 411]. Thus, the sequential updating of 

information in a Bayesian fashion in tradeoff studies can be accompanied by inflexibility 

and lack of trust in the analyst’s mind. 

 The lack of trust, in calibration and posterior probabilities, deal a double blow to 

progress within tradeoff studies.  People would rather hold on to their preliminary false 

overconfidence in their subjective opinion of the alternatives. 

Law of Small Numbers 

Simply stated, this law says that:  "There aren't enough small numbers to meet the many 

demands made of them" [Weisstein, 2005]. For example, the function:  ceiling[e((x-1)/2)]  

gives the sequence 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, ... (i.e., the first ten Fibonacci numbers) 

for n=0,1,..., although it subsequently continues 91,149,..., which are not Fibonacci 

numbers [Guy, 1988]. 

In tradeoff studies, this law could impact the estimation of weights of importance 

(or other parameters) whenever critical differences in weights are shrouded by the 

possibly small number of weight value options used.  If aware of these limitations, a 

decision maker who considers tradeoff studies to be a large collection of ‘small numbers’ 

may not want proceed with any extended analysis or effort. 

In a contrary situation concerning the Law of Small Numbers, someone charged 

with a decision may want to take some small indicator or data sample, place undue 
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confidence in it, make the decision according to it, and ‘spare himself the trouble of re-

confirming the obvious.’ 

Tversky and Kahneman [1971, p. 109] wrote: 

“In review, we have seen that the believer in the law of small numbers 
practices science as follows: 
1. He gambles his research hypotheses on small samples without 

realizing that the odds are against him are unreasonably high.  He 
overestimates power. 

2. He has undue confidence in early trends (e. g., the number and identity 
of significant results).  He overestimates significance. 

3. In evaluating replications, his or others’, he has unreasonably high 
expectations about the replicability of significant results.  He 
underestimates the breadth of confidence intervals. 

4. He rarely attributes a deviation of results from expectations to 
sampling variability, because he finds a causal ‘explanation’ for any 
discrepancy.  Thus, he has little opportunity to recognize sampling 
variation in action.  His belief in the law of small numbers, therefore, 
will forever remain intact.” 

For a serious tradeoff study analyst who is focused on producing the broad structure of 

the tradeoff study, this aspect of the Law of Small Numbers could result in the mistake of 

overestimating the significance of small sample sizes that go toward establishing the 

input values of some criteria. This could be an especially serious mistake if these input 

values turn out to have the highest sensitivity in determining the final result. 

Assessments Based on Strength and Weight 

In cognitive psychology, “strength and weight” refers to the magnitude of a measure and 

the measure of its confidence (sample size, for example).  Traditional tradeoff studies do 

not incorporate measures of confidence in the data – unless techniques such as fuzzy sets 

are employed.  Since tradeoff studies usually focus on the strength of the evidence 
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(criteria input values for example) they usually lack a critical component of psychological 

thought, namely, that of a measure of confidence in each value’s magnitude.  Note that a 

basic tradeoff study’s weights are also measures of magnitude, for they decide the degree 

of transmittal of a criteria score toward the overall score of an alternative. 

 “Statistical theory and the calculus of chance prescribe rules for combining 

strength and weight.  For example, probability theory specifies how sample proportion 

and sample size combine to determine posterior probability.  … [Usually] people focus 

on the strength of the evidence … and then make some adjustment in response to its 

weight” [Griffin and Tversky, 1992, p. 412]. The usual focus on strength or magnitude in 

tradeoff studies could thus be beneficial – if the analyst prefers to streamline his decision 

making thoughts – or detrimental – if the analyst would prefer to have a strong 

association between “strength and weight” in the tradeoff study.  Note, of course, that the 

weight or confidence of the data can be treated in the Risk section of tradeoff studies, but 

this consideration of confidence could be too far removed from the magnitude of values, 

in comparison to the intimate relation between “strength and weight” in the human 

cognitive realm.    

Elimination by Aspects, or Killer Trades 

Traditionally, tradeoff studies have a preliminary round of ‘killer trades.’ Alternatives 

may be eliminated by choosing an aspect, or criterion, and eliminating all the alternatives 

that do not include the criterion, or aspect.  The criterion or aspect in focus should 

obviously be very important. One flaw of this strategy is that it does not consider the 

effect of criteria that are present in all alternatives.  Also, this strategy may mistakenly 
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eliminate a superior alternative by focusing on trivial criteria.  The attractiveness of this 

strategy lies in that it may be easily employed until all alternatives but one are eliminated. 

This strategy can be attractive to those like to make a decision and ‘forget about 

it.’ Man, after all, has been often been shown not to like cognitive dissonance, or the 

holding of competing alternative within his mind.  It is reasonable to assume that 

throughout his evolutionary trajectory, until his settling down to an agricultural life 

approximately 10,000 years ago, man was not in a position to make decisions 

computationally. 

Rationality should be employed in the logic of any elimination by aspects. The 

following example by Tversky shows that how a limit is drawn in the application of killer 

trades is very important [Tversky, 1972, pp. 295-296]: 

“The following television commercial serves to introduce the problem.  
‘There are more than two dozen companies in the San Francisco area 
which offer training in computer programming.’ The announcer puts some 
two dozen eggs and one walnut on the table to represent the alternatives, 
and continues:  ‘Let us examine the facts.  How many of these schools 
have on-line computer facilities for training?’ The announcer removes 
several eggs. ‘How many of these schools have placement services that 
would help find you a job?’ The announcer removes some of the eggs.  
‘How many of these schools are approved for veterans’ benefits?’ This 
continues until the walnut alone remains.  The announcer cracks the 
nutshell, which reveals the name of the company and concludes: ‘This is 
all you need to know in a nutshell.’ 

This commercial illustrates the logic of elimination by aspects; it 
also suggest that this logic has some normative appeal as a method of 
choosing among many complex alternatives. The appeal of this logic 
stems primarily from the fact that it is easy to state, defend, and apply. In 
choosing among many complex alternatives such as new cars or job offers, 
on e typically faces an overwhelming amount of relevant information.  
Optimal policies for choosing among such alternatives usually require 
involved computations based on the weights assigned to the various 
relevant factors, or on the compensation rates associated with the critical 
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variables.  Since man’s intuitive computational facilities are quite limited 
[Shepard, 1964; Slovic and Lichtenstein, 1971], the [computations] are 
difficult to apply. 

Moreover, it seems that people are reluctant to accept the principle 
that (even very important) decisions should depend on computations based 
on subjective estimates of likelihoods or values in which the decision 
maker himself has only limited confidence. When faced with an important 
decision, people appear to search for an analysis of the situation and a 
compelling principle of choice which will resolve the decision problem by 
offering a clear-cut choice without relying on estimation of relative 
weights, or on numerical computations. (Altogether people seem to have 
more confidence in the rationality of their decisions that in the validity of 
their intuitive estimates, and the fact that the former depends on the latter 
is often met with a mixture of resistance and unhappiness.) 

The strategy of elimination by aspects (illustrated by the above 
commercial) provides an example of such a principle.  It is relatively easy 
to apply, it involves no numerical computations, and it is easy to explain 
and justify in terms of a priority ordering defined on the aspects. Inasmuch 
as people look for a decision rule that not only looks sensible, but which 
also seems easy to defend to oneself as well as to others, the principle of 
the elimination by aspects appears attractive.  Its uncritical application, 
however, may lead to very poor decisions.  For virtually any alternative, 
no matter how inadequate it might be, one can devise a sequence of 
selected aspects or equivalently, describe a particular state of mind that 
leads to the choice of that alternative. 

Indeed, the purpose of advertisement is to induce a state of mind in 
the decision maker which will result in the purchase of the advertised 
product.  This is typically accomplished by increasing the salience and the 
availability of the desired state of mind.  Being influenced by such factors, 
people are often lured into adopting a state of mind which, upon further 
reflection, appears atypical or inadequate. Shepard [1964] tells of a person 
who is induced to purchase the Encyclopedia Britannica by imagining 
how he would read it in his free time and impress his friends with his 
newly acquired knowledge. Only after failing to consult the Encyclopedia 
Britannica for a long period of time does the person realize how 
inappropriate the state of mind was that lead him to purchase those many 
dusty volumes. 

From a normative standpoint, the major flaw in the principle of 
elimination by aspects lies in its failure to ensure that the alternatives 
retained are, in fact, superior to those which are eliminated. 

In the problem addressed by the above commercial, for instance, 
the existence of placement services that would help the trainee to find a 
job is certainly a desirable aspect of the advertised program. Its use as a 
criterion for elimination, however, may lead to the rejection of programs 
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whose overall quality exceeds that of the advertised one despite the fact 
that they do not offer placement services. 

In general, therefore, the strategy of elimination by aspects cannot 
be defended as a rational procedure of choice.  On the other hand, there 
may be many contexts in which it provides a good approximation to much 
more complicated compensatory models and could thus serve as a useful 
simplification procedure.  The conditions under which the approximation 
is adequate, and the manner in which this principle could be utilized to 
facilitate and improve decision making, are subjects for future 
investigations.” 

Experimenter's Regress 

It is possible for a feedback loop to detrimentally form between theory and evidence. In 

science, theories are confirmed by evidence, but evidence is also judged according to 

theories. If cognitive biases or errors affect input data in tradeoff studies, an alternative 

can improperly gain or lose perceived strength, leading to an erroneous conclusion – 

either in the tradeoff study itself or in later studies based on a previous one. 

Early Theories of Randomness 

Early in the history of the JDM field, theories held that subjective value was determined 

by rules involving randomness [Thurstone, 1927, 1959].  Luce [1959] held that a random 

element was involved in decision rules. Obviously, some randomness will always be 

present in decision studies, either because some randomness will be present in input data, 

or because the workings of the human brain involve some small random components.  

In the presence of randomness in data, some people will say: “What is the use of 

performing detailed calculations on inexact data? I would rather just choose a decision 

with which seems best, and forget about it.” 
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The Case for Non-Objectivity 

Pollock [2006] has noted a number of reasons why people cannot reason objectively with 

probabilities: 

1) An existence of n probabilities can immediately lead to a necessary 
consideration of 2n conditional probabilities – assuming that each 
probability can assume only two values. For n = 300, there are 2300 
conditional probabilities, which is a number larger than the Eddington 
number, 17 x 2260, the estimated number of particles in the known 
universe [Eddington, 1923] 
2) Probability is an idealization of frequencies.  Real “probabilities” are 
derived from limited samples of populations whose extent is often 
unknown. 
3) Philosophically speaking, there are no ultimate definitions for 
anything, only rules for how we reason about things. It is easy to get 
caught up in the ‘objective’ and exact consideration of ‘probabilities,’ but 
there is in fact no permanent and fixed definition of such. 

Pollock has also noted that, from a large enough perspective, reasoning is not deductive, 

but only practically useful and always defeasible, that is, subject to annulment when the 

limits of its logic are found. With a built-in feeling of the infinite, humans often convince 

themselves that reasoning is of limited value. 

Preparation 

A factor that can ameliorate the effects of cognitive biases is preparation in pertaining 

knowledge domains; of course, significant domain preparation is rare. The benefits of 

preparation and deliberation are shown in a tradeoff diagram by Newell [1992]. See 

Figure 12 below. Expert systems and early artificial intelligence systems are shown as 

having roughly equal performance, but for different reasons – expert systems because of 

their focus on rules, and AI systems because of their focus on processing, or 
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‘deliberation.’ The level of performance achievable by humans - because of the large 

number of rules they can ideally store – is now being approached by hi-tech systems that 

have an edge in processing power. It is reasonable to suppose that modern humans like 

hi-tech performance, but usually do not want to expend the effort to match such 

performance with human-task intensive activities such as tradeoff studies. 
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Figure 12:  The tradeoff between preparation and deliberation [Newell, 1992] 
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Effort 

Christensen-Szalanski [1978] summarized the meta-logic of a decision strategy selection 

with the diagram in Figure 13 that shows how a decision maker compares his subjective 

probability of obtaining a correct decision with his subjective utility of implementing the 

correct decision strategy. It is seen that, in the usual decision-making environment, 

maximum net expected gains roughly correspond to decisions that are ‘coin-flip 

probabilistic’ (50% wins, 50% losses) and require little cost to implement. 

Decision makers with a usual spread of ‘real-life’ decisions probably consider 

tradeoff studies to occur at the extreme right of Figure 13, where the subjective 

probability of choosing the correct alternative is 90% or greater, but the cost of 

implementing this decision strategy (tradeoff study) becomes elevated, significantly 

reducing the net expected gain. Thus, decision makers who have a range of investment 

decisions probably become accustomed to displacing tradeoff studies with decisions 

requiring significantly less cost. That is, decision makers try to pick ‘low-hanging fruit’ 

that do not require tradeoff studies to acquire. 
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 [Christensen-Szalanski, 1978]

Expected
benefit

0.00
0

Uinitial

1.00Pcorrect

Subjective probability of being correct

Subjective 
Expected

Utility Uchoice

Maximum net 
expected gain

Cost (Uexpected)

Figure 13:  Subjective profitability judgment 

Interestingly, the effort needed to assimilate and implement rationality is one that 

has long bothered those in the humanities. “The computer threatens to infiltrate the 

humanities and, indeed, all intellectual disciplines. … It transforms first this intellectual 

operation and then that one” [Newell, 1992, p. 95]. 

Time Scale of Rationality 

It may be difficult to force rationality to appear in time scales that are too short. It may 

also be difficult to maintain a certain rational perspective in time scales that are too long. 

Table 4 by Newell [1992] illustrates the location of the natural scale of rationality. 
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TIME SCALE OF HUMAN ACTION 
SCALE (Sec.) TIME UNITS SYSTEM WORLD (Theory) 

107 Months [Project] 
106 Weeks [Assignment] 
105 Days [Work package] 

SOCIAL  
BAND 

104 Hours Task 
103 10 mins Task 
102 Minutes Task 

RATIONAL  
BAND 

101 10 sec Unit task 
100 1 sec Operations 
10-1 100 ms Deliberate act 

COGNITIVE 
BAND 

10-2 10 ms Neural circuit 
10-3 1 ms Neuron 
10-4 100 µs Organelle 

BIOLOGICAL  
BAND 

Table 4:  Newell’s [1992] time scale of human action 

In leisure, humans operate in the biological band and in the cognitive band. A 

rational procedure such as a tradeoff study requires time approaching a working day, and 

so is usually not pursued by individual commitment. In fact, institutionally-sponsored 

tradeoff studies conducted over months also fall outside of the individual rational range, 

and instead require a long-range, collective, social commitment to rational decision 

making. 

“Who is Rational?” [Stanovich, 1999] 

The fundamental computational bias is embodied by contextualization and personalized 

construal [Stanovich, 1999, p. 192]: 

a) “The tendency to adhere to Gricean conversational principles even in 
situations that lack many conversational features [Adler, 1984; Hilton, 
1995], 
b) the tendency to contextualize a problem with as much prior knowledge 
as is easily accessible, even when the problem is formal and the only 
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solution is a context-free rule [Evans, 1982, 1989; Evans, Barston and 
Pollard, 1983], 
c) the tendency to see design and pattern in situations that are either 
undersigned, unpatterned, or random [Levinson, 1995], 
d) the tendency to reason enthymematically – to make assumptions not 
stated in a problem and then reason from those assumptions [Henle, 1962; 
Rescher, 1988], and, 
e) the tendency toward a narrative mode of thought [Bruner, 1986, 
1990].” 
To reason rationally, one must “ignore the content of belief bias 
syllogisms, … ignore vivid case evidence, … reason independently of 
personal opinions and prior beliefs” [Stanovich, 1999, p. 191]. 

“The fundamental computational bias is no doubt rational in the 
evolutionary sense [Anderson, 1990, 1991; Oaksford and Chater, 1994, 
1996]. Selection pressure was probably in the direction of radical 
contextualization. An organism that could bring more relevant information 
to bear (not forgetting the frame problem) on the puzzles of life probably 
dealt with the world better than competitors and thus reproduced with 
greater frequency and contributed more of its genes to future generations. 

Evans and Over [1996] argued that an overemphasis on normative 
rationality has led us to overlook the adaptiveness of contextualization and 
the nonoptimality of always decoupling prior beliefs from problem 
situations (“beliefs that have served us well are not lightly to be 
abandoned,” [Evans and Over, 1996, p. 114]). Their argument here 
parallels the reasons that philosophy of science has moved beyond naïve 
falsifications [Howson and Urbach, 1993]. Scientists do not abandon a 
richly confirmed and well-integrated theory at the first little bit of 
falsifying evidence, because abandoning the theory might actually 
decrease explanatory coherence [Thagard, 1992]. Similarly, Evans and 
Over argued that beliefs that have served us well in the past should be hard 
to dislodge, and projecting them on to new information – because of their 
past efficacy – might actually help in assimilating the new information.” 
[Stanovich, 1999, pp. 202-203]. 

“Measures of the ability to deal with abstraction remain the best 
employment predictor and the best average earnings predictor in 
postindustrial societies [Brody, 1997; Gottfredson, 1997; Hunt, 1995]” 
[Stanovich, 1999, p. 204].  

 Agent-based computer simulations of good human decision-making models have 

attempted to largely relieve humans of well-modeled decision-making activity [Son and 

Zhao, 2005], and to reduce errors in such activity. The emphasis is on implementing BDI 
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agents capable of holding beliefs, desires and intentions and integrating them with human 

decision-makers, hardware and software. Plans are generated in real-time, reactive and 

proactive responses to stimuli are supported, and situational awareness is maintained in 

human-language-based logic to facilitate human interaction. 

Obviating Expert Opinion 

Often, lay people or lesser trained people can converse with an expert – say a decision 

expert – and conclude that the expert is no better at making decisions than they are. 

Specific and preponderant evidence of the expert’s skill is often needed. Why is this? 

1) Although in some cases an expert may come to a very quick, almost 

instantaneous, assessment of a situation in the ‘blink’ of an eye [Gladwell, 2005], usually 

a period of preliminary perception and assessment is necessary, as in the case of chess 

players evaluating a chess game position they have never seen before [De Groot, 1965]. 

During this stage, a chess expert may be quieter than a player who truly does not know 

the game, as a decision analyst may only be laying the groundwork for a decision. 

2) In tasks only slightly unassociated with the tasks of which a person is an 

expert, an expert may fare no better than the average person. For example, when simply 

counting the total number of chess pieces on a chess board, irrespective of type or 

position, experts fared no better than other subjects; in detecting critical patterns, 

however, experts performed much better than the average person [Saariluoma, 1990]. 

3) All humans store about seven units or ‘chunks’ of information at a time 

[Miller, 1956], in short-term memory, irrespective of skill level. Chess masters’ chunks 

are larger and richer in information than amateurs’ chunks [Chase and Simon, 1973]. A 
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novice ‘can’t see the forest for the trees.’ Thus, a non-expert often cannot perceive the 

refinement in the expert’s thought. 

The above effects may combine to convince an evaluator that an expert has 

nothing to offer, and that any reasonably intelligent person with no specific training can 

make a good decision. However, true experts [Shanteau, 1992, p. 18] operate differently 

than the untrained. They: 

1) “are willing to make continuous adjustments in initial decisions, 
2) get help from others to make better decisions, 
3) make use of formal or informal decision aids, 
4) try to avoid making large mistakes, and 
5) follow some sort of divide-and-conquer strategy.” 

Summary 

The factors listed in this section come together to largely preclude the implementation of 

tradeoff studies in settings other than when a sponsor directly orders a tradeoff study to 

be conducted, makes his ongoing interest in getting the study done clear, and provides 

significant funding and time for the effort.  
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2.4. Judgment and decision making – general considerations 

The following is a rather thorough, though not a complete, review of human biases that 

could effect tradeoff studies. 

JDM Literature 

The current JDM literature indicates that there are many cognitive biases, irrationalities 

and inconsistencies in the way humans make judgments and decisions. There are many 

inconsistencies in the way humans judge probabilities and review raw data. Also, factors 

such as age, income level, and personal and group interests can augment such effects. An 

understanding of biases effecting judgments is necessary for a decision maker 

undertaking a tradeoff study in which subjective judgments are necessary. 

Training of Personnel 

Traditional training of personnel has been geared toward the operation of hardware.  It is 

less common to specifically train personnel in ways to reduce intangible cognitive biases 

and irrational judgments, despite that fact that such effects can be quite astounding. 

Below is a list of cognitive biases that may cause problems in tradeoff studies. 

Ambiguity Aversion 

The probability of someone accepting a bet can be influenced by the presence of non-

relevant ambiguous material (or opposite). The Ellsberg Paradox [Ellsberg, 1961, 1962] 

shows this. 
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 Suppose balls will be drawn from an urn contains 30 red balls and 60 other balls 

which are either black or yellow. Which gamble do you prefer? 

Gamble A Gamble B 
$100 if a red ball is drawn $100 if a black ball is drawn 

This choice of gambles is also presented: 

Gamble C Gamble D 
$100 if a red or yellow ball is drawn $100 if a black or yellow ball is drawn 

Most people strongly prefer Gamble A to Gamble B, while at the same time preferring 

Gamble D. to Gamble C. These choices are inconsistent, since Gambles C and D simple 

add the yellow balls to Gambles A and B. Expected utility theory is being ignored in 

favor of seeking the gamble which minimizes ambiguity. 

Severity Amplifiers [Bahill, 2006] 

“Lack of control: I am less afraid driving my car up Mount Lemmon (a twisty 
road) at 55 mph than having my wife drive me to school at 35 mph. 

Lack of choice: We are more afraid of risks that are imposed on us than those we 
take by choice. 

Lack of trust: We are less afraid listening to the head of the Center for Disease 
Control explain anthrax than listening to a politician explain it. 

Lack of warning: People dread earthquakes more than hurricanes, because 
hurricanes give hours or days of warning. 

Lack of understanding: We are more afraid of ionizing radiation from a nuclear 
reactor than of infrared radiation from the sun. 

Manmade: We are more afraid of nuclear power accidents than solar radiation. 
Newness: We are more afraid when a new disease (e.g. SARs) first shows up in 

our area than after it has been around a few years. 
Dreadfulness: We are more afraid of dying in an airplane crash than of dying from 

heart disease. 
Personalization: A risk threatening you is worse than the same risk threatening 

someone else. 
Imminency: A famous astrophysicist was explaining a model for the life cycle of 

the universe. He said, “In a billion years our sun will run out of fuel and 
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the earth will become a frozen rock.” A man who was slightly dozing 
awoke suddenly, jumped up and excitedly exclaimed, “WHAT did you 
just say?” The astrophysicist repeated, “In a billion years our sun will run 
out of fuel and the earth will become a frozen rock.” With a sigh of relief, 
the disturbed man said, “Oh thank God, I thought you said in a million 
years!” 

Comparative Ignorance 

The decision to play a game is influenced by the competence of counterparts, even while 

the probability of winning a game itself remains the same. Specifically, people prefer to 

withdraw from games when they perceive that their opponents are knowledgeable [Fox 

and Tversky, 1995; Fox and Weber, 2005]. 

Personal Experience 

A good reason to train decision makers and to broaden their decision-making abilities is 

the old adage: 

“We are all prisoners of our own experience.” 

Confirmation Bias and Disconfirmation Bias 

Humans will often try to prove their current hypothesis at hand until all efforts fail, and 

only then will they serially consider the next idea.  An example of this is the blind and 

exaggerated application of cyclic motion to the planetary orbits before Kepler introduced 

ellipses in 1609 in his Astronomia Nova. 

Disconfirmation bias refers to the tendency for people to extend critical scrutiny 

to information that contradicts their prior beliefs and accept uncritically information that 

is congruent with their prior beliefs. 
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Meehl [1954] on Lump Judgments Versus Arithmetic 

“Surely we all know that the human brain is poor at weighting and computing. When you 

check out at a supermarket, you don’t eyeball the heap of purchases and say to the clerk: 

‘Well it looks to me as if it’s about $17.00 worth; what do you think?’ The clerk adds it 

up.” This situation is comparable to an analyst wanting to avoid a detailed consideration 

of all parameters in a tradeoff decision. Because intuitive judgments by clinicians and 

computer-assisted statistical predictions produced disparate results [Ledley and Lusted, 

1959], Meehl held that statistics was always a better predictor than individual clinical 

judgment. 

 The easier mental accessibility of a lump numbers over arithmetic numbers 

sometimes causes humans to focus: on averages rather than sums, on changes or 

differences in numbers rather that absolute values, and on the similarity between two 

occurrences rather than the relevant probability calculation.  

Portfolio Effect, Scope 

A practical example of an unforeseen lump judgment for the tradeoff analyst involves the 

decision to buy a product that may create a portfolio effect leading to the necessary use of 

more related products. For example, the installation of Windows may ultimately involve 

the use of Internet Explorer, Outlook, Excel, Word and PowerPoint. This aspect of 

decisions is also called scope, and often leads to decision making errors. 
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Group-Serving Bias 

Group members may make dispositional attributions for their group's successes and 

situational attributions for group failures, and vice versa for outsider groups. 

Bias in Judgment: Comparing Individuals and Groups 

Perhaps the problem of cognitive biases can be solved by handing all decision making to 

groups, so this question comes to mind: Which is more biased – individuals or groups?  

There is no clear or general pattern to systematic judgmental biases in one compared to 

other. However, complicated social models can give good, albeit complicated answers. 

J. H. Davis's [1973] Social Decision Scheme uses group size, initial individual judgment, 

magnitude of individuals' biases, type of bias, and group-judgment process, to specify 

some of the conditions under which individuals are more biased than groups.  In short, 

cognitive problems in decision making cannot be solved only by requiring group decision 

making. 

 Group decision making is often rendered ineffective by the presence of 

dominance relationships and hierarchy. It is important that discussions be open and that 

everyone be given a chance to speak. 

2.5. Preference reversals and their causes 

To reverse preferences is a form of gross irrationality. When the cause is hyperbolic 

discounting, the roots of the error are animalistic. 
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Preference Reversals 

Preference reversals are a form of human error arising from the human propensity to have 

their mental focus drawn in to the criterion being examined at the present time.  If the 

alternatives have two or more criteria, then a preference can first be created for one 

alternative on the basis of one criterion, and then switched to another alternative on the 

basis of another criterion. 

Why do Preference Reversals Pose a Problem? 

1) Money can be pumped out of a person who circularly exchanges his 
resources for an alternative that is only preferred for a short while. For 
example, If a person prefers A to B, but later prefers B to A, and if such a 
reversal of preferences can be systematically induced, then the person will 
willingly pay a premium at each transaction to a crafty dealer and will lose 
money come what may [Piattelli-Palmarini, 1994, p. 11]. 

2) A choice from alternatives is not procedurally invariant. 
“Systematically different preference orders are obtained when different 
procedures were used to elicit preferences for gambles. Preference 
reversals persisted even when subjects were given financial incentives to 
motivate them to rank the gambles identically. Results were consistent 
with a change-of-process theory in which subjects are assumed to use 
different strategies in different tasks [Mellers, Birnbaum and Ordonez, 
1992]” [Mellers, Chang and Birnbaum 1992, p. 347]. 

3) The question still exists: “Which is the right preference?” In the 
face of contradictory preferences, the alternative that will ultimately be 
favored is not known. 

Preference reversals are found in many domains, including marketing, finance, public 

policy, and military planning. Even with crafty setups, most people will not switch 

preferences after the third or fourth choice. 
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2.5.1. Prominence, constructed preferences, contrast and regression 

Prominence Hypothesis 

Tversky, Sattath, and Slovic [1988] proposed the prominence hypothesis, which states 

that humans tend to place more weight on the more prominent attribute in a choice. 

Therefore, a preference can change due to how one asks the question: 

• “Which do you prefer?” 

• if the options are presented separately or simultaneously, or  

• by the context of the question. 

Thus, in an apartment search decision, if rent is more prominent than distance, then it will 

have a greater weight in the choice; however, other contexts could just as easily make 

distance more prominent. 

Constructed Preference Argument 

According to this argument, preferences are constructed at the time of elicitation, and are 

not read off of a truly rational master list of ranked alternatives. The constructed 

preferences argument leads to numerous considerations on what is the right procedure to 

elicit preferences from people. 

This poses a problem for decision analysts, who want to arrive at a definite and 

true ranking of alternatives.  Tradeoff studies seek to find a master list of alternatives. 
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Environmental Influences 

Constructed preferences can be influenced by various factors including context, 

description, and procedure. For example, consumers can be influenced by their 

environment [Dijksterhuis, Smith, Van Baaren and Wigboldus, 2005]. 

Intransitivity 

Intransitivity gives an example of the error to which constructed preferences can lead. 

Tversky [1969] successively showed consecutive pair of these gambles to subjects, in 

which they predominantly preferred the higher monetary payoff. For example, A was 

preferred to B, B to C, C to D, and D to E. When the two end gambles – A and E - were 

shown to subjects, however, they switched their direction of preferences toward the 

higher probability bet, now preferring E to A.  

$5.00
7/24

$4.75
8/24

$4.50
9/24

$4.25
10/24

$4.00
11/24

A B C D E  

Figure 14:  Progressive bets lead to intransitivity 

One can imagine successively tuning the parameters of a tradeoff study until it suddenly 

becomes obvious that one has been tuning in the wrong direction for quite a while. 
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Contrast Effect 

A contrast effect is the enhancement or diminishment, relative to normal, of a perception 

and related performance as a result of immediately previous or simultaneous exposure to 

a stimulus of lesser or greater value in the same dimension. Contrast effects are 

ubiquitous throughout human and non-human animal perception, cognition, and resultant 

performance. A weight is perceived as heavier than normal when ‘contrasted’ with a 

lighter weight. It is perceived as lighter than normal when contrasted with a heavier 

weight. 

An analyst conducting a tradeoff study may be drawn to prominent numerical data 

because of the contrast effect; it is also possible that he could erroneously decide to 

‘make the data more reasonable’ by reducing its prominence in comparison to 

surrounding data, or artificially ‘regressing’ the prominent datum. 

Regression Fallacy 

A regression fallacy occurs when a trend projection is made about phenomenon which 

naturally regress toward a mean; similarly, one could falsely attribute a tendency of 

regression toward a mean to phenomenon. On getting an exceptional score on a test, for 

example, one could jump to the conclusion that they have reached a new plateau of 

performance based on increased intelligence. When being direly ill, one could take a 

medicine and then attribute one’s recovery to its powers, when in reality most illnesses 

pass naturally. Sir Francis Galton [1885], coined the term “regression” in his “Regression 
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Toward Mediocrity in Hereditary Stature,” which showed that people’s heights reverted 

to a mean. 

Inter-Temporal Decisions 

Inter-temporal decisions are an important class of multi-criterion decisions, especially for 

a force that plans for emergencies, yet cannot fully simulate the response to a real 

emergency until it is present.  It is seen below that the issue of objective versus subjective 

judgment also clouds the definition and resolution of decisions. 

“Decision makers confront a wide range of critical choices that 
involve tradeoffs between current and future rewards. For example, young 
workers save part of their paychecks to raise the quality of life in 
retirement. Habitual heroin users also make decisions with intertemporal 
consequences when they choose a short-term drug induced pleasure that 
jeopardizes their long-term well-being.   

To evaluate such tradeoffs, decision makers compare the costs and 
benefits of activities that occur at different dates in time. The theory of 
discounted utility provides one framework for evaluating such delayed 
payoffs. This theory has normative and positive content. It has been 
proposed as both a description of what people should do to maximize their 
well-being, and to describe what people actually do when faced with 
intertemporal decisions. Both applications of the model are controversial. 

Discounted utility models typically assume that delayed rewards 
are not as desirable as current costs. This delay effect may reflect many 
possible factors. For example, delayed rewards are risky, because the 
decision-maker may die before the rewards are experienced. Alternatively, 
delayed rewards are more abstract than current rewards, and hence a 
decision maker may not be able to appreciate or evaluate their full impact 
in advance. Some contributors have argued that delayed rewards should be 
valued no less than current rewards, with the sole exception of discounting 
effects that arise from mortality” [Laibson, 2002, p. 3]. 
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2.5.2. Exponential versus hyperbolic discounting 

Time-Value of Money / Temporal Discounting 

A monetary value can be considered to grow from the present, or be discounted from the 

future, according to an interest rate. Banks use exponential growth, 

Balance = Principal*eht,  t = continuous time, 

which is the continuous case of geometric growth,  

Balance = Principal*(1+i)nt, n = equal discrete time interval. 

A large stable population creates a rational exponential interest rate. For example, as 

many individuals buy into and out of the 30-year bond market, the 30-year interest rate 

fluctuates around a long-term average (of about 6%) determined by relatively stable 

demographic groups. If the sizes of age-related demographic groups remain stable, the 

demand for 30-year bonds will remain steady. 

Hyperbolic Discounting 

“Inter-temporal choices - decisions involving tradeoffs among cost and benefits occurring 

at different times - are important and ubiquitous.  Such decisions not only affect one’s 

health, wealth, and happiness, but, may also, as Adam Smith first recognized, determine 

the economic prosperity of nations” [Frederick, Loewenstein and O'Donoghue, 2002, p. 

351]. 
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“There is now ample evidence that both people and lower animals 
discount the value of expected events in a hyperbolic curve.  Although 
hyperbolic discounting seems complex when compared with the 
conventional, exponential kind, it fits so many aspects of motivational 
conflict that it can simplify that subject substantially. With hyperbolic 
discounting, options that pay off quickly will be temporarily preferred to 
richer but slower-paying alternatives.  Hyperbolic curves predict an urge 
to satisfy appetite prematurely” [Ainslie, 2001]. 

The mathematical model of exponential discounting is identical to the expected 

value of an event some periods in the future when the world could end in any given 

period with some constant probability (e.g. flipping an x versus (1-x) coin in each 

period).  This may seem to produce significant discounting, until one remembers that life 

has always dealt primarily with avoiding certain death in any period, precluding 

participation in the idealized probabilistic coin flipping in subsequent periods. 

The hyperbolic model is probably a model that improved our ability to survive. 

Humans’ internal hyperbolic discounting model steeply multiplies the subjective utility – 

desire – for consumable objects within a small time and space periphery. Imagine if this 

were not so.  Humans might give up some food now because of the prospect of getting 

more food 30 days later; for example, a person might give up a dead antelope today for 

the prospect of acquiring two in a month. The human might be dead by then. It seems that 

the exponential model ignores basic metabolic needs. 

Individuals apply hyperbolic discounting because on a personal level, the time 

near the reward  --  right before and while it is being consumed  --  is always more 

satisfying than the waiting. 
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Hyperbolic

Exponential

 
Figure 15:  Exponential vs. hyperbolic discounting 

Example:  Someone is going to deliver a pound of steak on the last day of the month. 

What would you be willing to pay for it, on the first day of the month? the tenth day? or 

the last day of the month? For most rewards, humans use the lower, hyperbolic 

discounting curve of Figure 15. The exception is the financial market (e. g. bonds), which 

is rational and uses the upper, exponential curve. Banks and the financial markets 

discount values rationally, and have been shown to systematically take money away from 

irrational investors. 

Concerning tradeoff studies, it can be said that if the exponential discounting 

model employed by institutions to choose among alternatives will not yield the same 

preferences elicited from an individual exposed to the same alternatives. The 
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exponentially derived choice will not coincide with the individual’s choice. In the same 

way, if an analyst makes a decision on the basis of his own - personal and perceived - 

hyperbolic discounting, the choice will not coincide with the preferred alternative of a 

stable long-sighted organization. 

Pinewood Example: 

In the sensitivity analysis for the Pinewood Derby tradeoff study, the second most 

important factor is the baseline for the Overall Happiness figure of merit (FoM), or 

criterion. Basically, if Overall Happiness loses importance, the preferred alternative 

changes from Concept 4 Round Robin Best Time to Concept 5 Round Robin Point 

Assignment.  This is equivalent to saying that if the discounting of the future reward of 

Happiness becomes heavier, the preferred alternative will change. Figure 16 shows the 

scoring function for the Overall Happiness “figure of merit” criterion. 
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Figure 16:  Original scoring function for the Overall Happiness criterion 
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The “baseline” is 0.50 on the domain; this is where the curve must intersect 0.50 in the 

range -- or normalized score. 

An increase in the baseline to 0.75 would cause the graph to look like the one in 

Figure 17. 
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Figure 17:  Scoring function for Overall Happiness with baseline changed to 0.75 

Although this scoring function is not exactly a hyperbolic curve, the significant shape 

change that it has undergone is roughly equivalent to converting it to a hyperbolic curve.  

The reward of Happiness is not as valued as highly as before by the decision maker --  he 

is ‘hyperbolically’ discounting the future reward of Happiness that is only available a 

significant amount of time farther in the future than the time at which the tradeoff study is 

taking place. Here, it is supposed that the decision analyst cannot fully project himself to 

the end results of a Pinewood Derby, and is personally introducing time effects where 

properly, and according to the notation, there are none. The new scoring function in 

Figure 17 causes the preferred alternative to change from Concept 4 Round Robin Best 

Time to Concept 5 Round Robin Point Assignment. 
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Hyperbolic Formulae 

The general asymptotic hyperbola formula, with two asymptotes, is: 

(x-a)(y-b) = -c,   for x < a, and y > b. 

This formula is for reference only, as it is the formula fitted to values of limited 

magnitude. 

A hyperbolic curve fitted to a fixed future reward will use the hyperbolic discounting 

factor:  

wt = 1/[(1+gt)(h/g)]     (where g and h are constants). 

This hyperbolic discounting factor is derived from a general discounting factor wt with 

time perception function a(t) at time t: 

wt = 1/[(1+i)a(t)]. 

The hyperbolic time perception function turns out to be: 

a(t) =  (h/g)log1+i[1+gt]  [Kenley and Armstead, 2004]. 

Hyperbolic Discounting Causes Preference Reversals 

As seen in Figure 18, two steeply-sloping hyperbolic curves – unlike two exponential 

curves calibrated to a constant interest rate – may cause preference reversals when 

considering two or more future rewards. 
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Figure 18:  Hyperbolic discounting causing preference reversals 

Alternative B is preferred from time t1 to t2. Alternative A is preferred from time t2 to t3. 

Then, to the chagrin of the decision maker, alternative B again comes to be preferred 

from time t3 to t4. 

For example, curve A may represent a pound of steak to be delivered at the end of 

January, at time t3. Curve B represents two pounds of steak delivered at the end of 

February, at time t4. In the early part of January, nether option is near the present time, so 

neither option has a high value for a typical person. The discounted value of B is higher 

than the discounted value of A, because B is two pounds as opposed to A, which is one 

pound of steak. Up to time t2, option B is preferred by most people. Near the end of 
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January, option A becomes preferred, and will probably be chosen, given the chance. But, 

as the end of January passes, only option B has any value.  At this point, a person who 

chose option A will experience regret [Connolly and Zeelenberg, 2002] for not having 

held out for the ‘now obvious’ rational choice of B. In the Chicago Mercantile Exchange, 

these alternatives would be options on futures. 

Hyperbolic and Exponential Discounting Compared 

• Individual vs. Market perspective 

- the relevant choosing perspective is derived from the subjective view of 

an individual, versus the conglomerate view of a diverse human 

population 

• Consumption vs. Rationality 

- individuals are focused on consuming, while societies are in a greater 

measure concerned with achieving rationality 

• Finite vs. Regenerative timeframe 

- individuals have finite lifetimes, versus a large population, which is 

essentially regenerated every day 

• Decreasing vs. Constant value of present time 

- an individual will experience the value of the present time as rapidly 

slipping away, while an institution, as an entity, thinks of present time as 

having a constant value 
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Declining Impatience, or Savoring 

There is a facet of hyperbolic discounting that actually helps to maintain a commitment to 

a choice, and that is savoring. If a person savors the increasing anticipation of a reward, it 

is noticeable that the relevant anticipation ratio -- the expected anticipation one time unit 

in the future to the present anticipation – will increase up until the time the reward is 

realized. 
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Figure 19:  Declining Impatience [Read, 2001] 
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Pre-Commitment Strategies 

Jon Elster has listed (by chapter and section) the different ways in which man can achieve 

sustainable commitment to a reward that is subject to questioning, because of the effects 

of hyperbolic discounting [Elster, 2000]. His summary is shown in Table 5. 

  
Overcome 
Passion 

Overcome 
Self-
Interest 

Overcome 
Hyperbolic 
Discounting 

Overcome 
Strategic 
Time-
Inconsistency 

Neutralize 
or Prevent 
Preference 
Change 

Eliminating 
Options 

1.2, 1.7   1.3, 1.7 1.4 1.6 

Imposing 
Costs 

1.2, 1.7 1.5 1.3, 1.7 1.4   

Setting Up 
Rewards 

1.7   1.7     

Creating 
Delays 

1.2, 1.7   1.3 1.4   

Changing 
Preferences 

1.2, 1.7         

Investing in 
Bargaining 
Power 

      1.4   

Inducing 
Ignorance 

1.2, 1.7   1.3 1.4 1.6 

Inducing 
Passion   

1.5   1.4   

Table 5:  Strategies for overcoming hyperbolic effects 
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2.5.3. Additional factors in compulsivity 

Age and Income 

The young and the poor are generally more impulsive than older, well-to-do people. Of 

the two factors, age or income, income is the stronger factor, with higher income being 

more highly correlated with rational discounting than is older age. However, age is an 

important factor, as elevated levels of impulsivity in decision making decline rapidly in 

early adulthood, reaching stable levels in the 30's [Green, Myerson, Lichtman, Rosen and 

Fry, 1996]. 

These results show that important tradeoff studies – especially those concerning 

institutions – should probably be conducted by someone over 30 years of age and who 

has a substantial income. 

Substance Abuse and Gambling 

In their article “Excessive Discounting of Delayed Rewards by Substance Abusers and 

Problem Gamblers,” Petry and Casarella [1999] found that, overall, hyperbolic 

discounting modeled well the subjective utility of two monetary rewards separated in 

time, even for control subjects with no substance-abuse or gambling problems.  Both 

substance-abuse and gambling problems increased the rate of hyperbolic discounting; that 

is, reward held less value at all times except at reward reception.  It was also found that 

smaller rewards are discounted at higher rates than larger rewards. 
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Obviously, tradeoff studies should not be assigned to anyone showing evidence of 

substance-abuse or gambling problems, and, in a larger view, decision analysts should 

have limited compulsive behavior. 

Effects of Time Constraints on Pre-Choice Screening of Decision Options 

Lehman Benson III and Lee Roy Beach [1996] determined that under time constraints, 

decision makers may either:  

(1)  Switch to a simpler decision strategy, or 

(2)  Speed up the execution of the current strategy. 

It was found that decision makers often choose to switch to a simpler strategy (1), but this 

causes the inconsistency in the decision strategy to increase.  If the importance of the task 

is great, then decision makers will most often choose (2). 

As concerns tradeoff studies, the decision analyst should devote more than ample 

time to the tradeoff study, making sure to not sacrifice completeness of detail as concerns 

input values and criteria parameters, and the consideration of all alternatives and 

calculation strategies. 
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2.6. Framing and value versus utility: Prospect theory 

This section and the next – on Subjective Probability and Probability Illusions – deals 

with subjective human evaluations of value and probability that are so ingrained in the 

evolutionary brain that experts employing their full attention have a hard time 

differentiating them from objective evaluations. The effects are thus subtle, insidious and 

difficult to separate out from objective assessment. 

Framing 

Framing is the act of ‘placing a picture frame’ in the full reality of the decision situation, 

for the purpose of reducing sensory input and simplifying the decision. 

Ease of Representation:  Typicality 

Items with greater family resemblance to a category are judged to be more typical. Below 

is an example where an unknown person X is judged to be more typically in a population 

as the ease of representation of a hypothetical person increases. Tversky and Kahneman 

[1983, pp. 304-305]: 

“Imagine an individual X, extracted at random from a large population. 
Estimate the following probability:” 

Subjects in Group 1 were told that:  
“X has suffered already at least one heart attack. 
Subjects in Group 2 were told that:  
“X is over 50 years old and has suffered already 
at least one heart attack. 

Subjects of Group 2 gave, in the average, a higher estimate than subjects 
of Group 1. 
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Subjects in Group 1 had a hard time visualizing a generic ‘person who has suffered at 

least one heart attack,’ and so judged the existence of such a person relatively lower than 

Group 2 subjects.  Subjects in Group 2 more easily represented a ‘typical’ person, since 

the features of the description correlate somewhat (over 50 and having suffered a heart 

attack). and so they erroneously elevated the probability of such an individual existing. 

Pure probabilities prove that this is a fallacious conclusion, as seen below in the 

Conjunction Fallacy. 

The consideration of criteria can suffer because of the ease of representation. For 

example, a risk criterion may receive a higher probability estimate if it is labeled ‘Fatal 

Error’ rather than ‘Error.’ 

Availability Fallacy 

People employ a mental availability heuristic when they evaluate the likelihood or 

frequency of an event on the basis of how quickly instances or associations come to their 

own mind. If examples or associations are easily brought to mind, they usually 

overestimate the frequency or probability of an event. For example, people may 

overestimate the smoking population if they have a lot of friends who smoke [Tversky 

and Kahneman, 1973]. 

Anchoring 

Anchoring is a psychological term that refers to people tendency to focus excessively, or 

‘anchor,’ on the reference point of one piece of information when making decisions. For 



108

example, a shopper looking for a dog may anchor on the fact that a dog is a Labrador 

Retriever, and ignore temperament, health and price. 

Anchoring and Adjustment 

This heuristic occurs when a decision maker chooses an anchor and adjusts his judgments 

with respect to it, but adjusts insufficiently. This short-mindedness is usually brought 

about by the necessity to make a decision under uncertainty about the whole solution 

space, and the desire to simplify the scenario. For example, a person may anchor on the 

first new computer they see, and adjust insufficiently enough to rationally consider the 

characteristics of other computers seen later. 

Pinewood Example: 

If the baseline for Percent Happy Scouts were dropped from 90 to 87, the preferred 

alternative would change from Concept 4 Round Robin Best Time to Concept 5 Round 

Robin Point Assignment.  Such a change can be caused by anchoring and adjustment. 

Suppose that the initial scoring function (with baseline at 90) was made by 

someone who noticed that the Percentage of Happy Scouts input value for Concept 4 

Round Robin Best Time was 98%.  He could conclude that anything less than this was 

substandard. 
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Figure 20:  Percent Happy Scouts with baseline at 90 

Suppose, however, that someone first noticed that the Percent Happy Scouts input value 

for Concept 1 was 50%.  He could very easily conclude that any percentage over 80% 

was very good, and therefore place the baseline for the criteria at 80  --  more than 

sufficient to cause the change in preferred alternative from Concept 4 Round Robin Best 

Time to Concept 5 Round Robin Point Assignment. 

Figure 21:  Percent Happy Scouts with baseline at 80 
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Loss/Gain Utility Disparity 

The following graph shows how values are translated to utilities according to Prospect 

Theory: 

 
Figure 22:  Utility versus value function 

Loss Aversion 

People more strongly prefer to avoid losses than to acquire gains. Some studies suggest 

that losses are as much as twice as psychologically powerful than gains. 

Would you rather get a 5% discount, or avoid a 5% surcharge?  Most people 

would rather avoid the surcharge.  The same change in price framed differently has a 

significant effect on consumer behavior. Though traditional economists consider this to 

be completely irrational, it is important to the fields of marketing and behavioral finance. 
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The implicit assumption of conventional economics is that the only relevant metric is the 

magnitude of the absolute change in expenditure. In the above example, saving 5% is 

considered equivalent to avoiding paying 5% extra. 

A modern example of loss aversion can be seen in the deployability percentage of 

the active duty portion of the armed forces [O'Hanlon and Kamp, 2005]. 

U.S. regular active duty troops Number serving in Iraq % Deployed 
1,427,000 90,000 6.31% 

Table 6:  Deployability of active duty U. S. armed forces 

A likely average opinion of percent deployability would place it at about 50%. In the time 

of the Mongols, it was nearly 100%. 

An alternate explanation of this apparent unwillingness to deploy forces, which 

patently are deployable in the majority, has to do with how people perceive resource 

slack, and the propensity to think that investments in some future time will be easy to 

make  (there will be great resource slack)  --  compared to how difficult it seems to make 

the same investment in the present [Zauberman and Lynch, 2005]. 

Delay-Speedup Asymmetry 

People will pay more to get rid of a delay than they will to speed up a schedule by the 

same amount of time. The explanation for the asymmetry comes from the subjective 

value function of Prospect Theory. 
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The delay-speedup asymmetry obviously has applications towards Schedule and 

Risk requirements, which refer to money available either for delay amelioration or paying 

for a schedule speedup. 

Loss/Gain Discounting Disparity 

Losses are discounted (forgotten) slower than gains, making humans susceptible to the 

‘sunk costs effect’ -- or a tendency to hold on to loosing investments. The related 

disposition effect arises when investors are quicker to realize winning trades than losing 

trades. These effects explain long-held grudges, and even mental illness stemming from 

an inability to forget past traumas. Perhaps remembering losses more than gains is a good 

way to focus on learning from mistakes, but the practice is not an objective probabilistic 

stance inline with rational decision making. 

A possible impact from the loss/gain discounting disparity is that project 

managers will over-emphasize aspects of a project related to a previous project failure. 

The disparity in discounting between losses and gains, which is good for learning from 

mistakes, often keeps our attention excessively focused on the past – although the present 

is the only moment of choice.
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2.7. Subjective probability and illusions 

“The Central Datum” [Piattelli-Palmarini, 2005] 

• “Take any one of the axioms of probability 
• (Including the one that says 0 ≤ p ≤ 1) 
• We have good reasons to suspect that people’s spontaneous intuitions 

frequently violate that axiom. 
• Design a rigorous experiment to show that it’s so. 
• And it’s so! 
• Publish it, 
• Then try with another axiom. 
• p >> 0.5 that you will again succeed!” 

A Methodological Consideration [Piattelli-Palmarini, 2005] 

“There is always an appeal to ‘simple’ explanations for probabilistic and 
other illusions. The data can allegedly be explained in terms of: absent-
mindedness, linguistic ambiguity, skewed implicit presuppositions, lack of 
memory, lack of attention, lack of motivation etc. However, the best 
papers in this field show that this is not the case. Such ‘simple’ 
explanations are no explanation at all. Interesting specific cognitive 
mechanisms need to be invoked in order to have true explanations.” 

Probabilistic Illusions 

The description of some of the following illusions and fallacies are based on lectures by 

Massimo Piattelli-Palmarini [2005a, 2005b], or found in his book Inevitable Illusions 

[1994]. 

• Gambler’s Fallacy 

• Over-Alternation Fallacy 

• Conjunction Fallacy 
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• Disjunction Fallacy 

• Extensionality Fallacies 

• Subjective Probability 

• Certainty Effect 

• Sub-Additivity 

• Super-Additivity 

• Aversion to Sequences of Chance Events 

• Frequency Illusions 

–Base-Rate Neglect 

Gambler's Fallacy 

The prototypical reckless gambler believes that the probability of a fair coin landing 

heads up changes depending upon recent occurrences.  The gambler will think that the 

coin flips HHHTTT will, with a likelihood>0.5, be followed by an H.  In military 

planning, this would be equivalent to over-building an armed force after a skirmish when 

the underlying probability of conflict has not increased. In the extreme, in the case of 

correct calls on the gambler’s part, the gambler’s fallacy can become an illusion of 

control [Langer, 1975], especially if skill cues are present. 

Over-Alternation Fallacy  

Expecting to see almost perfect alternation in random data, for example, in coin flips. 
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The makers of the SAT exam apparently believe in over-alternation in order to 

“randomize” answers, so much so that researchers have found evidence of “key 

balancing” in the multiple-choice test’s answer keys.  The research has shown ways in 

which wise test takers can exploit such key-balancing and add between 10 and 16 points 

to their final SAT score, on average, depending on their knowledge level.  The 

researchers call for true randomization of answers instead of key-balancing [Bar-Hillel 

and Attali, 2001]. 

Conjunction Fallacy 

The probability of two independent events happening simultaneously will always be less 

that the probability of either event happening alone: 

P(a) * P(b) ≤  P(a) 

P(a) * P(b) ≤  P(b) 

However, most people are influenced by the “typicality” or “ease of representation” of 

some conjoined circumstances, and so thereby wrongly judge that the probability of a 

typical combination of attributes is greater than the probability of each trait alone. 

Because humans tend to look for correlations between events that make a result more 

probable, the multiplication of probabilities does not come naturally. 

Therefore, it is assumed that specific conditions are more probable than general 

ones. Consider this example by Tversky and Kahneman [1983]. 
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Linda is 31 years old, single, outspoken, and very bright. She majored in 
philosophy. As a student, she was deeply concerned with issues of 
discrimination and social justice, and also participated in anti-nuclear 
demonstrations. 

–Which is more likely? 
(1) Linda is a bank teller. 
(2) Linda is a bank teller and is active in the feminist 

movement. 

85% of those asked chose option 2. However, mathematically, the probability of two 

events occurring together (in conjunction) must be less than or equal to the probability of 

either one occurring alone. 

Disjunction Fallacy 

The Sure-Thing Principle [Savage, 1954] states that: If you are going to do A, in case S 

occurs, and you are going to do A, in case S does not occur, then you should do A 

regardless (do not wait to see whether S occurs or not).  The paradigm violation of this 

axiom is the disjunction fallacy [Tversky and Kahneman, 1982].  

A response pattern against the Sure-Thing Principle would look like this: 

I will do A, if I know that S the case;  

I will do A, if I know that S is not the case;  

However, since I don’t know the state of S yet, I’ll wait to do A.  

An example is getting started on a project whether or not a favored prospective employee 

comes on board. Humans seem to like to avoid complex or probabilistic mental models, 

and prefer to settle key attributes before advancing more mental reasoning. Perhaps this 

has to do with stabilizing personal relationships outside of organizational charts. 
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Extensionality Fallacies 

Extensionally equivalent true descriptions of an event should all map onto the same 

numerical probability. Subjects randomly assigned to two groups were asked about 

different insurance policies as follows [Johnson, Hershey, Meszaros and Kunreuther, 

1993]: 

Group A: How attractive do you find an insurance that covers hospitalizations due 
  to any cause whatsoever? 
Group B: How attractive do you find an insurance that covers hospitalizations due 
  to diseases or accidents of any sort? 
 
• In the average, subjects find the insurance mentioned to Group B as more 

attractive than the insurance mentioned to Group A. 

One can imagine that a specialized weapon system adapted against an ominous threat 

could be preferred to a more general purpose system with more capabilities. 

Subjective Probability 

In general, people will overestimate small probabilities -- perhaps gambling on the 

unlikely, but possibly important appearance of some phenomenon. People will 

underestimate large probabilities – perhaps because a more commonly occurring 

phenomenon looses psychological impact [Preston and Baratta, 1947] [Karmakar, 1978] 

[Tversky and Kahneman, 1992]. Surprisingly, this curve seems to be reversed for 

children [Harbaugh, Krause and Vesterlund, 2000], who tend to underweight small 

probabilities and overweight high probabilities. 
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Figure 23:  Mis-estimation of probabilities 

Certainty Effect 

People prefer reducing chances of something bad happening from something to nothing, 

more than reducing chances of something bad happening by the same amount but not to 

zero. Plous [1993, p. 99] cites economist Richard Zeckhauser:  “Zeckhauser observed 

that most people would pay more to remove the only bullet from a gun in Russian 

roulette than they would to remove one of four bullets.” Notice that the reduction in your 

probability of being shot is the same in both cases. 
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The certainty effect can be seen to effect scoring functions. Since scoring 

functions by definition give scores between 0 and 1, they always approach small numbers 

(or their difference) at their endpoints. 

Sub-Additivity 

This morning, Mr. Smith’s car engine did not start. He had to call a mechanic. Rate the 

following probabilities for the cause of the malfunctioning 

No gas in the tank   P1 
Insufficient battery charge  P2 
Faulty carburetion   P3 
Other causes    P4 

A definite wrong answer is that:  P1+P2+P3+P4 < 1 

However, mechanics with over 15 years of experience are almost invariably prone to 

considerable sub-additivity effects. 

Super-Additivity 

An instance of super-additivity occurs when complementary yet mutually exclusive 

probabilities are judged to add up to a greater that 100% chance of occurring. 

P(a):  What is the probability that the freezing point of gasoline is lower 
than the freezing point of alcohol? 

P(b):  What is the probability that the freezing point of alcohol is lower 
that the freezing point of gasoline? 

 
• Wrong answer:  P(a) + P(b) > 1 

The ease and the speed with which we can mentally summon seemingly relevant 

instances are of decisive importance in producing this error. 
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Aversion to Sequences of Chance Events 

Humans will generally avoid scenarios where an unlikely sequence of chance events has 

heightened the perception of danger. 

Example: The aversion to nuclear power after an unlikely problem at Three Mile Island. 

Frequency Illusions 

Clausen and Frey [2005] proposed that humans more easily use natural frequencies, or 

occurrences of events, in order to properly estimate probabilities.  “Probabilities and 

percentages were not available in the Pleistocene” [Cosmides and Tooby, 1996]. Our 

evolutionary focus on learning from frequencies --  collecting a large number of 

occurrences before becoming fairly certain of any probability --  also tends to retains 

people in current operating modes, looking for more confirmatory occurrences. 

Base-Rate Fallacy 

Irrelevant information is used to make a probability judgment and empirical statistics 

about the "base rate" or "prior probability" are ignored. 

In some experiments, students were asked to estimate the Grade Point Averages 

of hypothetical students. Relevant statistics about GPA distribution were ignored. College 

admissions interviewers are unable to pick successful candidates better than basic 

statistics. Similarly, professionally-chosen stock portfolios may do no better than those 

composed of stocks picked at random. 
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Representativeness Heuristic 

What is the probability that person A (Sally, a very shy and withdrawn woman) belongs 

to group B (librarians) or C (exotic dancers)? In answering such questions, people 

typically evaluate the probabilities by the degree to which A is representative of B or C 

(Sally´s shyness seems to be more representative for librarians than for exotic dancers) 

and sometimes neglect base rates (Base Rate: There are far more exotic dancers than 

librarians in a certain sample). 

Conclusions [Piattelli-Palmarini, 2005] 

“At least some of the central idealizations of probability and utility 
theories are in conflict with the experimental data. 
• Notably: acceptance/rejection/indifference in the presence of bets is 

not ‘real,’ but is an idealized attitude; that is, decisions are made in 
shades. 

• Understanding normative probability theory is separate from actually 
accepting/rejecting/being indifferent. 

• Normative theories are about understanding, not about real betting (not 
even in ideal cases). 

• This distinction can, and should, be maintained. 
• Whence other approaches to the numerical calibration of uncertainty 

(support theory, Dempster-Shafer “strength of belief”, etc.) [Dempster, 
1967; Shafer, 1976; Smets, 1994] 

• True human thinking lies between Normative and Biases.” 
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2.8. Circumstances that effect human decision making 

The following are cognitive biases that affect humans in everyday situations. Further 

explanations can be found in common references [Wikipedia, 2006]. 

 Expectancy Effect 

 Valence Effect / Wishful Thinking 

 Mere Exposure Effect  

 Primacy Effect 

 Peak-End Rule 

 Halo Effect 

 Forer Effect 

 Hawthorne Effect 

 Attributional Errors 

 False Consensus Effect 

 Hostile Media Effect 

 Trait Ascription Bias 

 Clustering Illusion 

 Texas Sharpshooter Fallacy 

 Cum hoc ergo propter hoc 

 Post hoc ergo propter hoc 

 Pareidolia 

 Zeigarnik Effect 
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Expectancy Effect 

This experimenter effect occurs when the experimenter allows his subconscious 

expectations to influence a supposedly rational study. “When individuals (as perceivers) 

hold expectations about other people (as targets), they can elicit from these targets 

behaviors that are consistent with their expectations, even if these expectations are 

independent of the target’s real characteristics” [Snyder and Klein, 2004, p. 53]. This 

phenomenon of behavioral confirmation plays a role in shaping the social perceptions of 

perceivers, targets and outside observers. At another time, children were given rats and 

told that some were bred for intelligence, some for dullness. In reality, the rats were 

chosen at random, but the children reported that the "smart" rats learned mazes faster. 

The effect can be eliminated with the double blind method, in which neither 

experimenter nor subject know experimental treatment results should be expected.  

Clever Hans Phenomenon 

The “Clever Hans phenomenon” refers a form of involuntary and unconscious cuing. 

Perhaps the most famous example of this sway of the expectancy effect is the 

story of the horse Clever Hans, who seemed to perform arithmetic before an audience. 

Clever Hans responded to questions requiring mathematical calculations by tapping his 

hoof. If asked by his master, William Von Osten, what is the sum of 3 plus 2, the horse 

would tap his hoof five times. It appeared the animal was responding to human language 

and was capable of grasping mathematical concepts. Von Osten began showing Hans to 

the public in 1891.  
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In 1904 Oskar Pfungst [2000] discovered that the horse was responding to subtle 

physical cues (ideomotor reaction) or as Ray Hyman  puts it "Hans was responding to a 

simple, involuntary postural adjustment by the questioner, which was his cue to start 

tapping, and an unconscious, almost imperceptible head movement, which was his cue to 

stop" [Hyman, 1989]. Yet, more than a dozen scientists observed Hans and were 

convinced there was no signaling or trickery [Randi, 1995]. They were impressed that 

Hans performed almost as well without Von Osten as with him [Schick and Vaughn, 

1998]. When Osten was not present people in the audience would provide the clue for 

Hans to stop, by looking down at his hoof just before the correct number of taps. 

Valence Effect / Wishful Thinking 

The valence effect of prediction is the tendency for people to simply overestimate the 

likelihood of good things happening rather than bad things. "Valence" refers to the 

positive or negative emotional charge something has. This finding has been corroborated 

by dozens of studies. In one straightforward experiment, all other things being equal, 

participants assigned a higher probability to picking a card that had a smiling face on its 

reverse side than one that had a frowning face. 

Mere Exposure Effect 

People express undue liking for things merely because they are familiar with them. 

Simply exposing experimental subjects to a picture or a piece of music briefly led those 

subjects to later rate it more positively than others. Students, shown a Chinese character 

faster than they could perceive it consciously, rated that character better than those to 
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which they had not been exposed. The students also cited specific and detailed 

rationalizations about why they preferred that character. 

Primacy Effect 

The primacy effect, in psychology, is a cognitive bias that results from disproportionate 

salience of initial stimuli or observations. If, for example, a subject reads a sufficiently-

long list of words, he or she is more likely to remember words read toward the beginning 

than words read in the middle. The recency effect is comparable to the primacy effect, 

but for final stimuli or observations. Lawyers scheduling the appearance of witnesses for 

court testimony, and managers scheduling a list of speakers at a conference, take 

advantage of these effects when they put speakers they wish to emphasize at the very 

beginning or the very end of a long list. 

Peak-End Rule 

According to the peak-end rule [Kahneman, 1999], we judge our past experiences almost 

entirely on how they were at their peak (pleasant or unpleasant) and how they ended. 

Virtually all other information appears to be discarded, including net pleasantness or 

unpleasantness and how long the experience lasted. In one experiment, people were 

subjected to loud, painful noises. In a second group, subjects were exposed to the same 

loud, painful noises as the first group, but after which was appended somewhat less 

painful noises. This second group rated the experience of listening to the noises as much 

less unpleasant than the first group, despite having been subjected to the more discomfort 
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than the first group, as they experienced the same initial duration, and then an extended 

duration of reduced unpleasantness. 

Halo Effect 

The halo effect occurs when a person's positive or negative traits seem to "spill over" 

from one area of their personality to another in others' perceptions of them. When 

soldiers were asked to rate their commanding officers in an early psychology experiment 

conducted by Edward L. Thorndike [1935], he found high cross-correlation between all 

positive and all negative traits. People seem to rarely think of each other in mixed terms; 

instead we seem to see them as universally roughly good or roughly bad across all 

categories of measurement. The Apple iPod has had positive effects on perceptions of 

Apple Computers. 

Attributional Errors 

The negativity effect is an attributional bias that occurs when subjects are asked what 

they think caused actions of other people whom they dislike. Under these conditions, the 

positivity effect is reversed and people rate the positive behavior of those they dislike to 

the situation and their negative behavior to something in their inherent disposition. The 

negativity effect is sometimes called the ultimate attribution error because of its clear 

role in racial prejudice. 
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Forer Effect 

In 1948, psychologist B.R. Forer [1949] gave a personality test to his students, and then 

gave them a personality analysis, supposedly based on the test's results. He invited each 

of them to rate the analysis on a scale of 0 (very poor) to 5 (excellent) as it applied to 

themselves: the average was 4.26. He then revealed that each student had been given the 

same analysis. Forer had assembled this text from horoscopes. Variables that contribute 

to the effect are: 

 the subject believes that the analysis only applies to them, 

 the subject believes in the authority of the evaluator, and 

 the analysis lists mainly positive traits. 

Hawthorne Effect 

Individuals may alter their behavior simply because they know they are being studied. In 

a research project from 1927 to 1932 in the Hawthorne Plant of the Western Electric 

Company in Cicero, Illinois, workers improved in performance for no other reason than 

that human attention was given to them. This series of research, first led by Harvard 

Business School professor Elton Mayo [1933] along with associates F.J. Roethlisberger 

and William J. Dickson [1939], started out by examining the physical and environmental 

influences of the workplace (e.g. brightness of lights, humidity) and later, moved into the 

psychological aspects (e.g. breaks, group pressure, working hours, managerial 

leadership). 
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The study showed that almost regardless of the experimental manipulation employed, 

the production of the workers seemed to improve. The workers were always pleased to 

receive the attention of experimenters. Other findings of the study were that 1) the 

workplace is a social system, 2) the informal organization of work groups, and their 

internal norms for behavior, effect performance, and, 3) the measured aptitude of 

individuals is often a poor predictor of their performance. 

False Consensus Effect 

The false consensus effect refers to the tendency for people to overestimate the degree to 

which others agree with them. People readily guess their own opinions, beliefs and 

predilections as being more prevalent in the general public than they really are. This bias 

is commonly present in a group setting where one thinks the collective opinion of their 

own group matches that of the larger population. Since the members of a group reach a 

consensus and rarely encounter those who dispute it, they tend to believe that everybody 

thinks the same way. 

Belief Perseverance [Shultz, Katz and Lepper, 2001] 

Belief Perseverance is the persistence of one's held beliefs despite evidence to the 

contrary [Ross and Lepper, 1980]. An example of belief perseverance is the belief in “fan 

death.” As believed, an electric fan left running overnight can cause death in the form of 

suffocation, poisoning, or hypothermia. This belief is widespread, and intricate in its 

details and robust in it continued acceptance, yet has no basis in fact [FanDeath, 2006]. 

Similarly, a belief in a cattle-mutilating “chupacabras” is widespread in Latin America. 
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Hostile Media Effect 

Ideologues think that media coverage is biased against their side of the issue. Robert 

Vallone, Lee Ross and Mark Lepper [1985], showed pro-Palestinian and pro-Israeli 

Stanford University students the same news clips of the Lebanese Civil War. Both sets of 

students thought that the news coverage was biased in favor of the other side. 

In collective decision making (which in large scale is called politics) there will be a 

tendency for final decisions (reports, etc.) to be viewed as somewhat biases by each 

individual contributor. Increased efficiency would come from everyone keeping the 

hostile media effect in mind, as a way of coming to resolution sooner, and accepting the 

consensus quickly.  

Multi Trait Ascription Bias 

Trait ascription bias is the tendency for people to view themselves as relatively variable in 

terms of personality, behavior and mood while viewing others as much more predictable 

in their personal traits across different situations. This may be because our own internal 

states are much more observable and available to us than those of others. This 

attributional bias has an obvious role in the formation and maintenance of stereotypes and 

prejudice, combined with the negativity effect. A similar bias on the group level is called 

the outgroup homogeneity bias. 

The most obvious ramification of this bias to decision making is that – even after 

being exposed to the full extent and ramifications of cognitive biases across basically all 

subjects focused on making reason-based decisions – the decision maker will 
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overestimate his mental flexibility and adjustment used in counteracting cognitive biases. 

Massimo Piattelli-Palmarini [1994], a top researcher in the field of cognitive biases, 

generally believes that, on a practical basis, cognitive biases are “inevitable,” except 

perhaps to people who, in the very moment of making a decision, are focused fully on 

counteracting the effects of their presence. 

Clustering Illusion 

People have a propensity to find patterns in random data. Ramsey Theory [1931]says that 

complete mathematical disorder in any physical system is impossible; therefore, there 

will always be seemingly non-random clusters of occurrences.  Examine the following 

string, in which X’s and O’s each occur with a 50% probability: 

 OXXXOXXXOXXOOOXOOXXOO 

Most people say above sequence is not random, yet, it has just as much a probability of 

occurring as the perfectly alternating series: 

OXOXOXOXOXOXOXOXOXOXO. 

Texas Sharpshooter Fallacy 

This fallacy occurs when an intelligent or pre-meditated cause is ascribed to a 

serendipitous cluster of insignificant data taken out of context. Supposedly, a Texan once 

fired his gun at a barn, and then painted a target around the best cluster of holes. 
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Pareidolia 

Pareidolia occurs on a psychological level when an image is found in an everyday or 

unrelated object. Pareidolia is used clinically by psychologists to probe a person’s mental 

state with the Rorschach inkblot test. “The Rorschach inkblot test is a psychological 

projective test of personality in which a subject's interpretations of ten standard abstract 

designs are analyzed as a measure of emotional and intellectual functioning and 

integration. The test is named after Hermann Rorschach (1884-1922) [Carroll, 2005]. 

Here are some examples: 

• Images of animals or faces in clouds 

• Seeing the man in the moon 

• Hearing messages on records played in reverse 

• Religious or iconic figures in everyday objects 

• Electronic voice phenomenon  

• The Face on Mars 

Cum hoc ergo propter hoc: Causation Bias 

Latin for: "with this, therefore because of this." 

Because two events occur together, it is concluded that they are cause and effect. 

Correlation is improperly concluded to be causation. 

– Teenage boys eat lots of chocolate. 

– Teenage boys have acne. 

– Therefore, chocolate causes acne. 
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Post hoc ergo propter hoc: Causation Bias 

Latin for: "after this, therefore because of this." 

Because one event comes after the other, it is assumed that the first event causes the 

second, in this fallacy of "coincidental correlation." Examples: 

– A occurred before B 

–  Therefore, A must have caused B. 

Or,  

–  If A causes B, then A must have occurred before B. 

Zeigarnik Effect 

Simply stated, the details of a task are kept in mind while task is being performed, but are 

quickly discarded thereafter. Therefore, a task which is interrupted is actually 

remembered better than one that has been completed. Note the cliffhanger plot device. 

The Zeigarnik Effect suggests that students remember material better if they leave 

learning tasks unfinished when they take a break. 

The phenomenon was noticed by Russian psychologist Bluma Zeigarnik [1927]. 

Waiters seemed to remember orders while the orders were being completed, but much 

less so afterwards. This phenomenon suggests that managers should be careful when 

designating a task as complete – lest worker recall of the task diminishes greatly. 
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3. COMPONENTS OF TRADEOFF STUDIES, WITH RELEVANT 
COGNITIVE BIASES, AND SUGGESTIONS FOR IMPROVEMENT 

Table 7 lists the suspected main biases for each tradeoff study component. Following the 

table are listed fuller descriptions of the biases, and suggestions for the amelioration of 

their effects. 
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  1 2 3 

Table 7:  Three main biases for each tradeoff study component 

3.1. Problem statement 

Bias1: Not stating the problem in terms of customer requirements 

Not stating the problem in terms of customer requirements, but rather committing to a 

class of solutions, causes a lack of flexibility. Capturing requirements can be difficult 
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because stakeholders often refer to both problem and solution domains – whichever 

comes most naturally [Mannion and Hermann, 2006, p.26]. 

Suggestion: Communicate with the customer and determine his values and needs. State 

the problem in terms of customer requirements. Customer-Centered Products [Hooks and 

Farry, 2001] and Requirements Engineering by Hull, Jackson and Dick [2005] are good 

references. 

Later, after a better understanding of evaluation criteria and weights of 

importance has been gained, one must be open to creativity in finding alternative 

solutions that provide a good match to the requirements. 

Bias2: Alternatives proposed for different or unexpected reasons 

In their article “Determinants of stated willingness to pay for public goods, ” Kahneman 

and Ritov [1994] showed subjects brief statements, which looked like headlines referring 

to public issues. A proposed method of intervention to deal with each problem was also 

introduced by a single sentence. Some subjects were asked to indicate their willingness to 

pay for the interventions by voluntary contributions. Others rated their personal 

satisfaction of contributing to the issue. 

Issue M: 
Problem:   Several Australian mammal species are nearly wiped out by  
  hunters. 
Intervention:   Contribute to a fund to provide safe breeding area for these  
  species. 
Issue W: 
Problem:   Skin cancer from sun exposure is common among farm   
  workers. 
Intervention:   Support free medical checkups for threatened groups. 
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         Largest amount willing to contribute? 
   M > W 
         Which alternative would rather support? 
   W > M 

It can be seen that if a problem statement is vague (such as “work for the public good”) 

then proposed solutions can vary greatly, and be supported for very different reasons and 

in different ways. If a problem statement is not written well and unambiguously, 

dissimilar alternative solutions could remain in the solution pool and obfuscating their 

rational consideration, especially if the different physical or psychologically attractive 

features of the alternative solutions are not well understood. 

Suggestion: Alternative solutions should be formulated, or be chosen, strictly along the 

lines specified by the problem statement – whose specification is hereby shown to be 

very important. There should be no ambiguity in alternatives being sought; for example, 

whether alternatives are being sought to best economically allocate physical resources to 

a problem of objective importance, or to influence perceptions through psychology. 

Bias3: Attribute substitution 

Attribute substitution occurs when a subject assessing an attribute substitutes a related 

attribute that come more readily to mind. In effect, “people who are confronted with a 

difficult question sometimes answer an easier one instead” [Kahneman, 2003, p. 707]. 

When confronted with a choice among alternatives that should properly be decided by a 

full tradeoff study, there is a strong tendency to substitute a seemingly equivalent yet 

much simpler decision in place of the tradeoff study. 
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Suggestion: Sponsors of tradeoff studies should realize that a premature reduction of a 

tradeoff study to a simpler decision is common a heuristic that prevents consideration of 

the original decision.  

3.2. Evaluation criteria 

Bias1: Independence 

Criteria may be undifferentiated or confounded. 

 Example: In the Dog Selector Tradeoff Study in Table 8, the criteria “Fear of 

Theft of Loss” confounds monetary risk from theft or loss, and emotional fear. Notice 

that in Table 8 its weight is 6. This is a higher weight than that for the monetary Cost, 

from the criteria “≤ $100/month,” accumulated over a year ($1,200), despite the fact that 

a dog typically costs less that $1,200. Thus, the unnoted and confounded presence of an 

emotional fear criterion becomes clear. 
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Table 8:  Dog Selector Tradeoff Study 
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Suggestion: The determination of criteria independence must be thorough. An analyst 

should refer to the literature of requirements writing [Hooks and Farry, 2001; Hull, 

Jackson and Dick, 2005] to ensure completeness and differentiation of requirements, as 

well as proper hierarchical arrangement. 

Bias2: Causality 

Criteria may not be arranged in their proper hierarchy. 

The standard criterion for suspecting that there is a correlation between an effect 

and a cause is:  pr(effect/cause) > pr(effect/¬cause). However, the human mind does not 

often reason about logical probabilities such as these, but rather prefers to find highly 

accessible (to the mind), plausible links between variables. For humans, it is natural to 

think along causal lines. 

 Figure 24 shows the causal representation that Alan Dershowitz presented to the 

O. J. Simpson jury. He focused on the highly accessible, and seemingly highly 

appropriate, causal link between battered women and those who are murdered by their 

partner. Dershowitz ignored that Nicole was known in fact to have been murdered. 
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100,000 battered women

Murdered Not murdered

40 by partner

40-in-100,000 chance of a
battered woman being 

murdered by her partner, 
using this causal reasoning

 

Figure 24:  Alan Dershowitz’s misrepresentation of statistics 

In contrast, Figure 25 shows the correct way of partitioning the frequencies of the 

different murderer types, focusing on the appropriate reference category, given that 

Nicole was in fact murdered. 
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100,000 battered women

Murdered Not murdered

40 by partner

40-in-45 chance of Nicole  
being murdered by

O. J. Simpson, with partition 
of reference category

5 by others

 

Figure 25:  Correct representation of murder frequencies 

Suggestion: Issues of causality should be clarified with tree diagrams. Frequencies of 

occurrence should be used instead of probabilities. 

Bias3: Forer effect 

Previously existing criteria will be adopted if the analyst believes that the criteria apply to 

the present problem, the criteria are well-presented, and the analyst believes in the 

authority of the previous criteria writer. 

Suggestion: Give some time to considering and formulating criteria from scratch, before 

consulting and possibly reusing previously-written criteria. 
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Bias4: Personal experience 

Since ‘we are all prisoners of our own experience,’ personal formulations of criteria will 

tend to have idiosyncratic characteristics. 

Suggestion: Employ the tactics of: 

1) Frequent reference to expert opinion 

2) Continuing education in requirements engineering 

3) Cross-checking work with anyone willing to comment 

Further Suggestion: Evaluation criteria can be written with predetermined input value 

limits that indicate regions of increased probability of biases. Input values outside these 

limits should trigger a review. 

3.3. Weights of importance 

Bias1: Severity Amplifiers; Loss Aversion 

Severity amplifiers include: Lack of control, lack of choice, lack of understanding, etc. 

Danger factors can be over-weighted. 

Suggestion: A significant amount of education may be necessary to remove irrational 

severity amplifiers. Reading peer-reviewed articles usually provides excellent sobriety on 

any topic. 

The application of an excessively loss-aversive perspective to a particular choice 

among alternatives may be reduced if the framing on that choice is reduced. Lateral 

thinking [De Bono, 1971] may be useful in this regard.  
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A broad resource-allocation view based on modern portfolio theory should be 

taken toward all of a person’s or organization’s choices, so that the risk in any one choice 

is considered in light of all other risks. 

Bias2: Choice versus matching 

Weights of importance can end of having drastically different values depending on 

whether their determination occurs by the choice of a pre-written weight set, or by the 

matching of matching of missing weights within an incomplete numerical setting. 

“About 600 people are killed each year in Israel in traffic accidents.  The ministry 

of transportation investigates various programs to reduce the number of casualties.  

Consider the following two programs, described in terms of yearly costs (in millions of 

dollars) and the number of casualties per year that is expected following the 

implementation of each program” [Tversky, Sattath and Slovic, 1988, pp. 376-377] . 

 
          Expected 
          casualties         Cost     
               
Program X         500             $55M 
Program Y         570             $12M         

 
Given the choice above, 67% of subjects choose Program X, citing that 
‘human life is priceless.’ 
 
However, when the same set of alternatives is setup as a matching 
problem … 
 

Program X         500            $___M              
Program Y         570             $12M 

Fewer than 4% of subjects matched $55M or more as the worth of 
Program X. 
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The significance of this finding for tradeoff studies cannot be overstated, given that both 

choice and matching are present: choice in killer trades and the selection of pair-wise 

preferences, for example, and matching in the creation of scoring functions. Most 

components of a tradeoff study can be presented as choices with pre-set parameters, for 

example, when a legacy tradeoff study is being used to guide a present study. The same 

components can be constructed from scratch, and so will have parameters that will need 

to be matched to the current situation.  

When faced with a choice involving non-numerical attributes, people will use 

principles and categories to make a decision, but when faced with a matching problem 

they will shift a great deal of attention to numbers, ratios and differences, sometimes to 

the point of making narrow-minded decisions on numbers alone. 

Suggestion: The use of choice and matching should be consistent within a tradeoff study. 

Since choosing predetermined weight sets, or other values, is obviously restrictive, 

iterative matching is preferred. The goal is a correct representation of the complete 

decision reality. 

Bias3: Law of Small Numbers 

A simple 0-10 integer weighting scheme inaccurately captures weights. 

Suggestion: If a 0-10 integer weighting scheme at any time seems inadequate, include 

decimal place quantifiers. Weight-creation techniques such a AHP have no problem 

handling decimal places. 
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Bias4: Contrast Effect; Regression to the Mean 

Contrasting weights draw attention, and subsequent adjustment is often directed to 

reducing this contrast. 

Pinewood Example: 

The following example shows the potential criticality of choosing weights correctly. In 

particular, it show the possibility that a change of weights deep in an AHP pair-

preference matrix can change the overall preferred alternative. 

 Table 9 shows the top level Performance criteria weights in the Pinewood tradeoff 

study: 

1  Average 
Races per Car 

2   Number of 
Ties 3  Happiness 4  Availability 5  Reliability 

5 3 10 8 8 

Table 9:  Original Pinewood Performance Weights 

The preferred alternative changes from Concept 4 Round Robin Best Time to Concept 5 

Round Robin Point Assignment if the Happiness weight is changed to 4. 

Although the original Performance weights were not derived from pair-wise 

preferences, the pair-wise preferences in Table 10 do produce the weights in Table 9 

when the Analytic Hierarchy Process is applied. 
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1   

Average 
Races/Car 

2   
Number of 

Ties 

3  
Happiness 

4  
Availability 

5  
Reliability

1  Average Races per 
Car 1.00     

2   Number of Ties 1.00 1.00    
3  Happiness 2.00 7.00 1.00   
4  Availability 2.00 2.00 1.00 1.00  
5  Reliability 1.00 3.00 2.00 1.00 1.00 

Table 10:  Hypothetical preference matrix for original performance weights in Table 9 

The numerical preference of Happiness over Number of Ties by 7:1 is conspicuous.  It 

could draw the attention of the decision maker because of the Contrast Effect could 

potentially be reduced by the decision maker wrongly applying a “regression to the 

mean.” 

If this one preference is reversed, that is, preferring Number of Ties to Happiness 

by 7:1, the preferred alternative changes from Concept 4 Round Robin Best Time to 

Concept 5 Round Robin Point Assignment. Granted, such an extreme change in a single 

preference is unlikely, but, in a hypothetical tradeoff study, a switch in preferred 

alternative could potentially result from a single, almost negligible pairwise preference 

change among criteria. A switch in preference from Happiness to Number of Ties could 

come from a heightened attention to Time on the part of the decision maker.  Perhaps the 

decision maker all of a sudden remembers that he will have an important appointment 

after the Pinewood Derby.  Having his attention strongly drawn to Time, he comes to 

strongly prefer reducing the Number of Ties at the expense of Happiness. 

Suggestion: Weights should be obtained and accepted for their objective merits. 
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3.4. Alternative solutions 

Bias1: Confirmation Bias; Serial Consideration of Alternatives 

When solving a problem, people will seize upon a hypothesis as a solution, and hold on 

to it until it is completely disproved. This bias can persist throughout a tradeoff study, as 

an analyst uses the whole study to try to prove that a favored alternative is the best. 

Suggestion: Alternative solutions should be accompanied from the beginning of the 

tradeoff study with different alternatives, so that a collective and impartial consideration 

will permit the selection of the best alternative from a complete solution space. 

Bias2: Alternatives in isolation and juxtaposed 

Hsee, Loewenstein, Blount and Bazerman [1999] showed the following example. Two 

music dictionaries were evaluated in isolation and jointly. They were: 

 Music Dictionary A: 
 10,000 entries 
 Condition is like new  

Music Dictionary B: 
 20,000 entries 
 Cover is torn  

When the dictionaries were evaluated in isolation, the largest amount subjects were 

willing to pay was greater for dictionary A than for B. However, when the dictionaries 

were evaluated jointly, the largest amount subjects were willing to pay was greater for 

dictionary B. 

 Significantly, the weights of importance for the number of entries and the book 

condition changed. In isolation, each dictionary was judged more critically according to 
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its condition. However, when the dictionaries were juxtaposed, the number of entries 

became easier to compare, and the importance attached to the number of entries 

increased. Features that were hard to assess in separate evaluations were easier to 

evaluate in a comparative setting. In isolation, an assessment of the absolute values of the 

weights of importance was attempted; jointly, a choice among alternatives became 

predominant. 

This phenomenon has implications for the selection of alternative solutions. 

Specifically, solutions that are evaluated serially (perhaps as they are conceived) may not 

receive the attention they would if they were evaluated in parallel with all solutions 

present. 

Suggestion: Arising alternative solutions should be stored and be subject to elimination 

only after a comparison to all alternative solutions is possible. 

Bias3: Status Quo bias; Decisional Conflict; Dominance 

As seen in Section 2.3, decision makers prefer to avoid decisional conflict by searching 

for the clear dominance of one alternative. If no clearly dominant alternative exists, or if 

the number of alternatives is great, decision makers often prefer to revert to the status 

quo.  

Suggestion: Tradeoff studies are most important when the lack of clear dominance 

creates common human decisional conflict. In such a situation, the mechanics and 

process of tradeoff studies will clarify and ultimately validate a choice.   
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3.5. Input values 

Bias0: Lack of Data 

This is a condition which biases a decision analyst toward abandoning further work on a 

tradeoff study. 

Suggestion: The initial lack of data can often be overcome with an expanded search for 

characteristic data, or an iterative approach to obtain data, using guesses, approximations, 

simulations, analyses, models, prototypes, and experiments. 

Bias1: Personal Experience 

Guesses for input values will primarily come from personal experience. People are blind 

to that which they have not experience. Recall the wise saying: “We are all prisoners of 

our own experience.” 

Suggestion: The source of input data must be subject to peer and public review.  Decision 

analysts must be willing to yield absolute control over input values. 

Bias2: Strength and Weight 

People tend to judge the validity of data first on its magnitude or salience (strength), and 

then according to it reliability (‘weight’). Therefore, data with outstanding magnitudes 

but poor reliability is likely to be chosen and used. 

Suggestion: Either data with uniform reliability should be used, or the speciousness of 

data should be taken into account in the Risk portion of a tradeoff study. 
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Bias3: Discriminability of Updates 

People lose confidence in data if it is updated frequently. 

Suggestion: This bias can be overcome by noting its presence, and by properly examining 

the merit and reliability of updates. 

Bias 4: Common vs. Personal Interests 

When choosing among alternatives, it is important to ask  

• What individual or group is conducting the tradeoff study?   

• Are there any conflicts of interest with the total body of stakeholders? A 

conflict of interest occurs when an individual knowingly or unknowingly 

places more weight on his personal concerns than on the group’s interests. 

It is important to determine the ownership of 

– Existing systems and subsystems 

– The alternatives under consideration, and 

– Any future arrangements which will come under specific ownership. 

As in the historical move away from socialism in land distribution, the governmental 

tendency has been toward subdivision of systems into separate properties, but communal 

arrangements are returning, such as in NASA’s arrangements which let low-level 

engineers question launch readiness. 
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Pinewood Example: 

Concept 3 Concept 4 Concept 5 

Round Robin Mean Time Round Robin Best Time Round Robin Point Assignment 

95 98 92 

Table 11:  Input values for Percent Happy Scouts in the round robin Concepts 3-5 

Suppose that a parent with no mathematical training becomes Grand Marshall of the 

Pinewood Derby, and he is biased toward assigning points. He feels that the scouts can 

more easily remember a point count than exact racing times, and thinks that this will lead 

to a higher percentage of happy scouts. In the simulation data, he increases the Concept 5 

Round Robin Point Assignment input value for Percent Happy Scouts to 94% (up 2%), 

and this causes the preferred alternative to change from Concept 4 Round Robin Best 

Time to Concept 5 Round Robin Point Assignment. 

Suggestion: The presence of teams or reviews reduces the presence of purely personal 

interests. 

3.6. Scoring functions 

Bias1: Loss/Gain Utility Asymmetry 

Percept Happy Scouts (criteria) scoring function formulation: 

• The Pinewood Derby tradeoff study had these criteria 



152

– Percent Happy Scouts 

– Number of Irate Parents 

• Because people evaluate losses and gains differently, the recommended 

alternatives might have been different if they had used 

– Percent Unhappy Scouts 

– Number of Ecstatic Parents 

Figure 26:  Percent happy scouts 

Figure 27:  Percent unhappy scouts 
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Suggestion: All input value in a tradeoff study should be converted either to gains or to 

losses. 

Bias2: Availability, Infrastructure Bias 

The location and availability of pre-existing infrastructure such as roads and 

telecommunications facilities influences social and economic development. 

In science, infrastructure bias refers to the influence of existing scientific or social 

infrastructure on scientific observations. For example, when sampling pollutants, most 

samples may be taken in towns or near roads, as they are the easiest places to get to. 

Other examples occur in astronomy and particle physics, where the availability of 

particular kinds of telescopes or particle accelerators acts as a constraint on the types of 

experiments that can be done. 

Example: If only the four Wymorian standard scoring functions [Wymore, 1993] 

of Figure 28 are available, a typical subjective probability curve cannot be constructed. 

See the graphs in Figures 28 and 29. 
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SSF(Lower, Baseline, Slope, Input Value) = 

Power = 2*Slope*(Baseline + InputValue – 2*Lower)

______________1_____________
 Baseline – Lower 
InputValue - Lower1 +

Power

Lower Baseline Upper

Wymore, 1977

 

Figure 28:  Wymore scoring functions [Wymore, 1993] 
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Figure 29:  A necessary probability scoring function 

Suggestion: The effects of the limited availability of components should either be 
eliminated or taken into account. 

Bias3: Time Constraints 

It is time-consuming to construct accurate scoring functions, so it is not always done as it 

should be. 

Suggestion: Either scoring functions should be constructed accurately – with the help of 

experiments, for example – or else the error inherent should be honestly taken into 

account. 
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Bias4: Anchoring; Discounting 

Time-representative scoring functions may be constructed by anchoring on a parameter, 

such a baseline or upper limit, and temporally discounting from that reference point. 

Since individual humans discount hyperbolically, while institutions must discount 

exponentially, erroneous scoring functions can result.  

Suggestion: The rationale behind time-based scoring functions should be documented for 

review. 

3.7. Output scores 

Output scores (utilities) should be free of bias if their corresponding input values and 

scoring (utility) functions are correct. However, in many cases utilities are derived 

directly from customer preferences. In this case, they are subject to all cognitive biases of 

the customer. 

3.8. Combining functions 

Bias1: Training of Personnel  

The average engineer is not familiar with the workings of combining functions, and their 

behavior specific to tradeoff studies. 

Suggestion: Mathematical training with combining functions is necessary. 
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Bias2: Availability; Infrastructure bias 

Software is equipped with limited types of combining functions. 

Suggestion: Spreadsheet-formulated tradeoff studies have the greatest potential 

combining function variety. 

Bias3: Status Quo Bias  

The combining functions used in an organization, despite not being the most appropriate, 

will continue to be used because of the inertia of practice. 

Suggestion: Mathematical training or an improvement in software capability is needed. 

Example: Because certain decisions involve a heightened consideration of Risk, a 

way to emphasize the perceived Risk at the top level of a tradeoff study – effectively 

making the tradeoff study as a whole simulate an expected utility computation – is 

proposed as follows. The Product combining function is used to emphasize the Risk 

criterion. Numerical example: 

RiskweightRisk * PerformanceweightPerformance = 0.650.95 * 0.750.05 = 0.66 * 0.98 

 Taking a complete tradeoff study, and switching the combining functions used, 

obviously may give different results. In particular, the presence of values near zero 

causes the Product combining function to go toward zero significantly. In general, 

however, it is relatively safe to switch combining functions. Such an experiment on three 

tradeoff studies showed that the preferred alternatives are relatively stable over a 

significant range of combining function types. 
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Different Combining Functions: Tradeoff Study on Tradeoff Study Software 

COMBINING 
FUNCTION Hiview 3 IDS OnBalance

Logical 
Decisions 

for 
Windows 

Expert 
Choice Pinewood

Sum of weighted 
scores       2 3 1 

Sum of normalized 
weighted scores       2 3 1 

Product with 
normalized weights 3     2   1 

Compromise #1       2 3 1 

Compromise #2       2 3 1 

Compromise #10       2 3 1 

Compromise #100       1 1 1 

Table 12:  Ranking produced by different combining functions: 
Tradeoff Study on Tradeoff Study Software 

Table 12 shows significant stability of rankings over various combining functions. 22 

criteria were involved in the tradeoff study and calculations. Note that a near-zero score 

in the Expert Choice alternative took that alternative out of the rankings when a Product 

combining function with normalized weights was used. Also, note that the Compromise 

combining function was used on normalized scores. A large compromise number will 

select the greater criteria value (or normalized score) from all criteria values (or 

normalized scores). In this case, the presence of an identical high normalized score in all 

alternatives eventually spreads the ‘preferred alternative’ across all alternatives when the 

compromise number reaches 1000. 
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Different Combining Functions: Dog Selector Tradeoff Study 

RANKING RESULTS Shar-
Pei 

Golden 
Retriever Doberman Two 

Dogs 
Do 

Nothing
Product to 1/3 root 2 1   3   
Sum 2 3   1   
Product 2 1   3   
Sum minus Product 2 3   1   
Sum with weights of 1/3 2 3   1   
Product with weights of 1/3 2 1   3   
Compromise #2 3     1 2 
Compromise #4 2   3 1 1 

Table 13:  Rankings produced by different combining functions:  
Dog Selector Tradeoff Study 

Table 13 shows great instability over different combining functions. The scores for the 3 

top-level criteria of the Dog Selector tradeoff study were used in the calculations. 

Comparing these results with the results in Table 12 where 22 criteria were considered, 

indicates that stability decreases as the number of criteria considered decreases. 
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Different Combining Functions: Pinewood Tradeoff Study 

Tradeoff-Level Only 
Comparison Of Different 

Combining Functions: 
(Sum Of Product At 

Lower Levels) 

1:  Single 
Elimination 
Tournament 

2:  Double 
Elimination 
Tournament 

3:  Round 
Robin 

w/Mean 
Time 

4:  Round 
Robin 
w/Best 
Time 

5:  Round 
Robin 

w/Point 
Assignment 

Sum of Products:     3 1 2 
Cooper's Exp of S of P     3 1 2 

Product of exponentials:     3 1 2 
Compromise # = 1     3 1 2 
Compromise # = 2     3 1 2 

Compromise # = 99     3 1 2 
All-Level Implementation 

Of Combining 
Functions: 

          

Sum of Products:     3 1 2 
Cooper's Exp of S of P     3 1 2 

Product of exponentials:     3 1 2 
Compromise # = 2     3 1 2 

Table 14a:  Rankings produced by different combining functions:  
Original Pinewood Tradeoff Study 

Tradeoff-Level Only 
Comparison Of Different 

Combining Functions: 
(Sum Of Product At 

Lower Levels) 

1:  Single 
Elimination 
Tournament 

2:  Double 
Elimination 
Tournament 

3:  Round 
Robin 

w/Mean 
Time 

4:  Round 
Robin 
w/Best 
Time 

5:  Round 
Robin 

w/Point 
Assignment 

Sum of Products:     3 1 2 
Cooper's Exp of S of P:     3 1 2 
Product of exponentials:     3 2 1 

Compromise # = 1     3 1 2 
Compromise # = 2     3 1 2 

Compromise # = 99     1 1 1 
All-Level 

Implementation Of 
Combining Functions: 

          

Sum of Products:     3 1 2 
Cooper's Exp of S of P     3 1 2 

Product of exponentials:     3 1 2 
Compromise # = 2     3 2 1 

Table 14b:  Rankings produced by different combining functions:  
Expanded Pinewood Tradeoff Study 
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Table 14a shows the combining-function-dependent rankings of the alternatives in the 

original Pinewood Derby Tradeoff Study as documented in Engineering Modeling and 

Design [Chapman, Bahill and Wymore, 1992]. Table 14b shows the combining-function-

dependent rankings of the alternatives in the Pinewood Derby Tradeoff Study after 

Schedule and Risk requirements were added by Dr. Terry Bahill and me 

[http://rayser.sie.arizona.edu:8080/resume/]. The rankings show that in this large-scale 

tradeoff study, the ranking of preferred alternatives is largely independent of combining 

functions. Note that the different combining functions were implemented at the top 

criteria level only, and at lower levels also. 

  The conclusion that the consideration of more criteria leads to more stability in 

the ranking of preferred alternatives across combining functions is supported by the 

results shown in Figure 5, where the consideration of larger amounts of random data 

leads to stable and relatively lockstep coherence in the results produced by different 

combining functions. 

3.9. Recommended alternatives: tradeoff study as a whole 

Bias1: Overconfidence 

Tradeoff studies are often started with overconfidence. The analyst prefers to maintain a 

state of overconfidence by not examining details. 
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Suggestion: For this bias, there is no better teacher than performing tradeoff studies, and 

being subject to reviews and customer acceptance that require producing high-quality 

work in all tradeoff study components. 

Bias2: Obviating Expert Opinion 

The analyst holds a circular belief that expert opinion or review is not necessary because 

no evidence for the need of expert opinion is present. 

Suggestion: Experts should formally or informally be sought to evaluate tradeoff study 

work. 

Bias3: Confirmation Bias 

Analysts prefer to lead a tradeoff study to a prejudiced conclusion. 

Suggestion: The independent examination of the components of a tradeoff study, without 

regard to their contribution to overall scores, is absolutely necessary. Like the pioneering 

Fagan software reviews in IBM in the 1970’s, tradeoff study reviews should be formal   

3.10. Sensitivity analysis 

Bias1: Training of Personnel 

Most personnel are not well trained in the machinery and methods of sensitivity analysis. 

Recent research by Smith, Szidarovszky, Karnavas and Bahill [2005] has shown 

that interactions among parameters in tradeoff studies can be very important. Also, step 

sizes for the approximation of effects should be very small, and second-order derivatives 
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should be calculated accurately. It is expected that only the best trained personnel will 

know of results soon, illustrating the gap between truth and training. 

Suggestion: Investments in sensitivity analysis training must be made. Perhaps able 

software can substitute for much sensitivity analysis knowledge. 

Bias2: Hawthorne Effect 

The Hawthorne Effect suggests that a sensitivity analysis may only be performed, or 

performed enthusiastically and well, if the analyst is under supervision. 

Suggestion: Supervisors must oversee or review sensitivity analyses. 

Bias3: Personal Experience; Availability 

Analysts will revert to known techniques or personally favored techniques for sensitivity 

analysis. Also, an analyst may simply chose a sensitivity analysis technique because it is 

available in a currently accessible program. 

The use of favored or available techniques, and the incompatible sensitivity 

results that this can produce, is illustrated in the following segment. 

Pinewood Example: 

In the Pinewood tradeoff study (see below), if the baseline for Percent Happy Scouts 

scoring (utility) function drops from 90 to 87 (a 3 1/3 % decrease), the preferred 

alternative changes from Concept 4: Round Robin Best Time to Concept 5: Round Robin 

Point Assignment. 
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Most Important Parameters in the Pinewood Derby 

In his Ph. D dissertation, “Sensitivity analysis as a tool in diverse engineering fields,”  W. 

J. Karnavas [Karnavas, 1992, p. 87] gives an "...ordered list of relative sensitivities for 

each parameter..." These were gradients obtained analytically with the use of 

Mathematica, and are listed below in order of importance. Alongside Karnavas’s 

sensitivities, in parentheses, are Eric Smith’s rankings of sensitivities, according to a 

sensitivity analysis he conducted with the use of the TopRank Add-In for Excel. It can be 

seen that the sensitivities vary substantially. 

1) baseline for Overall Happiness figure of merit (FoM), (Eric’s #3) 

2) baseline for Percent Happy Scouts FoM, (Eric’s #6) 

3) importance weight for Overall Happiness FoM, (Eric’s #7) 

4) baseline for Number of Repeat Races FoM, (Eric’s #2) 

5) input value for Percent Happy Scouts FoM, (Eric’s #5) 

6) input value for Number of Repeat Races FoM, (Eric’s #1) 

Eric’s #4 sensitivity was the Performance trade-off weight (0.90, 0.10 for Cost). 

Note that the relative sensitivities obtained by the author (seen above as “Eric’s 

#n”) do not match those of Karnavas.  This is due to the author using TopRank for Excel 

to vary each input by a step size of ± 1%, and noting the effect on the overall best final 

score of all alternatives.  A step size of ± 1% is of course infinitely large in comparison 

to an infinitesimal analytical differential step. The larger step size can cause different 

sensitivity results due to the effects of changing scoring function slopes, and the abrupt 

changes in the overall best alternative score as the preferred alternative changes. 
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A full comparison of the difference in factors in the two sensitivity analyses is 

included here in order to indicate the widely different conditions under which sensitivity 

analyses may be conducted. Note that only the first order sensitivity functions were 

evaluated. 
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  Karnavas Smith 
# of parameters 89 72; 17 upper limits on scoring functions 

are fixed. 
Software Mathematica Excel 
Type of 
sensitivities 

Relative. 
(Multiplication by 0-
valued parameters 
manually fixed.) 

Relative. % variation is used directly to 
calculate sensitivities, hence no 0-valued 
multiplication. 

Slopes Empirically w +-15% 
variation, and 
analytically. 

Not obtained, since variation of 
parameters carries though Excel 
spreadsheet empirically. 

Scoring 
functions 

Presumed implemented 
exactly as piecewise 
functions. 

Simplified scoring functions in Excel that 
do not incorporate an upper limit, but 
Wymorian functions to 1-2% accuracy. 
(No Karnavas's top sensitivitie is an upper 
limit.)  

+- effect 
combination 

Analytic Gradients 
calculated piecewise in 
Mathematica, and then 
chain-ruled together. 

1% variation of parameters. (Gave same 
answers as 0.5% and 0.01% variation, 
both in the + and - variation.) 

Output 
analyzed 

All alternative final 
scores. Why averaged? 
… since … 
"sensitivities differed 
for each alternative" (p. 
84). 

MAX of final alternative scores. (% 
change in parameters required for 
alternative change is at least 6%, so this is 
basically an analysis of Concept 4 only.) 

Input method Computer program that 
read in problems 
defined in standard 
system design notation 
and hypertext. 

Excel, manual. 

Input values Mentions some errors in 
reading input values. 

From Chapman, Bahill and Wymore, 
1992. 

Implementation Serial in alternatives, 
then alternative results 
compared.  

Parallel, in Excel worksheets. 

Math 
calculations 

Specially-written 
program 

Excel. 

 
Table 15:  Karnavas and Smith sensitivity results for Pinewood compared 
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Suggestion: In order to get consistent and pertinent practical results, sensitivity analysis 

methodologies should be reviewed and chosen carefully before implementation. 

Conclusion 

The main biases listed above represent a preliminary assessment of the principal errors in 

judgment to which a tradeoff analyst will most likely be subjected. Suggestions for 

dealing with these biases have been given. 
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4. RATIONAL DECISIONS AND RATIONAL SYSTEM DESIGN 

‘Rational’ Functions: The connection between rational utility, tradeoff studies, and 

Wymore’s Subsystem Optimization leads to System Optimization 

Dr. A. Wayne Wymore, founder of the first degree granting Systems Engineering 

department in the world at the University of Arizona, wrote a paper entitled Subsystem 

Optimization Implies System Suboptimization: Not! [1997]. In this paper, he describes 

that if the ‘tradeoff functions’ – combining functions used in the evaluation of 

subsystems and the system as a whole -- adhere to certain conditions, one can be certain 

that the improvement of any subsystem will lead to improvement of the system as a 

whole. The long-standing conventional in the physical systems community has been that 

the individual optimization of any subset of subsystems leads to the suboptimization of 

the system as a whole  -- usually because the increased cost involved in optimizing a 

subsystem is not warranted because of the bottlenecks this subsystem will now produce. 

That is, one is paying for increased subsystem performance which cannot be utilized. 

In light of the current investigations, it has become clear that Wymore’s 

conditions on the ‘tradeoff functions’ are equivalently stipulating that a system’s rational 

utility be derived from a positive combination of the rational utilities of its subsystems. 

Wymore preliminarily finds that sum and product functions suit such conditions. Note 

that a sum of products function computes normative rational utility. Wymore’s conditions 

are equivalent to stipulating Mutual Utility Independence. 



169

Wymore uses functions that are interleaved in various steps in order to calculate 

subsystem optimization, aspects of subsystem or system optimization, and system 

optimization. In Figure 30, I have included comments that say that: If a system has been 

built with the best architecture and best available technology and design, then subsystem 

improvement can be expected to come only from new inventions or improvements, or by 

evolution. 

Note that the standing mathematical definition of a rational function is as follows: 

“A quotient of two polynomials P(z) and Q(z), 

R(z) = 
)(
)(

zQ
zP  

is called a rational function, or sometimes a rational polynomial function. More 

generally, if P and Q are polynomials in multiple variables, their quotient is called a 

(multivariate) rational function” [Weisstein, 2006]. 
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Figure 30:  Wymore’s subsystem optimization implies system optimization 
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I propose that the following conditions designate a ‘rational’ combining function. 

That is, if any factor increases, the combining function result will also increase. Such a 

function is monotonic in all variables (at least in differentials). The specific application of 

such functions to system design may be beneficial. Note that these ‘rational functions’ 

embody a philosophical orientation to cooperative systems design. 



172

‘Rational’ Combining Functions 

Simple combining functions Conditions 
Sum     x + y + … None 

Product     x*y*… x, y, … > 0 

Sum minus Product     x + y + … - x*y*… -1 < x, y, … < 1 
Compromise #1   (x + y + …) None 

Compromise #2    (+)(x2 + y2 + …)1/2 x, y, … 0≥  

Compromise #∞     (+)(x∞ + y∞ + …)1/∞ 

 
Not a ‘rational’ function.  

Increasing a smaller factor will not 
increase the objective function. 

Weight factor combining functions Conditions 
Sum of weighted scores 

∑factor*score 
None, but it is better to use  

positive factors  
and positive scores. 

Cooper’s exponential 
1 – 1/e∑factor*score 

None, but it is better to use  
positive factors  

and positive scores. 
Product with weights as exponents 

Πscorefactor 
scores > 1 
factors > 0 

Weighted Sum minus weighted Product 
∑factor*score – Πscorefactor 

Not usable 

Compromise #1 with weighted scores 
∑factor*score 

None, but it is better to use  
positive factors  

and positive scores.  
Compromise #2 with weighted scores 

(+)[∑(factor*score)2]1/2 
Must use  

positive factors 
and positive scores.  

Compromise #∞ with weighted scores 
(+)[∑(factor*score)∞]1/∞ 

Not a ‘rational’ function.  
Increasing a smaller factor will not 

increase the objective function. 

Table 16:  ‘Rational’ combining functions 
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Non-negative combining functions 

Simple combining functions Conditions 
Sum     x + y + … x, y, … 0≥  
Product     x*y*… x, y, … ≥  0 

Sum minus Product     x + y + … - x*y*… 0 ≤  x, y, … ≤  1 
Compromise #1   (x + y + …) x, y, … 0≥  

Compromise #2     (+)(x2 + y2 + …)1/2 None 
Compromise #∞     (+)(x∞ + y∞ + …)1/∞ x, y, … 0≥ , else undefined 

Weight factor combining functions Conditions 
Sum of weighted scores 

∑factor*score 
Must use positive factors 

 and positive scores.  
Cooper’s exponential 
1 – 1/e∑factor*score 

Must use positive factors 
 and positive scores.  

Product with weights as exponents 
Πscorefactor 

scores > 0 
 

Weighted Sum minus weighted Product 
∑factor*score – Πscorefactor 

Not usable 

Compromise #1 with weighted scores 
∑factor*score 

Must use positive factors 
 and positive scores.  

Compromise #2 with weighted scores 
(+)[∑(factor*score)2]1/2 

None 
 

Compromise #∞ with weighted scores 
(+)[∑(factor*score)∞]1/∞ 

Must use positive factors 
 and positive scores. 

Table 17:  Conditions for non-negativity of the combining function result 
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‘Rational’ and non-negative combining functions 

Simple combining functions Conditions 
Sum     x + y + … x, y, … 0≥  
Product     x*y*… X, y, … > 0 

Sum minus Product     x + y + … - x*y*… 0 ≤  x, y, … < 1 
Compromise #1   (x + y + …) x, y, … 0≥  

Compromise #2     (+)(x2 + y2 + …)1/2 x, y, … 0≥  
Compromise #∞     (+)(x∞ + y∞ + …)1/∞ Not usable. 

Weight factor combining functions Conditions 
Sum of weighted scores 

∑factor*score 
Must use positive factors 

 and positive scores.  
Cooper’s exponential 
1 – 1/e∑factor*score 

Must use positive factors  
and positive scores.  

Product with weights as exponents 
Πscorefactor 

scores > 1 
factors > 0 

Weighted Sum minus weighted Product 
∑factor*score – Πscorefactor 

Not usable 

Compromise #1 with weighted scores 
∑factor*score 

Must use positive factors  
and positive scores.  

Compromise #2 with weighted scores 
(+)[∑(factor*score)2]1/2 

Must use positive factors  
and positive scores. 

Compromise #∞ with weighted scores 
(+)[∑(factor*score)∞]1/∞ 

Not usable.  

Table 18:  Conditions for ‘rationality’ and non-negativity 
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It is interesting to note that progress in Systems Engineering has been driven by 

the increasing application of broad scale rationality, including through process 

methodologies such as the Rational Unified Process, originally a software engineering 

process. Perhaps it is time to recognize mathematical structures that parallel good system 

design processes. 

Anti-Pareto Curves for Addictive Substances 

Usually, in a certain technology and at a certain time, Performance and Cost tradeoff and 

create a Pareto frontier. Once a system has been optimized with regard to all its 

components, a different subsystem cannot replace any of the subsystems without a 

tradeoff between Cost and Performance (for example), or worse, a detriment to the 

system as a whole. In a Pareto graph, changing the weights of importance will slowly 

sweep the preferred solution through the whole field of solutions [Jin, 2006]. 

Exceptions to the formation of Pareto curves appear in Quantity and Unit Price 

maps of certain substances, such as soda pop example [Bahill, 2006]. Here, graphs are 

anti-Pareto. The purchase of addictive substances can always be improved by choosing a 

larger Quantity and getting a better Unit Price. However, the nature of addictive 

substance is that people will continue to purchase sub-optimal quantities because of 

convenience and time considerations. 
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5. THE EFFECTS OF TIME 

Bahill [2006] lists three types of decisions: 

 Type 1: Choosing [ranking alternatives from a list 

 Type 2: Allocating resources among competing projects [plans] 

 Type 3: Negotiating [social] agreements 

All of these are tradeoff studies.  

1) A zero-time tradeoff study ranks alternatives through rationality. 

2) Plans are evolving, uncertain alternatives that require resources. 

3) Agreements are plans made by people, and are specially uncertainty. 

Current research [Dijksterhuis, 2004; Dijksterhuis, Bos, Nordgren and van 

Baaren, 2006] indicates that humans can make good parallel mental tradeoff studies 

through unconscious thought. He offers evidence of well-informed consumers choosing 

among specific items when the time remaining is minimal. Gladwell [2005] also offers 

evidence to this effect; for example, experts evaluating statues in an instant. These are 

Bahill Type 1 decisions. It seems that in such a situation an expert human mind can 

decide well when considering many (independent) criteria with which alternatives are to 

be evaluated. A rational evaluation of all relevant criteria seems to be occurring. 

Time, however, can link these independent criteria and alternatives in many 

possible ways. When time remains for a decision, many actions can be occurring: 

1) The decision maker’s values, and thus requirements and criteria, can change. 
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2) The alternatives, or the criteria input values of the alternatives, may change. 

(Perhaps the decision maker will act if one alternative becomes distinctly 

dominant to the others.) 

3) The decision maker can engage in many intervening Type 1, 2 or 3 decisions. 

These can fulfill values or requirements, and thus change the weights of 

importance of criteria. 

How to deal with this? 

A) At discrete times, the decision maker evaluates his values and requirements, and 

thus the weights of importance of criteria. 

B)  Criteria input values for all alternatives are evaluated – whether they be the 

original main alternatives, or smaller intervening alternatives and plans. 

C) A rational utility for each alternative is calculated. 

D) The rational utility is discounted to the present time. 

E) Risk and uncertainty factors are multiplied in to get expected payoffs. 

F) Resources are allocated based on portfolio theory. 

Thus, the decision maker at discrete times instantaneously reallocates his resources 

through completely rational consideration and calculation.
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6. CONCLUSION 

Humans usually consider alternatives in series, and are often moved to hastily choose one 

alternative after having their attention drawn, or fixated, to only one or a few criteria. 

Also, humans tend to form conclusions based on their favorite theories, not from a 

complete set of alternatives and then a shrinking set of hypotheses brought about by 

conclusions based on experimentation, empirical data, and data analysis. 

In order to make good, rational choices among alternatives – grounded on an 

absolute basis - the decision maker should be an expert in the relevant subject matter, and 

also be aware of cognitive biases and fallacies.  Limited awareness can precipitate poor 

judgment. Decision makers should also have a complete understanding of the 

mathematical methods which allow the parallelization of human decision processes 

through tradeoff studies, and be able to apply them without error. 

Despite the difficulties, the needed rationality and rigor to make good decisions is 

available. Employing a team approach, with the long-term horizon necessary to conduct 

iterations and public reviews, brings sobriety to the decision process. 

Decision aids such as tradeoff studies should be employed. Brown [2005, p. 3] 

notes that good decision-making aids: 

1) Emulate or replicate the performance of some more competent decider 

2) Replace the decider’s current thinking and analyze decisions from scratch 

3) Enhance or improve on the decider’s logical thinking. 
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Another conclusion is that complex decisions involving alternatives should not be 

attempted holistically – at the least, non-experts should wholly avoid making important 

decisions with a holistic, mental, feeling-based approach. In order to establish rationality, 

the components of the decision must be made clear. This is possible by focusing on each 

element individually. The higher-level decision then becomes a calculation based on a 

broad base of rationally considered components. 

Consider the difference between an optimization search and a tradeoff study. As 

an example, let us consider the updated Pinewood tradeoff study, which has 201 

parameters. Assuming that each parameter has only two settings, the number of possible 

combinations is 2201, which is close to Eddington’s number of particles in the known 

universe, 2264 [Eddington, 1923]. From a combinatorial, optimization standpoint, the 

Pinewood problem is an incalculable, time-impossible problem. Yet, after rationality is 

brought to bear on each component individually, a preference order of alternatives can be 

calculated in a fraction of a second with a common computer and spreadsheet! 

Returning to the issue of complex decisions made in an instant [Gladwell, 2005], 

it should be noted that experts capable of making such judgments have probably spent 

long periods of time in training, during which they have individually, sequentially and 

rationally examined the components of the decision. Any pre-conscious parallelization 

occurring in such an expert’s brain is reproduced in the parallel structure of a tradeoff 

study, which is ultimately based on hard data analysis. 
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APPENDIX A. USER’S MANUAL FOR THE PINEWOOD DERBY 
TRADEOFF STUDY IN EXCEL    

Tradeoff Study User’s Manual Using the  
Pinewood Tradeoff Study 

[http://rayser.sie.arizona.edu:8080/resume/] 
 
 

1. Introduction 
 

1.1  What is a Tradeoff Study? 
A tradeoff study arrives at a single final score for each of a number of competing 
alternative systems, with the use of normalizing criteria scoring functions, and the 
combination of these scores through weighted combining functions. 
 
There are many fancier types of Multi-Criteria Decision Making (MCDM) methods, but 
methods which are mathematically refined are often not as useful in making ‘real life’ 
decisions. 
In conducting anything other than a rough or obvious tradeoff study, careful and honed 
expert attention must be given to properly choose the criteria scoring functions, weights, 
and inputs – especially if they are in part or in whole subjective. 
 
1.2  Why conduct a Tradeoff Study? 
Limited time and resources indicate that a definite choice, of one or a few systems from 
among alternatives, must be made. 
  
1.3  INCOSE literature 
An excellent preliminary reading for work in tradeoff studies is the INCOSE 
(International Council on Systems Engineering) Systems Engineering Manual. 
 

SE_Hdbk_v2_r07a_2002-04.pdf   Tradeoff Study readings 
Topic SE Manual pages .pdf document pages 

4.5.16 Trade Studies 265-274 273-282 
Criteria 

Cost Requirements 388 346 
Performance Requirement(s) 349 357 

Risk (Requirements) 352 360 
Schedule Requirements 353 361 
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2.  The Pinewood Tradeoff Study, and Pinewood.xls 
 
2.1  Pinewood Tradeoff Study 
The original documentation for the Pinewood Tradeoff Study appears in Engineering 
Modeling and Design by Chapman, Bahill and Wymore, CRC Press 1992.  Considered 
are alternatives for the race format, scoring, and judging of a Boy Scout Pinewood Derby, 
a pine model car race down a sloped track. 
 
There are five System Design Concepts considered: 

1) Single-Elimination Tournament 
2) Double-Elimination Tournament 
3) Round-Robin Tournament with Mean-Time Scoring 
4) Round-Robin Tournament with Best-Time Scoring 
5) Round-Robin Tournament with Point Assignment Scoring. 

Criteria values are provided by three methods: 
1) Approximation 
2) Simulation 
3) Prototype. 

 
2.2  Pinewood.xls 
The Microsoft Excel spreadsheet “Pinewood.xls” (or similar) presents the Simulation 
data trade study of the original Pinewood Derby Tradeoff Study, and thus provides an 
excellent, and more easily accessible, example of a tradeoff study.   
 
2.3  Pinewood.xls Architecture 
Figure 1 shows the worksheet architecture of the Pinewood.xls Spreadsheet, clarifying 
the logic and flow of data. 
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Alt-3
Criteria-1
Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
   SubCrit-3.3
Criteria-4

Alt-2
Criteria-1
Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
   SubCrit-3.3
Criteria-4

Alt-1 Alt-2 Alt-3 Alt-4 Alt-5
Criteria-1
Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
   SubCrit-3.3
Criteria-4

Alt-1 Alt-2 Alt-3 Alt-4 Alt-5
Criteria-1
Criteria-2
Criteria-3
Criteria-4
Overall Score

Alt-1
Criteria-1
Criteria-2
Criteria-3
   SubCrit-3.1
   SubCrit-3.2
   SubCrit-3.3
Criteria-4

Input  Matrix

Output Matrices Summary Matrix

Criteria Module

Limits, slopes, baselines, weights

 
Figure 1:  Architecture of Pinewood Tradeoff Study 

Copyright 2005 Terry Bahill 
 
 
2.4  Description of Data Flow 
 
The Pinewood tradeoff study is implemented with one Excel spreadsheet.  It is in the 
form of one example.  The user can use its elements, perhaps by cutting and pasting, to 
create his, or her, own spreadsheet.  
 
The inputs to Pinewood.xls are criteria, weights, alternatives and alternative criteria 
values. 
 
Pinewood.xls has four modules:  the Input Module, the Criteria Module, the Output 
Matrices, and the Summary Module.  
 
Initially, the user has two major tasks:  creating numerical values and graphs in the 
Criteria Module and filling in the Input Module. 
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The user opens the Criteria Module and works on the criteria one at a time.  (Criteria are 
sometimes called figures of merit.)  The user may rewrite, decompose or derive criteria.  
The user use pre-developed scoring functions (scoring functions are sometimes called 
utility curves) for all of the criteria.  He or she views the graphs and adjusts the 
parameters interactively.  Data from the Criteria Module is transferred to the Input 
Module and the individual Output Matrices through standard Excel formula references 
and links.  
 
The Input Module has two components:  the Input Matrix and the Weight Matrix.  The 
user inputs criteria values into the Input Matrix.  (This can be done individually or as a 
team.)  He or she should enter criteria values one row at a time.  The user should 
concentrate on one criterion and evaluate it for all of the alternatives at the same time.  
These criteria values are automatically transferred to the Criteria Module and the 
Individual Output Matrices.  Then the user fills in the Weight Matrix.   
 
There is an Output Matrix for each alternative, because often there are a significant 
number of combining operations performed for each alternative.  Putting all alternatives 
in one matrix would be too unwieldy.   
 
The user can observe the Output Matrices and revisit the Input Module and the Criteria 
Module to adjust criteria values and scoring function parameters.   
 
The data from the Output Matrices is distilled into the Summary Module.  Optional radar 
plots provide succinct visual summaries of the outputs.  The user can study the Summary 
Module and then make changes in values and parameters.   
 
In a corporate or collaborative environment, the resulting spreadsheets can be submitted 
for expert review.  Otherwise, an un-wielding commitment to determining the true 
scoring function parameter, criteria and weight values must be employed.   
 
The arrows in the above figure show the primary flow of data.  Of course, a human will 
have to revisit each module many times.  If the user makes a change in one criteria 
module, that change automatically applies to all the alternatives – in their use of that 
criteria scoring function. 
 
All weights, inputs values, and scoring functions parameters must be given a value.  
There can be no blank cells.  If you have no idea of what to put in a cell, then just color it 
red and be aware that you will have undefined references. 
 
Explanations of the criteria and the scores can be put in Excel comments, in a Notes 
sheet, or in a separate MS Word document. 
 
A sensitivity analysis tool is not integrated into this example tradeoff study.  If necessary, 
the sensitivity analysis tool can be a separate product from a vendor.   
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Numerical Overview of Data Flow 

          
INPUT CRITERIA  OUTPUT MATRICES SUMMARY 

Weights Criteria Criteria  Scores Weights

Normal-
ized 

Weights Scores
Total 
Score 

Total 
Score 

Prefer-
red 

Alterna
-tive 

  120 120 0.97    0.97      
7      7 0.7       
  4300 4300 0.48    0.48      
3       3 0.3       

      
Combining 
Function  0.823 0.823 0.823 

    
  

(matrix 2)    0.689 0.689   

    
  

(matrix 3)  0.752 0.752   
 

Figure 2:  Numerical Overview of Data Flow 
 
Figure 2 shows the rational utility of an alternative being calculated. Two criteria input 
values gives scores (utilities) that are multiplied with their respective normalized weights, 
and then summed together. Output matrix 2 and 3 (not fully shown) make a similar 
calculation for alternative 2 and 3, and the highest resulting Total Score is chosen. 
 
2.5  Levels of Pinewood.xls Use 
 

1. View the overall architectural structure -- the different worksheets and how they 
are linked together.  “TradeoffOnTradeoff.doc” shows the architectural structure 
of Pinewood.xls. 

 
2. Modify Input values and observe the automatically calculated consequences: 

a) modify Input values in the Input Module (worksheet), 
b) modify Scoring Function parameters in the Criteria Module (worksheet), 
c) modify Combining Functions in the Alternative worksheets (Alt 1, 2, 3 

and 4) with combining functions given in the Notes worksheet. 
 

3. Practice adding and removing Criteria, Sub-Criteria and Alternative systems by 
cutting and pasting.  Note:  This often requires finding and correcting the 
consequences of the addition or removal in some or all the worksheets. 
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4. Constructing a new tradeoff study.  This can be done by: 
a) Modifying Pinewood.xls, or, 
b) Constructing a new tradeoff study with the Pinewood.xls architecture by 

using the components in:  “Criteria Module Templates.xls” and “Scoring 
and Combining Functions.xla”  

 
3.  Associated Excel .xls Spreadsheets and .xla Add-Ins 
There are currently two Excel products associated with Pinewood.xls:  1) Criteria Module 
Templates.xls, and 2) Scoring and Combining Functions.xla.  These contain no 
components which are not present in Pinewood.xls, but they make finding, copying and 
using the components found in Pinewood.xls easier. 
 
3.1.  Installing a Microsoft Excel Add-Ins (.xla files)  

1) Open Excel 
2) To see in what file Add-Ins are accessed:   

a) select:  File Save As…  
b) in the Save As dialog box, from the “Save as type:” dropdown list, select 

“Microsoft Excel Add-In” 
c) the Save As dialog box should now be showing add-ins present in the 

“AddIns” folder 
d) press the down arrow on the “Save in:” dropdown (file structure) list 
e) note the file structure and file in which Add-Ins are kept (and press Cancel 

to close the Save As dialog box) 
3) With a any file tool, add the desired Add-In to the “AddIns” folder 
4) In Excel, select:   Tools Add-Ins… check the desired Add-In OK 

 
4.  Criteria Module Templates.xls 
 

1. Copy a Criteria Module out of Criteria Module Templates.xls 
2. Paste it in the tradeoff study being constructed 
3. Set the Scoring Function parameters in the module 
4. Go to the Criteria Module “Input” cells, and reference these to the corresponding 

Input cells in the Input Matrix.  Also make the Criteria Module “Weight” cells 
reference the weights in the Input Matrix. 

5. Go to the “Weight” and “Input” cells in the Alternative Matrices, and make these 
reference the corresponding Weight and Input cells in the Input Matrix.  Make the 
“Output” cells in the Alternative Matrices reference the corresponding Criteria 
Module “Output” cells. 

 
The Criteria Module Templates appear as below.  For a description of the Scoring 
Functions, please see the next section, Scoring and Combining Functions.xla. 
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    Monotonic Increasing calculator    

Title:    Units:   Weight:    
        

LowerLimit: 0      
Baseline: 1 BaselineSlope: 1    

UpperLimit: 2  1    
        
  Input: 1.5  Output: 0.883636364  
             

 
 
    Monotonic Decreasing calculator    

Title:    Units:   Weight:    

        
LowerLimit: 0      

Baseline: 1 BaselineSlope: -1    
UpperLimit: 2  -1    

        
  Input: 0.85  Output: 0.645958252  
             

 
 
    Boolean calculator      

Title:    Units:   Weight:    

        
LowerLimit: 0      

Middle Point: 1     
UpperLimit: 2      

        
  Input: 0.9  Output: 0  
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    Bitonic Hill calculator      

Title:    Units:   Weight:    

        
LowerLimit: 1      

Baseline: 2 BaselineSlope: 1    
Middle Point: 3  1    

Baseline2: 4 Baseline2 Slope: -1    
UpperLimit: 5  -1    

        
  Input: 3.3  Output: 0.958126606  
             

 
 
    Bitonic Valley calculator    

Title:    Units:   Weight:    
        

LowerLimit: 1      
Baseline: 2 BaselineSlope: -1    

Middle Point: 3  -1    
Baseline2: 4 Baseline2 Slope: 1    

UpperLimit: 5  1    
        
  Input: 4  Output: 0.5  
             

 
 
The red numbers below the slope input cells represent the minimum absolute slope which 
must be entered, given the Scoring Function limits and Baselines. 
 
 
5.  Scoring and Combining Functions.xla 
To use the scoring functions, in an Excel cell, enter “=[one of the Scoring Functions 
below].” 
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5.1.  Scoring Functions 
 
5.1.1.  MonotonicIncreasing(LowerLimit, Baseline, Slope, UpperLimit, Input) 
 

  
 
 
5.1.2.  MonotonicDecreasing(LowerLimit, Baseline, Slope, UpperLimit, Input) 
 

  
 
 
5.1.3.  Bulean(LowerLimit, Baseline, UpDown, UpperLimit, Input) 
 *Spelling is “Bulean” because Boolean is already defined as a function by Excel. 
 “UpDown” is set to 1 if Bulean rises to 1, or 0 if Bulean falls to 0 at the Baseline. 
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5.1.4.  BitonicHill(LowerLimit, Baseline, BaselineSlope, MiddlePoint, Baseline2, 
Baseline2Slope, UpperLimit, Input) 

 

  
 
 
5.1.5.  BitonicValley(LowerLimit, Baseline, BaselineSlope, MiddlePoint, Baseline2, 

Baseline2Slope, UpperLimit, Input) 
 

             
 
 
5.1.6.  LinearNormalizingFunction(LowerLimitDomain, UpperLimitDomain, 

LowerLimitRange, UpperLimitRange, Input) 
 

 

Linear Normalizing Function

0
0.2
0.4
0.6
0.8

1
1.2

1 2 3 4 5 6 7 8 9 10
0-10

Sc
or

e
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5.1.7.  None(Input) 
 This function just returns the Input. 
 
 
5.1.8.  Definitions 

 
LowerLimit:  the Scoring Function begins at 0 if it is an Increasing or Hill 
function, or at 1 if it is a Decreasing or Valley function. 
A Bulean function will begin at 1 if UpDown=0, or 0 if UpDown=1. 
The LinearNormalizingFunction will begin at 0. 

   
 
Baseline:  the domain point at which the scoring function will reach 0.5, 
or, in the case of the Bulean function, the point at which the Bulean 
function will change from 0 to 1 (in the case of UpDown=1) or 1 to 0 (in 
the case of UpDown=0).  At the Baseline, the function will have exactly 
the BaselineSlope. 
 
BaselineSlope:  the slope at the Baseline.  Excel will bring up an alert box 
if the slope entered does not fit within the allowable range. 
 
MiddlePoint:  the domain point at which the Bitonic scoring functions will 
reverse direction – upward or downward. 
 
Baseline2:  the domain point at which the latter portion of a Bitonic 
scoring function will equal 0.5, and will have exactly the BaselineSlope2. 
 
BaselineSlope2:  the slope at Baseline2. 
 
UpperLimit:  the upper limit of the domain.   

 
 

5.2.  Combining Functions 
 
 NormWeightedSum(Scores, Weights) 

Scores (usually normalized) are multiplied by their normalized weight and 
summed together. 

 
  Example:  normScore1*normWeight1 + normScore2*normWeight2    

= 0.37*0.4 + 0.68*0.6 = 0.556   
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 NormWeightedProduct(Scores, Weights) 
Scores are raised to the power of their normalized weight and multiplied 
together. 
 
Example:  (normScore1normWeight1) * (normScore2normWeight2)    

= (0.370.4) * (0.680.6) = 0.533   
 

 
SUM(Scores) 
 Scores are simply summed together. 
 

  Example:  normScore1 + normScore2  = 0.37 + 0.68 = 1.05   
 
 PRODUCT(Scores) 
  Scores are all multiplied together. 
 
  Example:  normScore1 * normScore2  = 0.37 * 0.68 = 0.252   
  

SumMinusProduct(Scores) 
 PRODUCT is subtracted from SUM. 
 

  Example:  SUM – PRODUCT  = 1.05 – 0.252 = 0.798   
 
 CompromiseFunction(Scores, CompromiseNumber) 

The sum of all scores raised to the power of the Compromise Number is 
raised to the power of inverse the Compromise Number (= p). 
 
Example:   
((normScore1CompromiseNumber) + (normScore2CompromiseNumber))(1/ p) 

= ( (0.371.25) + (0.681.25) )(1/ 1.25) 
= 0.847 

 
 
 
6.  Sensitivity Analysis 
 
Three different methods for conducting a sensitivity analysis are: 
 
1.  Compute sensitivity functions analytically.  The fact that this can be done is the chief 
advantage of Wymorian scoring functions. 
 
2.  Do it experimentally, manually.  Change a parameter by 1% and note the change in 
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the output.  
 
3.  Use a COTS tools such as @Risk from Palisades Decision Tools.  @Risk is easily 
capable of running a 100-criteria sensitivity analysis, using relative sensitivity functions.  
Note that for small changes of unimportant parameters, relative sensitivity functions start 
dividing by zero. 
 
4.  Another alternative is a Monte Carlo sensitivity analysis which averages or regresses 
the sensitivity of the complete tradeoff function around each criteria value. 
 

 
 
 
Use Cases 
 
 
Tradeoff Study Tool Use Cases 
Use Case 1 
Name: Create a Tradeoff Study  
Iteration: 1.1. 
Brief Description: Tradeoff Analyst produces the four modules of the Tradeoff Study 

Tool and gives the results to the decision maker. 
Added Value: This helps a decision maker to make better decisions and it documents the 

process that was used to make these decisions. 
Level: high level, kite 

Scope: Applies to a decision problem that is appropriate for a tradeoff study. 

Primary Actor: Tradeoff Analyst (This could be a person or a team). 

Supporting Actor: Tradeoff Analyst will get the tool from the BAE National Security 
Systems DOLLS (or some other site). Tradeoff Analyst will put the results of the 
tradeoff study in the project assets library (PAL). 

Frequency: Company wide, once a week 
Precondition: A decision maker has asked a Tradeoff Analyst to perform a tradeoff study. 

Preliminary criteria, weights, alternatives and criteria values must already be 
defined and be in the hands of the Tradeoff Analyst. 

Trigger: Tradeoff Analyst is ready to capture tradeoff study results. 
Main Success Scenario:  

1. Tradeoff Analyst copies our Excel spreadsheet from DOLLS into his or her 
computer. 

2. Tradeoff Analyst selects the Criteria Module tab at the bottom of the page. 
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3. Include Complete Criteria Module. 
4. Tradeoff Analyst selects the Input Module tab at the bottom of the page. 

5. Include Fill Input Module. 
6. System transfers data from the Criteria Module into the Output Matrices. 

7. System computes preferred alternatives using Tradeoff Analyst chosen combining 
function 

8. System transfers data from Output Matrices into the Summary Module. 

9. System displays Summary Module for Tradeoff Analyst’s inspection. 

10. Tradeoff Analyst looks at the preferred alternatives of the Summary Module. 

11. Tradeoff Analyst repeats steps 2 to 10 until he or she is satisfied  

12. Tradeoff Analyst submits tradeoff study for expert review. 

13. Tradeoff Analyst submits tradeoff study to the decision maker and places it in the 
Project Assets Library (PAL) [exit use case] 

Unanchored Alternate Flow: 
Tradeoff Analyst can stop the system at any time; all entered data and intermediate 
results will be saved [exit use case]. 

Postcondition: Tradeoff Analyst has planed a tradeoff study. 
Specific Requirements 

Functional Requirements:  
Note: Transferring data from the Criteria Module into the other modules is 

a supplementary requirement. 
FR1-1 The System shall compute preferred alternatives using the 

combining function chosen by the Tradeoff Analyst.  
FR1-2 The Output Matrices shall transfer data into the Summary Module.  
FR1-3 The System shall display the Summary Module. 

Nonfunctional Requirements:  
NFR1 At least six different combining functions shall be available for use 

by the Tradeoff Analyst. 
Author/Owner: Terry Bahill 
Date: January 3, 2005. 
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Tradeoff Study Tool Use Cases (continued) 
Use Case 2, This is a concrete inclusion use case 
Name: Complete Criteria Module 

Iteration: 1.1. 
Brief Description: Tradeoff Analyst enters data into Criteria Module (Criteria are 
sometimes called figures of merit.) and designs scoring functions. (Scoring functions are 
sometimes called utility curves.) If this inclusion use case is called by the base use case, 
then it is context sensitive; i. e. the spreadsheet that is open is the spreadsheet that is used. 
If the actor initiates the use case, then the name of the spreadsheet to be used must be 
queried. This use case could use the CRUD pattern of Övergaard and Palmkvist [2005]. 
Added Value: Tradeoff Analyst understands the criteria and develops scoring functions.  
Level: user level 

Scope: Criteria Module 

Primary Actor: Tradeoff Analyst  

Frequency: Company wide, once a week 
Precondition: Criteria must already be defined and be in the hands of the Tradeoff 

Analyst. 

Trigger: This use case is triggered by the Create a Tradeoff Study use case. 
Main Success Scenario:  

1. Tradeoff Analyst replaces our example criteria with his or her problem domain 
criteria. 

2. Tradeoff Analyst puts criteria descriptions into the notes section. 

3. Tradeoff Analyst works on the criteria one at a time.  

4. Tradeoff Analyst may rewrite, decompose or derive criteria. 

5. Tradeoff Analyst selects limits, slopes and baselines for the scoring function of 
each criterion. 

6. System draws a scoring function for each criterion. 

7. Tradeoff Analyst readjusts limits, slopes and baselines for each criterion. 

8. System redraws the scoring function for each criterion. 

9. Systems displays alternative combining functions and accepts the function chosen 
by the Tradeoff Analyst. 

10. Tradeoff Analyst repeats steps 2 to 9 until Tradeoff Analyst is satisfied with the 
results.  

11. Tradeoff Analyst expresses desire to finish this use case. (Selecting a different tab 
at the bottom of the page could indicate this.) 

12. System transfers criteria to Input Module [exit use case]. 
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Unanchored Alternate Flow: 
Tradeoff Analyst can stop the system at any time; all entered data and intermediate 
results will be saved [exit use case]. 

Postcondition: Tradeoff Analyst knows what the criteria are and where they go in this 
tool. 
Specific Requirements 

Functional Requirements:  
FR2-1 The Criteria Module shall accept scoring function parameters from 

the Tradeoff Analyst 
FR2-2 The Criteria Module shall accept criteria values from the Input 

Module. 
FR2-3 The Criteria Module shall create scoring functions 
FR2-4 The Criteria Module shall graph scoring functions 
FR2-5 The Criteria Module shall accept changes in scoring function 

parameters 
FR2-6 The Criteria Module shall display alternative combining functions 

and accept the function chosen by the Tradeoff Analyst. 
FR2-7 The Criteria Module shall transfer data to the Input Module. 
FR2-8 The Criteria Module shall transfer data to the Output Matrices. 

Nonfunctional Requirements:  
NFR2 Scoring function graphs must be updated within 100 milliseconds 

of a change in a parameter. 
Author/Owner: Terry Bahill 
Date: January 3, 2005. 
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Tradeoff Study Tool Use Cases (continued) 
Use Case 3; this is a concrete inclusion use case 
Name: Fill Input Module 

Iteration: 1.1 
Brief Description: Tradeoff Analyst enters criteria values for the alternatives into the 

Input Module. If this inclusion use case is called by the base use case, then it is 
context sensitive; i. e. the spreadsheet that is open is the spreadsheet that is used. 
If the actor initiates the use case, then the name of the spreadsheet to be used must 
be queried. 

Added Value: These criteria values can be used to compute preferred alternatives. 
Level: user level 

Scope: Input Module 

Primary Actor: Tradeoff Analyst  

Frequency: Company wide, once a week 
Precondition: Alternatives must already be defined and their preliminary criteria values 

must be in the hands of the Tradeoff Analyst. 

Trigger: This use case is triggered by the Create a Tradeoff Study use case. 
Main Success Scenario:  

1. Tradeoff Analyst describes his or her alternatives. 

2. System updates Input Module. 

3. Tradeoff Analyst assigns a weight of importance (between 1 and 10) to each 
criterion. 

4. System computes normalized weights. 

5. Tradeoff Analyst concentrates on one row at a time and fills in criteria values for the 
alternatives. 

6. Tradeoff Analyst reassesses the weights and the criteria values until Tradeoff 
Analyst is satisfied with the results.  

7. Input Module sends criteria values to Criteria Module [exit use case]. 

Unanchored Alternate Flow: 
Tradeoff Analyst can stop the system at any time; all entered data and intermediate 
results will be saved [exit use case]. 

Postcondition: Tradeoff Analyst knows where the alternatives are described, where 
their criteria values are stored and where they go in this tool. 

Specific Requirements 
Functional Requirements:  

FR3-1 The Input Module shall accept criteria from the Criteria Module 
FR3-2 The Input Module shall accept unnormalized weights from the 

Tradeoff Analyst 
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FR3-3 The Input Module shall normalize the weights. 
FR3-4 The Input Module shall accept criteria values from the Tradeoff 

Analyst 
FR3-5 The Input Module shall accept changes in weights and criteria 

values from the Tradeoff Analyst 
FR3-6 The Input Module shall send weights and criteria values to the 

Criteria Module. 
Nonfunctional Requirements:  

NFR3 Normalization of weights shall take less than 100 milliseconds. 
Business Rules:  
BR-1. The weights entered by the Tradeoff Analyst shall be numbers (usually integers) in 

the range of 0 to 10, where 10 is the most important. 
Author/Owner: Terry Bahill 
Date: January 3, 2005. 
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Use Case Diagram 

ud TradeoffUseCaseDiag

Tradeoff Study Tool

Tradeoff Analyst

Create a Tradeoff 
Study

Complete Criteria 
Module

Fill In Input Module
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Analysis Class Diagram 
od Business Process Model

Tradeoff Analyst

DOLLS
Webster

Input Form (Excel)

Criteria Form (Excel)

Output Interface

Input Module

Criteria Module Output Matrices

Summary Matrix

Webster

Controller

 
The controller must be inserted many times in the above figure. 
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APPENDIX B. WEB-BASED TRADEOFFSTUDYTOOL 

A web-based tradeoff study tool programmed by the author can be found at: 

http://rayser.sie.arizona.edu:8080/TradeOffStudyTool/ within the Requirement Suite 

constructed with funds from the Air Force Office of Scientific Research (AFOSR) 

through the Multiple University Research Initiative (MURI), grant number F49620-03-1-

0377. 

The website is meant to facilitate the writing and organization of requirements 

into tradeoff studies and so has a Requirement Library that aids in the recollection of 

common requirements. Reference material for weights and combining functions and a 

Wymorian scoring function graphing and help tool by Tom Rogers is provided for 

assistance. 

TradeOffStudyTool provides a flexible two-tier hierarchy for requirement-derived 

criteria organization, and provides built-in support for the scoring function types: 

monotonic increasing, monotonic decreasing, boolean, bitonic hill, bitonic valley, and an 

identity function. These scoring functions can be plotted and printed. 

All criteria information is displayed on one page in summary form. The 

combining functions available are: simple sum, simple product, sum minus product, 

normalized weighted sum, normalized weighted product, the compromise function, and 

an identity function.  

Installed on a server, TradeOffStudyTool can link many tradeoff study analysts to 

a single data repository with complete tradeoff study computational abilities. Password 

protection is provided, and an owner’s manual is available within the tool. 
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TradeOffStudyTool eliminates the need to write equations and link tradeoff study 

components within a spreadsheet.   
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APPENDIX C. DAVID VAN VOORHEES, SENSITIVITY ANALYSIS 
BY AUGMENTED YATES OPERATORS AND DESIGN OF 
EXPERIMENTS 

Van Voorhees [1995] used the Yates [1937] operators 

S1(x) = [ 1  1  1] x 
S2(x) = [-1  0  1] x 
S3(x) = [ 1 -2  1] x 

to estimate the mean, first derivative and second derivative of experimental data by 

augmenting the operators as follows: 

S*
1(x) = (1/3) [ 1  1  1] x  (Mean, average)  

S*
2(x) = (1/2) [-1  0  1] x (First derivative, slope) 

S*
3(x) =   [ 1 -2  1] x (Second derivative, curvature) 

where x is a vector of three adjacent experimental measurements, or objective function 

values. These consecutive data points are assumed to be separated by one unit 

(∆x = 1), so ∆x never appears in Van Voorhees’s mathematics. 

For generality, the augmented operators should be listed as follows:  

Y1(x) = (1/3) [ 1  1  1] x   (Mean, average)  
Y2(x) = (1/2∆x) [-1  0  1] x (First derivative, slope) 
Y3(x) = (1/(∆x)2) [ 1 -2  1] x (Second derivative, curvature) 

This may be the reason that Van Voorhees’s sensitivity technique did not work at the Air 

Sovereignty Operations Center (ASOC) at Lockheed Martin in Eagan, MN [Bahill, 

Taipale, Garrett and Peterson, 1997].
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APPENDIX D. TRADEOFF STUDY ON VACATION PLANS 

This proposed study will seek to elicit lay-person interaction with tradeoff studies by use 

of the common topic of vacations. Vacations have many attributes that are easily and 

mentally accessible. In addition, most people are interested in vacation planning. For the 

first time, a controlled experiment will ask subjects to choose among alternatives that are 

complicated enough to be formulated as tradeoff studies. 

Human experimental subjects may be asked to rank alternatives without knowing 

their rational, computational ranking. At a lower level, subjects may be asked to adjust or 

match parameters in the tradeoff study. At a more basic level, subjects may be asked to 

help formulate and differentiate criteria for the tradeoff decision. 

Overall, within the context of a tradeoff study format, this study will seek to 

gauge the effectiveness with which people find the criteria that they genuinely seek in a 

vacation, despite the presence of glitzy or irrelevant criteria that distract decision 

rationality. Further, this study will seek to determine the best practices for the 

consideration and combination of input data, weights, and scoring function outputs.   
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APPENDIX E. 100 GENERIC REQUIREMENTS LIBRARY 

Large corporations and governments have found that corporate memory, in particular 

memory of crucial customer requirements, is best kept in a requirements repository that is 

continually updated and available. Requirements refocus work efforts toward providing 

value to the customer, which is ultimately the reason for existence of organized groups. 

 In order to aid the individual or small-group customers of TradeOffStudyTool (or 

similar tradeoff study efforts) a 100 Requirements Library was compiled in order to 

conveniently collect the most common and important requirements across general 

systems. 

 In the table below, each requirement is described by name, description of the 

requirement’s characteristics, and usual units of measure. The requirement is classified as 

pertaining most to one of the usual four top-level tradeoff requirements: Cost, Schedule, 

Performance, or Risk (with an initial corresponding to the top-level requirement). 

The most expected scoring function for the requirement is given as either: 

Boolean, monotonic decreasing, monotonic increasing, biphasic hill, or biphasic valley. 

In addition, the requirements are rated (with an “E”) as applying, or not applying, to a 

process, in contrast to a product. 
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100 Requirements Library 

 
 
 

Name 

 
 
 

Description, 
Characteristics 

 
 
 

Units 

 
 
 

C
O
S
T

 
S
C
H
E
D
U
L
E
 

P
E
R
F
O
R
M
A
N
C
E

 
 
 

R 
I 
S 
K 
 

 
 

Scoring 
Function 

 
 

 
 

P
R
O
C
E
S
S

Acceptance 

Satisfies observance and 
compliance; and, 

services all requested 
inputs 

1/0    
P  Boolean E 

 

Accidents 
Number of days worked 

since a loss-of-time 
accident 

Days    R Monotonic 
Decreasing E 

Accuracy Normalized % variation 
from target %   P  Monotonic 

Decreasing E 

Aesthetics Subjective rating of 
beauty 0-100   P  Monotonic 

Increasing E 

Availability Ratio of operational time 
to deployed time %    R Monotonic 

Increasing E 

Biodegrad-
ability 

Percent decomposed in 
25 years 1/0    R Monotonic 

Increasing  

Compatibility Works with interfaced 
systems 0-100    R Boolean E 

Complexity Intricacy of the system 1/0    R Biphasic 
Hill E 

Compliance 
All measured values fall 
within upper and lower 
requirement thresholds 

1/0   P  Boolean E 

Conformance 
Measurements on real 
system match those 

specified in the design 

$/ 
System   P  Boolean E 
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Cost, Lifecycle 
Total 

Cost to design, 
prototype, test, build, 

purchase, deploy, 
operate, maintain, and 

retire the system 

$/ 
System 

 
C    Monotonic 

Decreasing E 

Cost, 
Maintenance 

Cost to maintain the 
system per year 

$/ 
System
/Year 

C    Monotonic 
Decreasing E 

Cost, 
Operating 

Cost to run system per 
year 

$/ 
System
/Year 

C    Monotonic 
Decreasing E 

Cost, Purchase Cost to buy and install 
the system 

$/ 
System C    Monotonic 

Decreasing E 

Cost, 
Retirement 

Cost of disassembly, 
hardware inventory & 
disposal, and  required 

documentation 

$/ 
System C    Monotonic 

Decreasing E 

Cost, Test Cost for critical 
evaluation 

$/ 
System C    Monotonic 

Decreasing E 

COTS 
% commercial off-the-
shelf components used 

in system 
% C    Biphasic 

Hill E 

Damage 
% of products put 
through the system 
which are damaged 

%   P  Monotonic 
Decreasing E 

Delay 
Probability 

Probability of significant 
schedule delay %    R Monotonic 

Decreasing E 

Documentation Complete product 
description 0-100    R Monotonic 

Increasing E 

Durability Assessed toughness 0-100    R Monotonic 
Increasing E 

Ease of 
Installation/ 

Setup 

Subjective 
Installer/Customer 
assessment of ease 

0-100  S   Monotonic 
Increasing E 

Ease of Use Subjective user 
assessment 0-100   P  Monotonic 

Increasing E 

Efficiency % of input 
potential/energy used %   P  Monotonic 

Increasing E 

Emissions Unwanted emissions --  
most likely harmful 0-100    R Monotonic 

Decreasing E 
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Environment, 
Sensitivity 

Influence of 
surroundings on 

accuracy/precision and 
reliability 

0-100    R Monotonic 
Increasing E 

Ergonomics 
Human factors 

engineering which 
facilitates use of product 

0-100   P  Monotonic 
Increasing E 

Failures 
% cycles of operation 

which result in a system 
stop or faulty product 

%    R Monotonic 
Decreasing E 

Feasibility 
Current projection of 

ability to build 
conforming system 

1/0    R Boolean E 

Feedback Existence and use of 
feedback 1/0   P  Boolean E 

Field test Full test in operating 
environment 1/0    R Boolean E 

Freedom 

Contribution of system 
to the better operation of 
interacting systems and 
to the greater happiness 

of mankind 

0-100   P  Monotonic 
Increasing E 

Happiness 

Subjective customer 
opinion on personal 

happiness in relation to 
system 

0-100   P  Monotonic 
Increasing E 

Implemen-
tations 

Possible applications, 
adaptability to other uses #   P  Monotonic 

Increasing E 

Interference 
Counterproductive 

interaction with coupled 
systems 

0-100    R Monotonic 
Decreasing E 

Latency % of subtasks completed 
late %  S   Monotonic 

Decreasing E 

Learning curve 

Speed of familiarization 
and attainment of 

optimized use of system 
by operator/customer 

0-100  S   Monotonic 
Increasing E 

Lifetime Total life duration of 
system Years  S   Monotonic 

Increasing E 
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Linearity 

Condition where no 
input is emphasized in a 

non-linear fashion 
compared to other inputs

0-100   P  Monotonic 
Increasing E 

Maintainability Ease of upkeep 0-100 C    Monotonic 
Increasing E 

Manufacturing 
Ease Facility to produce 0-100 C    Monotonic 

Increasing E 

Mapping 
Correspondence 

between functions and 
components 

Chart    R Boolean E 

Material 
Availability 

% of needed materials 
available %    R Monotonic 

Increasing E 

Measure ability Input assessment and 
ranking 0-100   P  Monotonic 

Increasing E 

Operator 
Reproducibility 

Resistant to common 
operator errors 0-100    R Monotonic 

Increasing E 

Owner 
Person who experiences 
gain or loss according to 

well-being of system 
1/0   P  Boolean E 

Packaging Proper packaging 0-100    R Monotonic 
Increasing  

Password Word lock 1/0    R Boolean  

Performance Assessment overall 0-100   P  Monotonic 
Increasing E 

Physical 
Damage 

Harm to objects 
contacting system $    R Monotonic 

Decreasing  

Portability, 
Device Assessed mobility 0-100   P  Monotonic 

Increasing  

Portability, 
Software Software transportability 1/0    R Boolean E 

Portability, 
Users 

Ease of operator 
exchange 0-100   P  Monotonic 

Increasing E 

Possibility 
Preliminary estimated 

possibility of success of 
a conceived system 

%    R Monotonic 
Increasing E 

Power, 
Consumed 

Considering cost for 
power Watts C    Monotonic 

Decreasing E 

Power 
Variability 

Variability in operating 
power consumed Watts   P  Biphasic 

Hill E 
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Precision % variation of results %   P  Monotonic 
Decreasing E 

Presentation Neatness of appearance 0-100   P  Monotonic 
Increasing  

Process 
Capability 

Index 

Fitness of processes 
used 0-100   P  Monotonic 

Increasing E 

Production # products 
produced/time #/Time  S   Monotonic 

Increasing E 

Prototype Experimental precursor 1/0    R Boolean E 
Quality 

Inspection Check for errors 1/0   P  Boolean E 

Recyclable % re-usable % C    Monotonic 
Increasing  

Relevance Assessed by customers 0-100    R Monotonic 
Increasing E 

Reliability % of systems 
surviving/yr %    R Monotonic 

Increasing E 

Removal, Ease Facility of removal from 
major system 0-100    R Monotonic 

Increasing E 

Repeatability 
Reproducibility of 

results given statistically 
identical inputs 

%    R Monotonic 
Increasing E 

Responsive Quality of feedback 0-100   P  Monotonic 
Increasing E 

Safety, 
Regulations 

Regulations, OSHA 
requirements 

% 
Adhere

nce 
   R Monotonic 

Increasing E 

Satisfaction, 
Customer 

Obtained by polling 
customer 0-100   P  Monotonic 

Increasing  

Scaling, Cost Economy of scale 0-100 C    Monotonic 
Increasing E 

Scaling, Time Economy of scale 0-100  S   Monotonic 
Increasing E 

Shipping Ease of transport 0-100  S   Monotonic 
Increasing  
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Shock 
Resistance 

Ability to weather 
impacts 0-100    P Monotonic 

Increasing E 

Sigma Level Normal-indexed 
variability 

Sigma 
Normal   P  Monotonic 

Decreasing E 

Software Usability and relevance 0-100   P  Monotonic 
Increasing E 

Source Traceable roots of 
system 0-100    R Monotonic 

Increasing E 

Specifications Presence of necessary 
specifications 0-100   P  Monotonic 

Increasing E 

Stability Presence of an attracting 
equilibrium 0-100    R Monotonic 

Increasing E 

Standards Conformance to vital 
standards 0-100    R Monotonic 

Increasing E 

Survivability Operates after 
catastrophe 0-100    R Monotonic 

Increasing E 

Testability Assessment availability 0-100    R Monotonic 
Increasing E 

Time to 
Obsolescence Time to non-utility Years  S   Monotonic 

Increasing E 

Time, 
Administration Administration time Days/ 

Year  S   Monotonic 
Decreasing E 

Time, 
Compatibility 

Time for surrounding 
systems to adapt Months  S   Monotonic 

Decreasing E 

Time, 
Construction Time to assemble Days  S   Monotonic 

Decreasing E 

Time, 
Maintenance 

Necessary repair time 
per year 

Hours/ 
Year C    Monotonic 

Decreasing E 

Time, 
Operation Service-rendering time Second 

  S   Monotonic 
Increasing E 
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Time, Startup Time to begin operation Second  S   Monotonic 
Decreasing E 

Time, Test Testing time Second  S   Monotonic 
Decreasing E 

Time, Training Necessary human 
learning 

Man-
Days  S   Monotonic 

Decreasing E 

Time, Update Time necessary to 
release update version Months  S   Monotonic 

Decreasing E 

Tracking 
Record ability and 

adjustability of 
input/output 

0-100   P  Monotonic 
Increasing E 

Usability % operations yielding 
satisfactory result %   P  Monotonic 

Increasing E 

Variability (results 
spread)/magnitude %   P  Monotonic 

Decreasing E 

Verifiability 
% results verifiable by 

outside measurement or 
assessment 

%    R Monotonic 
Increasing E 

Versatility Variety of uses 0-100   P  Monotonic 
Increasing E 

Waste % input materials 
wasted % C    Monotonic 

Decreasing E 

Yield % of products which 
work %   P  Monotonic 

Increasing E 
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APPENDIX F. POLITICAL CONSIDERATIONS 

Politics – the search for influence in group decision-making – was considered in this 

dissertation, but was found to be outside the scope of tradeoff studies and cognitive 

biases. As a practical matter, it is important for a tradeoff analyst to give forethought to 

the reception of his work within a political context. 

However, rational decision making is probably best pursued as a pure topic, in and of 

itself. The inclusion of political realities within the scope of decision making introduces 

enormous complexity and unpredictability which could not be dealt with here. 
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