Steps Toward Automating Decision Making

COINS Technical Report 87-82
Adele E. Howe and Paul R. Cohen

Experimental Knowledge Systems Laboratory
Department of Computer and Information Science
University of Massachusetts, Amherst, MA
August, 1987

Abstract

Standard models of decision making provide normative methods for analyzing
quantitative assessments of decision situations. These models are inadequate for
most problems in artificial intelligence because they do not specify how to acquire
assessments, and they depend on a complete, combinatorial model that requires too
many data to assess. This paper presents a brief overview of some of these mod-
els and proposes an alternative methodology, constructive decision making, that
addresses some shortcomings of normative models in knowledge based paradigms.
An implementation of the constructive decision making approach is described.
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1 Introduction

Making a decision is the process of accumulating and integrating evidence, selecting an alterna-
tive, and perhaps acting on that selection. In formal decision-making, the first step is typically
performed by a decision analyst and a client in a relationship similar to that of a knowledge
engineer and an expert. Together, they build a complete model of all the factors relevant to the
outcomes of the alternatives. Then, they assess probabilities and utilities for these outcomes
given the factors. Once the model is constructed, simple algorithms can select an alternative
that is optimal with respect to the model. If the model is to faithfully represent the real world
for the purpose of selecting the best alternative, then it must capture the combinatorial space
of all outcomes of all alternatives conditioned on all factors. By Al standards, searching this
space is relatively inexpensive, but the cost of constructing it can be enormous. This is for
two related reasons. First, it is done by people, not computers, and involves the same kind of
ponderous, error-ridden interviewing that characterizes the knowledge acquisition bottleneck in
knowledge engineering. Second, by keeping separate the construction and selection processes,
the constraints produced as part of selection cannot be used during construction to reduce the
search space that must be examined, and so the model may include information that is not
relevant to the selection process.

This paper presents an alternative approach called constructive decision making that merges
the construction and selection processes. It iteratively asks whether more information could
increase confidence in a decision and, if so, decides what information is needed. It views decision-
making as a transition through decision states, each of which represents a decision supported
by successively more evidence. Thus, the algorithm can offer a decision at any time, with the
proviso that more evidence might result in a better decision. Currently, the constructive decision
making approach supports two-alternative, multiattribute decisions; a multi-alternative version
of the approach is under development.

Constructive decision making underlies a decision support system that incrementally iden-
tifies the factors that influence a decision, and moves from states where alternatives have weak
support to states in which choices are more clear. This system, called CDM, emphasizes the
process of acquiring and structuring just the information required for a decision. It character-
izes the current state of the decision with respect to strength of support for each alternative.
If no alternative is clearly superior, it seeks information about factors of the decision that can
discriminate the alternatives. It never requests information that it does not need to develop
the decision. The process of acquiring information about attributes continues until a decision
is forced or a clear choice emerges.

Since constructive decision making merges the processes of constructing a decision and
selecting an alternative, it is ideally suited to Al programs that must construct decisions for
themselves. This situation arises in domains where the relevance of factors cannot be determined
until run-time; that is, domains where decision analysts cannot construct a combinatorial model
of a decision ahead of time. For example, programs with dynamic control structures must
construct dozens or hundreds of control decisions based on factors whose relevance changes in
the course of problem-solving [1,3,6]. Moreover, in real-time control problems, the constructive
decision making approach can offer satisficing decisions that are the best possible given the
time available to collect and process evidence.

In overview, this paper first discusses our motivations for designing the constructive decision
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making approach, focusing on traditional decision science and relevant literature on human
Judgment. Next, we present the theory of constructive decision making, followed by a discussion
and illustration of the CDM decision support system. We conclude with an assessment of future
work in the area.

2 Decision-theoretic methods and human judgment

Decision theory was developed to produce optimal decisions in difficult or complex problems. It
has become the theoretical basis for most other work in decision making because it provides a
consistent, rigorous mathematical representation of decisions under uncertainty [14], and offers
a definition of optimality that depends on the available knowledge (13]. '

2.1 Decision analysis

Decision analysis is a decision-making methodology based on decision theory [20]. A central
concept in decision analysis is the model of a decision, usually represented as a decision tree,
which includes the alternatives, their outcomes, and all the chance factors that affect the prob-
abilities of the outcomes. Models provide the ability to assess the utility of evidence, and
conversely, to assess the cost of uncertainty. They encode subjective information about risk
aversion and probability, and they justify decisions [8,18].

However, constructing models of decisions is a painstaking, time-consuming process that
usually requires the assistance of a trained decision analyst. Models require two kinds of
information, conditional probabilities and utilities, about the outcomes of alternatives. Prob-
ability assessments are never clear-cut and are often difficult to obtain [18]. Utilities must be
expressed on a single scale, such as monetary worth, which forces people to place monetary
values on distinctly non-monetary outcomes such as environmental damage or an education
[9]. Multiattribute decision theory addresses this point, but at the cost of increased complexity
[22). Moreover, a complete model must be specified before a decision can be analyzed; and
because models are combinatorial (all outcomes of all alternatives are conditioned on all fac-
tors), a decision analysis swiftly becomes a “bushy mess” for problems involving more than
a few alternatives|18]. Skilled decision analysts can reduce this complexity by narrowing the
number of distinct alternatives considered for each action and eliminating “impossible” con-
ditional combinations of alternatives, chance factors, and outcomes (e.g. [7]), but most agree
that decisions involving more than 10 chance factors are extremely difficult to model.

2.2 Decision-support systems and Al decision-making systems

Because it is difficult to construct decision models, decision support systems have been designed
to assist people in solving unstructured problems by providing specially tailored models and
relevant historical data [5]. Most decision support is designed for specific areas such as corporate
planning, portfolio management, and marketing, and uses mathematical models of decision
making expertise [23]. These systems assist decision making by providing access to supportive
data and simulations of possible effects of a decision selection in tightly constrained domains.
Consequently, model-based decision support reduces the informational demands on the user,
but does not address how to build the models or make the selection. A few domain-independent
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systems have been developed to assist in modeling decisions. ARIADNE, Alternative Ranking
Interactive Aid based on DomiNance structural information Elicitation, addresses the problem
of eliciting from a user a dominance structure for selecting from multiple criteria alternatives
(19]. Leal and Pearl describe a program that interacts with the user to construct decision trees
[12]. GODDESS, a GOal-Directed DEcision Structuring System, produces a hierarchical goal
representation of decision alternatives by selectively focusing the user’s attention on the most
crucial issues [17].

We began the research reported here by asking whether decision-making in Al programs
must necessarily be based on decision theory. If not, then an approach might be developed
that enables Al programs to build their own decision models and evaluate them without the
intervention of a decision analyst. We have focused on questions about three aspects of decision-
theoretic models: first, can Al programs evaluate alternatives on several criteria without getting
involved with the complexity of multiattribute decision theory? second, is it necessary to build
a complete model before evaluating alternatives?; and third, is the optimality criterion appro-
priate? The first question arises because decisions in many Al tasks involve many criteria that
are not easily reduced to a single utility scale; for example, the decision to order a painful,
dangerous test in medicine depends on its morbidity and mortality rates, psychological stress
to the patient, the monetary cost of the test, the degree to which performing the test obliges
the physician to order more serious tests, and so on. The last two questions are closely related;
the traditional division between building a model and evaluating alternatives exists to ensure
optimal decisions. By examining the utilities and probabilities of all relevant outcomes of alter-
natives, one can guarantee selecting the optimal outcome, but this means that no alternative
can be selected until the entire model is constructed.

Many decisions must be made in dynamic situations by Al programs without human in-
tervention. In these cases, a program must define the decision by itself. Furthermore, if the
program is required to work in real time, or with unknown deadlines, it must avoid combi-
natorial decision models and, most importantly, it must evolve decisions as evidence becomes
available instead of demanding a complete model in advance of making a decision. That is,
algorithms for programs that construct their own decisions must:

1. not consume resources building a complete combinatorial model
2. not hold up processing while waiting for evidence

3. provide the ‘best’ decision at any point in processing, although supporting this capability
will sacrifice the goal of optimality

4. work even when the alternatives and attributes are not known or specified a priori, but
emerge in the course of decision making.

These capabilities are not supported by traditional decision science. Al systems must
respond to dynamic environments in which precise information is not always available and
decisions are more or less certain depending on the available evidence, and, thus, to the time
allowed to collect and assimilate evidence. In short. we require graceful degradation of the
decision-making performance of Al systems when time and evidence are in short supply.
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2.3 Human judgment and decision making

Most human decisions are taken without the support of decision analysis, although rough, qual-
itative versions of decision-analytic concepts underlie everyday decisions. For example, when
deciding to purchase one automobile instead of another we consider factors such as reliability,
comfort, handling, and so on. Rough probabilities, such as the chance of major repairs within
the warrantee period, may be considered. An inexpensive car with a moderate probability
of needing minor repairs may be preferred to a very expensive one with a lower probability
of failure. This is essentially decision-analytic reasoning. But this “naive decision analysis”
differs from the real thing in two respects. First, it relies on assessments that are quite likely
to overestimate or underestimate true probabilities. Second, it is much more dynamic than
decision analysis, intermixing the tasks of constructing and evaluating decision models, often
revising alternatives and attributes, and relying on simple heuristics to keep track of the relative
merit of alternatives. The first point, amply illustrated by the literature on human judgment
under uncertainty (e.g., {11,16]) suggests that Al decision making programs should use true
probabilities or be robust against inaccuracies in subjective probabilities. This is the subject of
a number of papers in Artificial Intelligence, (e.g., [4,7]). The second point, however, suggests
alternatives to the traditional division between constructing and evaluating decision models:
Perhaps human heuristics for dynamically constructing decisions can be used in Al programs.

Protocol studies of human decision makers show that they do not first list all alternatives,
outcomes, chance factors, conditional probabilities, and criteria for evaluating utilities of out-
comes; and then build a decision tree. On the contrary, the structure of decisions apparently
emerges dynamically. In one study, analysis of four senior auditors working on an audit case
showed that in the course of the decision process, the operations of structuring, search and
analysis were intermixed, and that evaluative criteria emerged as the decision progressed [2].
Similar results were obtained by Ola Svenson in studies of people selecting a house. He found
that evaluative criteria varied across subjects and became more specific and detailed as the
decision progressed. Additionally, new criteria tended to emerge in the course of making the
decision [21]. To manage such dynamic structuring and revision, humans apparently use a
few simple heuristics. For example, Payne, Braunstein and Carroll [15] found that subjects
eliminate alternatives by deleting any whose attributes don’t equal a criterion value, and then
compare pairwise the remaining alternatives. Bettman and Jacoby found that subjects used a
strategy called “choice by feedback processing” in which they alternated between considering
alternatives with respect to attributes and attributes with respect to alternatives [21]. The
most compelling aspects of these studies are that people successfully use these heuristics, often
tailored to pairwise comparisons, to reduce the computational requirements of complex decision
tasks; and that decision making is a constructive process that selectively includes, analyzes and
discards information as it becomes more or less relevant to the decision. The design of the
constructive decision making approach, described in the next section, has been influenced by
these observations.

3 Constructive Decision Making

The development of constructive decision making (CDM) was motivated by the need for intelli-
gent programs to define and evaluate decisions autonomously. It differs from traditional decision
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analysis in two respects: it has a simple mechanism for handling incomparable attributes, and
it is constructive. In CDM, attributes such as cost and reliability are not collapsed to a single
utility scale, although they may be grouped in support of the same alternative. Information
about attributes is added to the evolving decision constructively, which means that the decision
maker always has the choice of accepting a decision or adding information to increase confidence
in the decision. The following sections describe the CDM approach to solving two alternative,
multiattribute decision problems.

3.1 Decision Typology

The core of constructive decision making is the decision typology. The typology characterizes
decision situations using domain-independent dimensions, guides the collection of support and
provides the best possible decision given available evidence. The typology represents the current
and potential future states of a decision and allows a program to

e select an alternative that is preferred given the available information
e actively reduce uncertainty in the selection of the alternative by collecting evidence to
support it or refute it.

We developed the typology to model the process of making decisions based on incomparable
attributes. We call problems of this type apples and oranges problems. When you compare
apples and oranges in a grocery store you may find one fruit preferred on the basis of flavor
and the other on the basis of quality. If you could combine the attributes to compare the
alternatives on a single, composite attribute, then the choice is often clear. But if, as in this
case, flavor and quality are not easily combined, then the choice between apples and oranges is
problematic. The following description of the typology will refer back to this example.

3.1.1 Decision States

We begin the discussion with simple 2-alternative, 2-attribute problems typified by the ap-
ples and oranges problem. Decision alternatives are compared on their salient attributes.! A
decision state in our model is a concise description of the current combination of salient at-
tributes, including how well the alternatives are distinguished on the available attributes and
how important those attributes are. We identified five dimensions that describe decision states.

The dimensions in the decision typology are abstracted from the decision situation and are
used to reason about the state of the decision.

e significant difference with respect to attribute-1
o significant difference with respect to attribute-2
e conflict

e importance

e greater-than.

'Throughout this paper “attribute” is used luosely to refer te featnres of alternatives that are salient to
the task of selecting the best alternative. This definition js vague encugh te accommedate culcomes, goals or
charactersstics. The distinction will be refined in Section 3.1.4.
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Significant difference with respect to an attribute indicates whether the values of
the attribute for the two alternatives are distinct. Assuming that the values of all the other
attributes for the two alternatives are equal, can a decision be made based only on this attribute?
This dimension determines whether the difference between two alternatives is significant enough
to support a decision. It effectively avoids the issue of exactly what value each alternative has
or what distribution of values can be expected and how much difference is required to be
significant. The formal definition? used in the typology is:

1 if Ai[p| and A;[g] are distinct
0 otherwise

Sd[A] = {

Otherwise indicates no significant difference or that we lack evidence to tell whether there is a
significant difference.

A conflict exists when the two attributes support different alternatives, that is, we have
conflicting evidence. Formally, this is described as:

1 if Ai[p|>Ailg] and A;[p]<A;lq] or
ClA;, Aj] = if Ai[p]<Ailg] and A;[p]> Ajq]
0 otherwise

Importance indicates whether one attribute is considered more influential than the other.
Once again we have avoided the issue of why we believe this. It may be because the attribute
itself is more important, independent of the values of the alternatives on the attribute, or that
the values of the alternatives are so radically different on a particular attribute that it is more
discriminating that the others.

0 if importance(A;) = importance(A;)
if relative importance is unknown

1 if importance(4;) > importance(A4;)
or importance(A;) < importance(A;)

IA;, Aj] =

Greater._than is simply an extension of Importance to indicate which attribute is more
important if, in fact, one is.

S|Ai, Aj) = { 0 or importance(A;) < importance(A;)
P 1 if importance(A;) > importance(A4;)

These dimensions can be illustrated in the context of the problem of selecting fruit: p is
apples, ¢ is oranges, A; is quality and A; is flavor. If the quality of apples is “good” and the
quality of oranges is “poor”, then Sd[quality] = 1 because good and poor are distinct values.
Similarly, if one prefers the flavor of oranges to that of apples then S d[flavor] = 1. Since
apples have better quality but oranges taste better, C(quality, flavor| = 1. Finally, if quality
is preferred to taste I(quality, flavor] = 1 and >(quality, flavor| = 1. These dimension values
can be put together to form a vector descriptor of the state of the decision represented as |1,
1,1,1, 1.

In the descriptions that follow, alternatives are referred to as p and g, attributes as A; and A,, and values of
attributes for specific alternatives as A:|p]. The symbols > and < indicates preference between two values, and
> and < have their normal meanings.
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3.1.2 Actions

The purpose of characterizing a decision on these dimensions is to reason about how to develop
the decision dynamically. Decision making is viewed as a constructive process. Five general
actions apply in the multiattribute, two-alternative model to help construct a decision:

e decision

o transformation by attribute

e transformation by importance
e substitution

e combination

Decision means selecting an alternative based on available evidence. For example, if im-
portance distinguishes two attributes (/ [Ai, Aj] = 1), then the alternative favored by the more
important attribute is the decision. A decision can always be made, but with varying confidence.
If you wish to increase confidence, another action should be performed instead.

The action transformation by attribute (abbreviated Ta) seeks to transform the current
decision state by gathering information about one of the attributes. If the current information
about an attribute is uncertain or unknown, this action attempts to resolve that uncertainty.
The intent of a transformation is to change one decision state into another, hopefully more
facilitative state. However, the desired transformation to a better state may not be possible; the
actual transformation depends on the evidence obtained. For example, we may gather evidence
about A; with the hope of getting additional support for the currently favored alternative
(supported by information we already have about 4;), but if the evidence, when obtained,
indicates that A; and Aj; actually support different alternatives, then we end up in a state with
a conflict.

The action transformation by importance (T4) is like transformation by attribute but
involves obtaining importance information.

We may wish to include other attributes. Two actions, substitution and combination, add
new attributes. When one of the two existing attributes doesn’t provide a significant difference,
a new attribute may be substituted ( Su) for it by discarding the existing insignificant attribute
and replacing it with a new one.

Alternatively, we could combine (Co) the new attribute with the existing ones by taking
advantage of the fact that there are only two alternatives. Since an attribute may only support
one or the other of the alternatives, the attributes may be clustered together according to
which alternative they support. Clustering is the key to extending a basic two-alternative,
two-attribute representation to two-alternative, N-attribute representation, because it permits
complex decision situations to be constructed iteratively within the framework of the decision
typology.

These actions describe the state transitions that gather information and judgments about
a decision and structure them such that the selection of an alternative emerges.

3.1.3 The Typology

Considering all the possible combinations of the values of the five dimensions, and pruning out
isomorphic states (isomorphic with respect to the actions that may be taken) produces 24 basic
states. Basic states have no clustered attributes.
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The 24 states can be arranged in a table (Figure 1). The apples and oranges problem
discussed earlier is state 23 in this table. Imagine that apples are preferred to oranges on flavor
but oranges are preferred to apples on quality, and that flavor is the most important attribute.
State 23 represents this situation as follows:

There is a significant difference between quality(apples| and quality|oranges|, so
Sd|quality] = 1. Similarly, there is a significant difference between flavor|apples| and
flavor|oranges|, so Sd(flavor| = 1. There is a conflict (i.e., C[quality, f lavor] = 1),
implying that apples have better flavor but oranges have better quality, or vice
versa. The attributes are not equally important (I[flavor, quality] = 1), in fact,
flavor is preferred (>[flavor, quality] = 1).

Isomorphic states have been pruned out of the table. A full table would include 40 states.
From the perspective of how a decision-maker acts, the 40 decision states contain some redun-
dancies. Consider these states:

State 18a: SdlA,‘] =1, Sd[Aj] =0, C[A,‘,Aj] =1, A.-SA,-
State 18: Sd[A,] =0, Sd[Aj] =1, C[A,‘,Aj] =1, AJ‘SA,'

In English, this state means

“The dimension for which your evidence supports a decision is the most important
dimension.”

The states are identical in the sense that a decision-maker would not act differently in response
to them. In both situations, the decision maker could try Ta, Su, or Co as reasonable next
actions. Consequently, the two states are represented only by state 18 in the table.

Once the state of a decision has been identified, the table can be used to look up the set
of possible actions. Figure 1 includes the appropriate actions for each state. The actions are
divided into two rows. The first shows the actions for states with complete evidence. The
second describes actions to be performed when some of the state information is missing.

Each of the actions has well-defined state transitions determined by the new information
that they gather. Transformation is an appropriate action for any decision state with 0 in either
of its first two rows or ? in its fourth. Substitution is appropriate when two alternatives are
not differentiated on an attribute (Sd[A;] = 0); since the attribute does not distinguish the
alternatives, it should be replaced with one that does. Combination is appropriate anytime the
decision is uncertain and more evidence should be gathered. This is typified best by states in
which attributes support different alternatives (there is conflict) but have equal importance.
The most appropriate actions (not all the possible actions) for a given state are listed in the
table with numbers that indicate the set of possible destinations if the actions is performed.
Note, as mentioned earlier, it is not possible to say exactly which of these states will arise until
after the action is performed.

3.1.4 Effect of Actions on Decision State

Adding a new attribute via substitution and combination potentially affects every cell in a
decision state, that is, each value Sd[A], Sd[4;], C[Ai, 4], I|4;, 4], and >[Ai, Aj]. In



Constructive Decision Making

State #

10

0 1 2 3 4 5 6 7
Sd[A;] 0 1 1 0 1 1 0 0
Sd[A,] .0 0 1 0 . o0 1 0 1
ClA;, Aj) f 0 0 0 1 S | 1 . 0 0
I[A;, -A; ; ? ? ? ? T ? 0 0
S[A,—, A,‘] * * * * * * 1 * J ‘*
-All " Co Su ' Su,Co Co ! Co Su
Actions - Info D D D D D D
Part - Ta 0,14 ' Ta 15,8 Ta3,4,5 Ta24 'Ta6, | Ta7,
Info  Tis, Ti7, |Ti58| Ti9, Tilo,|Till, 7,10 | 8,11
12,20 13,14 21 1622 17,18 | 19,23
State#t 8 9 10 u 12 38 1 14 15
Sd[A4,] bl 0 1 1 o0 1.1 1T o 1
sdl4;] I o T U6 T 0 1 1
ClA,, A-] ‘o 1 1 S | 0 0 0 0
1[4, 4; 0 0 0 0 1 1 1 1
>[Ai, Al * * * ¥ 0 0 0 0
~All i Co Su Su ' Co Co Su Su  Co
Actions ; Info D Co Co Su D Co D
"Part [ Ta9,10,7 | Tai0,i18° [Ta12,13, [ Ta 13,15, | Ta 1415, ]|
o nfo ;] 14,17,18 | 17,19 | 18,19 ,
State # | 16 ! a7 18 19 20 21 22 23 |
Sd[A; ! 0 ' 1 0 1 0 1 0 1 |
Sd[A,] 0 7 o 1 1 0 1 0 1|
C[A;, A;] 1 71 1 1 0 0 1 1]
1[4, 4, 1 1 1 1 1 1 1 1 |
>[Ai, Aj] o0 T o 0 0 1 1 1 |1
AL Co Su Su Co Co - Co Co Co ’
Actions iInfo | Su | Co Co Su D Su |
| Part : Ta 16,17, | Ta 17,19, | Ta 18,19, Ta 20,13, ! Ta 22,13, i
. Info | 13,1418 i 15 15 14,17,18 - 14,17,18 '

Figure 1: Basic Decision Typology with states and actions
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Figure 2: Single Transition with Multiple Attributes

combination with a new attribute, a previously insignificant single attribute may form part of
a significant cluster (e.g., Sd[A;] = 0 but Sd[Ai&Anew] = 1). C[Ai, Aj] may change if the
new attribute produces a conflict, and I[4;, A4;| and >[A;, A;] change simply by clustering
attributes. Within the framework of the typology, the effects of adding a new attribute are:
1. to introduce a conflict where there was none
2. to take a side in a conflict
3. to join the consensus (C[A;&A;, Ancw] = 0) but lend it legitimacy since Sd[Apew) =1
4. to introduce an ordering where there was none
(e.g. I[A.',AJ'] =0 but I[A.', (AJ'&AM‘,,)] = l)
5. to change an ordering (e.g., >[A;, A;] = 1 but
>[Ai, (Aj&Anew)] = 0
Figure 2 shows all the possible actions and their effects for a single state in the typology, state
4. In this example, there is enough of a difference to support a decision on A;, but not 4;, and
the evidence of the two attributes is contradictory. Four actions are appropriate: transformation
by attribute (the O value for Sd[A4,] may indicate insufficient evidence), transformation by .
importance, substitution (for A;), and combination. Note that it is possible to return to the
same state, state 4, but by different paths. Substituting A; or combining attributes transforms
state 4 to state 5. But note that when state 5 was reached by combining attributes, one of
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them, A; or A;, actually represents the evidence of two attributes and so supports a decision
more strongly.

Expanding the Definition of Attribute As presented in the typology, attributes refer
to features of alternatives that are salient to the task of selecting the best alternative. This
definition accommodates outcomes, goals or characteristics. Because each affects the decision
differently and because we would like to be able to reason about the interaction of goals, the
model has been extended to account for these separate types of attributes and how they interact.

Goal is the desired result (outcome) of a decision along a particular attribute.

Attribute is the actual result or repercussion of a decision, e.g., when you purchase a car, one
result may be gas mileage, another may be reliability.

Expected outcomes are the expected results, with respect to a goal, of making a particular
decision.

Characteristics are the actual attributes of the decision alternatives that contribute to the
performance of those alternatives on each of the goals.

As an example, imagine the decision being between two cars, a Porsche 928 and a Nissan
Maxima. Two goals in selecting a car may be fast acceleration and good gas mileage. The
actual attributes of the alternatives might be fast acceleration for the Porsche and reasonable
gas mileage for the Nissan. The expected outcomes are that the Porsche will be better on
acceleration and the Nissan will be better on gas mileage. A characteristic of the car that is
related to both attributes is engine size. So, the smaller engine size of the Nissan gives it better
gas mileage, but slower acceleration.

To summarize, these four are related in the following way:

o A decision has many attributes.

These attributes provide evidential support (by clustering as described earlier) to one of

the two alternatives.

® A goalis a desired outcome along a particular attribute.

e Desired outcomes may be compared to ezpected outcomes on each attribute.

® An ezpected outcome for each alternative is a function of some subset of the set of charac-
teristics. So expected outcomes form clusters of characteristics that lend support to the
claim that a particular alternative performs better on a particular goal.

As can be inferred from their relationships described above, the four terms form a hierarchy
(see Fig. 3). Refining the definition of attribute, in this way, indicates to the user more precisely
the types of information being requested and expedites reasoning about interactions. In the
description of the car selection, knowing that a characteristic, engine size, supports one goal,
acceleration, and detracts from another, gas mileage, allows us to recognize a trade-off and
attempt to seek other evidence that will distill its effect.
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Figure 3: Extended Decision Hierarchy
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Figure 4: Program Modules

4 The CDM System: Program implementation

We have built a decision support system, called CDM, based on the decision typology|10].
CDM asks the user general questions about his or her decision, constructs a representation (as
described in the previous section), selects actions to obtain additional information about the
decision, and ultimately suggests an alternative.

CDM has five parts: a finite automaton to control state transitions, rules for selecting
actions at each decision state, a question-asking interface, an internal decision representation,
and a controlling program (Fig. 4).

The question-asking module and decision representation are fairly simple. The primary role
of the question-asking module is to translate the actions to a form that the user can understand
— direct questions that request the necessary information. This is implemented simply by
mapping the actions to pre-determined questions. The internal decision representation keeps
track of the state of the decision and provides routines to print and explain the decision state.
The other modules implement the decision typology and the control of decision-making, and
are described below.

4.1 Finite Automaton

The decision typology is represented as a finite autornaton in which the states are the decision
states described earlier and the arcs are labeled with the decision actions. The finite automaton
module translates the dimensions of the typology into a state representation, determines the
applicable actions and transitions for the state, and creates new states, as necessary.

Performing actions causes state transitions. The program determines which actions are
applicable and predicts their possible results. For example, if we start from state 4 in Figure 2,
the applicable actions are Su, Co, Ta, and To. These actions may result in states 2, 4, 5, 10, 17,
and 18. The set of applicable actions for a given state are determined by following all applicable
rules presented in Figure 5.

Each action has a set of rules for determining the possible changes to the dimensions and
so the possible destination states. For transformation by attribute (Ta), getting attribute
information causes the dimension Sd and possibly the dimension C to change. In transformation
by importance (Ti), new states include changes to Importance and 5. Because most of the
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1. If the information about an attribute is unknown or uncertain (e.g., Sd=0), t.hen-l
suggest Transformation by Attribute. |

2. If the relative importance of the attributes is unknown (e.g., I=7), then suggest Trans- }.
formation by Importance. i

3. If an attribute doesn’t provide adequate support (e.g., Sd=0), then suggest Substitu- ;
tion. '

4. If both attributes provide significant, corroborating evidence (e.g., Sd(A;)=Sd(4;)=1! ‘
and C(A;, A;)=0), then suggest Decision.

5. If at least one attribute provides significant evidence which doesn’t conflict th.h!
the other attribute and it is considered to be more important (e.g., Sd(4:)=1,]
C(A4;, Aj)=0, and >(A;, A;)=1), then suggest Decision. i

6. Suggest Combination anytime. i

Figure 5: Rules for determining possible actions

dimensions are determined relative to the attributes, performing a substitution changes Sd of
the attribute being substituted, C, I and 5. Combination actions conceivably change every
dimension (in particular ways) because the new attribute gets combined with the existing ones.
Decision selections are made when necessary by evaluating the accumulated evidence. This
evidence is gathered from the following rules that propose a selection.
1. If A; has Sd=1 and A; has Sd=0, then one can decide based on A;.
If A; has Sd=1 and A; has Sd=0, then one can decide based on A;.
If there is no conflict, then one can decide based on A;.
If A; is more important than A;, then one can decide based on A;.
If A; is more important than A;, then one can decide based on A;.

LAl ol

4.2 Action Selection

Once CDM knows what actions are possible for the current state, it must select one. This is
the task of the Action Selection module. Ideally, selecting the action should rely on domain
dependent information or strategies promoted by the user. For example, a possible action may
be to transform by attribute. In most cases, this would be the preferred action because it
provides the most evidence; however, if the evidence is expensive, then the user may prefer to
do something else. The current implementation does not include domain-dependent or user-
dependent strategies for selecting actions, but relies instead on a simple, heuristic ordering of
actions, augmented by some rudimentary reasoning about the decision states that may result
from an action: at least one must be a state in which a decision is supported, otherwise
some other action will be performed. Eventually, we intend for CDM to have a rule base and
interpreter for implementing richer action-selection strategies.

4.3 Construction Control

The construction control module governs the interactions of the others. It initializes the system
and directs the flow of information between the modules. The user interacts with the program
through this module. Consequently, the module also interprets the user’s responses and requests
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and directs the result to the appropriate submodule for further processing.

4.4 Results

The first version of the CDM program has been tested by several people. The user is presented
with a decision and some facts about it, and uses the system to make a decision between two
alternatives. The following transcript is an annotated version of one such session. The user was
asked to select between two houses described in a real estate advertisement.

The following is a portion of a transcript of a decision making session using the decision typology.
The system’s responses are in typewriter font, the user’s responses are in roman font, and
annotations are in italics font for ease of identification. Portions that have been omitted without
an explanation are indicated by vertical ellipsis. After every system action, the user may view
parts of the growing representation. This option is presented after every action in a menu.
Often that section of the transcript has been omitted to save space.

Lisp> (construct-decision)

Welcome to Version 1.0 of the Constructive Decision Support System.

The purpose of this program is to help you make a decision by asking you
questions about the alternatives, keeping track of your answers, and
trying to focus on the salient aspects of it. The system builds a sort
of pro/con representation to help explain why one alternative seems best.

The current version has a few restrictions:
- the decision involves exactly two alternatives
- all goals require at least two characteristics
- once the program has selected an alternative, you can't override it

The program will ask you to evaluate characteristics and goals of your
decision. In answering these questions, you should consider ONLY the

attribute that you're being asked about. Don’'t evaluate the attributes with the
effects of others in mind. Try to select the attributes and think of them
independently of one another.

Finally. the program will ask you questions that refer to alternatives,
goals, characteristics, values and importance.
Would you like an explanation of these terms? y

At this point, the program gives definitions of the basic terms: alternatives, goals,
characteristics, values, and tmportance as they are described in the paper.

Please give a short text description of the decision problem:
[empty line to end] buying a d.h.jones house
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What is the name of the first alternative? [one word] charming.cape
What is the name of the second alternative? [one word] castle
What is a goal of this decision? [one word) commute
What is another goal of this decision? [one word] privacy
What is a characteristic that affects the performance of the
goal Commute? [one word] distance
What is another characteristic that affects the performance
of the goal Commute? [one word] roads

Do you have information on the values of the alternatives on
the attribute, Roads? [y or mn]y
What is the value of Charming.Cape for characteristic Roads? fair
What is the value of Castle for characteristic Roads? good
What is the best value that they can have? excellent
Is the difference between Charming.Cape and Castle
significant on characteristic Roads? yes
Which alternative performs better on roads?
[CHARMING CAPE = 1 & CASTLE = 2, O = neither] 2

To examine all or part of the decision being constructed,
select one of the following options:
1 Print the decision tree
2 Print a goal tree
3 Explain the current state
4 Break to lisp temporarily [type (continue) to return when finished]
5 continue with the program

which one? 1
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/ gescﬂpuon: buying a2 d.h.jones house
It1:

charming_cape
Alt2: castle
Conflict 0
Order: ?
Greater_than: *

Alt-clugter - Alt-cluster
Sd: 0 Sd: 0
Goal ‘Goal'
gg:lmggme: %ommuto \Goal_narne: privacy
Order: ?
Greater_than: *
Sd: Q
‘EO-Alt1 ‘BO-Alt2
Sd: 0 Alternative: 2
Sd: 1
Cl1 c2.
Name: dlstance Name: roads
Sd. 0 A1_value: falr
A2_value: good

Target_value: excellent
Proferred_ailt
d: 1

The user has entered the basic information needed to start the system. The
program used this information to build the tree displayed above by the user.

Do you have information on the values of the alternatives on
the attribute, Distance? [y or n]y
What is the value of Charming.Cape for characteristic Distance? half hour
What is the value of Castle for characteristic Distance? half_hour
What is the best value that they can have? 10_mins

The system just performed a transformation by attribute. It had no information
about the attribute, Distance, and so asked the user. In the section of the transcript
that has been omitted here, the system performed a tranformation by importance to
determine which attribute, Distance or Roads, is more important. Action selection
1s performed conservatively. Importance information is requested because it provides
evidence used to distinguish the currently available characteristics should it hap-
pen that they are the only ones available. If other characteristics get included, the
importance measure usually gets disregarded.

At this point, this system evaluates the available information (note: it now has
‘complete’ information about the characteristics it started with) with respect to mak-
tng a decision and identifies a gap in the evidence: the DISTANCE characteristic
doesn’t really contribute any evidence to support either alternative.

18
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One of the attributes doesn’t contribute any evidence to the decision.
1s there another characteristic that is significant to the goal,
COMMUTE? yes
What is its name? miles
Do you have information on the values of the alternatives on
the attribute, Miles? [y or n]y
What is the value of Charming.Cape for characteristic Miles? 10
What is the value of Castle for characteristic Miles? 20
What is the best value that they can have? 5
Is the difference between Charming.Cape and Castle
significant on characteristic Miles? yes
Which alternative performs better on miles?
[CHARMING_CAPE = 1 & CASTLE = 2, O = neither] 1

The program substituted the new characteristic, MILES, for the tnsignificant
characteristic, DISTANCE. The new state that resulted from the substitution s in
some ways less certatn than the previous state. The old state permitted a choice
because the only significant evidence supported alternative 2. Now however, one
characteristic supports alternative 2 and the other supports alternative 1; so there is
conflict that must be resolved.

Is one of the characteristics, (Miles) and (Roads),
more important than the other, with respect to COMMUTE? n

In an effort to resolve the conflict, the program requested importance information.
In this case, there is no resolution based on importance.

Is there another characteristic that is significant to the goal,
COMMUTE? y
What is its name? snow-route

In the omitted transcript, the program requested ezplicit snformation about the
characteristic SNOW-ROUTE for the goal COMMUTE. Charming.Cape was on ¢
snow route and the other wasn’t. So Sd=1 and Charming_Cape 18 favored.

The characteristic, Snow-Route, is being combined with
the other characteristics, Miles.
Do they together produce a significant difference? [y, nor ?]y

Is one of the characteristics, (Miles Snow-Route) and (Roads),
more important than the other, with respect to COMMUTE? y
Which is more important? [0 = (ROADS), 1 = (MILES SNOW-ROUTE)] 1

Again following a conservative strategy, the program first requests importance
information, as a fallback, and then checks to make sure that there isn’t any other

evidence.
Stnce there is no more evidence, the goal, COMMUTE, is evaluated based on the

avatlable information and the program suggests a conclusion.
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Is there another characteristic that is significant to the goal,
COMMUTE? n

Given the set of characteristics, alternative Charming Cape performs better
on goal COMMUTE than does CASTLE.
Is that an acceptable conclusion? [y.n, 7]y

Is the difference between the two alternatives significant on this goal? y

To examine all or part of the decision being constructed,
select one of the following options:
1 Print the decision tree
Print a goal tree
Explain the current state

Break to lisp temporarily [type (continue) to return when finished]
continue with the program

oo WwN

which one? 2

Which goal would you like to see?
1 COMMUTE
goal: 1

?!géal

Qosl_name: commute
Confllct: 1
Qrder: 1
Greater_than: 1

Sd: 1

Pre"errod_alt: 1
EO-Alt1 BO-Altz

Alternative: 1 Alternative: 2
Sa: 1 Sd: 1

Name: distance Name: miles Name: snow-route Name: roads
A1_wvalue: half _hour A1_value: 10.0 A1_value: yes A1_value: falr
A2_vslue: haif_hour A2_value: 20.0 A2 value: no A2_vaiue: good
Target_vaiue: 10_ming Target_value: 5.0 Target_value: yes Toogt_wntun tuzatiee
Preferred_ait O Preferred_sit 1 Preferred_ait 1 Preferred_alt 2

Sd: [0} Sd: 1 Sd: 1 Sd: 1

Ign.orod: t

To examine something else, select one of the following options:
1 Print the decision tree
Print a goal tree
Explain the current state

2
3
4 Break to lisp temporarily [type (continue) to return when finished]
5 continue with the program
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which one? 3

The current configuration for the decision is [1, 0, 0, 7, *].

The decision can be described as buying a d. h. jones house.
Alternative 1 is called Charming_Cape. Alternative 2 is called Castle.
All evidence supports the same conclusion. The importance ordering for
the two clusters is unknown currently.

With the goal COMMUTE ezpanded, the other goal, PRIVACY, needs to be
worked on. The program ezpands it in much the same way as COMMUTE. The user
provides characteristics: prozimity-to-highway and lot-size. The difference between
the alternatives on LOT-SIZE is not significant.

One of the attributes doesn’t contribute any evidence to the decision.

Is there another characteristic that is significant to the goal,
PRIVACY? n

Given the set of characteristics, alternative Charming Cape performs better
on goal PRIVACY than does CASTLE.

Is that an acceptable conclusion? [y, n, 7] y

Is the difference between the two alternmatives significant on this goal? n

Now two goals have been ezpanded. Both COMMUTE and PRIVACY support
alternative 1. COMMUTE is significant, but PRIVACY isn’t

One of the goals doesn't contribute any evidence to the decision.
Is there another goal that is significant to the decision? y
What is its name? pretty_house

The user is asked questions about the goal PRETTY.HOUSE. Its characteristics,
EXTERIOR and HARDWOOD_FLOORS, support alternative 1. Its characteristic,
FIREPLACE, supports alternative 2. The pair of characteristics are more important
than the single one.

Is there another characteristic that is significant to the goal,
PRETTY.HOUSE? n

Given the set of characteristics, alternative Charming Cape performs better
on goal PRETTY_HOUSE than does CASTLE.

Is that an acceptable conclusion? [y, n, ?] 7

The best decision seems to be Charming_Cape, alternative 1.

The attributes which support alternative 1 are preferred by importance ordering.
The current configuration for the decision is [1, 0, 0, 7, *].

The current configuration for the goal PRETTY_HOUSE is [1, 1, 1, 1, 1].

The goal PRETTY_HOUSE has the following values. There doesn’'t seem to
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be a significant difference between the two alternmatives on
PRETTY_HOUSE. The currently available evidence is conflicting - there
is some support for each alternative. The evidence in cluster 1 is more
important than that in cluster 2.
The following characteristics support alternative 1:

exterior (significant), hardwood_floors (significant).

The following characteristics support alternative 2:
fireplace (significant).

Is Charming.Cape an acceptable conclusion? y
Is the difference between the two alternatives significant on this goal? y

PRETTY_HOUSE gets substituted for PRIVACY. The program requests impor-
tance information and is told that PRETTY.HOUSE is more important than COM-
MUTE.

Another goal, SIZE, is added to the set. It has characteristics, BEDROOMS,
BATHS, and GARAGE, supports alternative 2, and is significant. COMMUTE and
PRETTY_HOUSE form a more important cluster.

Is there another goal that is significant to the decision? n

You can make a decision given the evidence that has been accumulated.
The favored alternative is CHARMING_CAPE.
Is that an acceptable selection? [y, n, ?] ?

The best decision seems to be CHARMING_CAPE, alternative 1.
The attributes which support alternative 1 are preferred by importance ordering.
The current configuration for the decision is [1, 1, 1, 1, O].

The decision can be described as buying a d. h. jones house.
Alternative 1 is called Charming_Cape. Alternative 2 is called Castle.
The currently available evidence is conflicting - there is some support
for each alternative. The evidence in cluster 1 is more important than
that in cluster 2.
Alternative 1 is supported by goals: commute (significant),

privacy (insignificant), pretty_house (significant).
Alternative 2 is supported by goals:

size (significant).

Is CHARMING_.CAPE an acceptable selection? y
“Deciston construction completed”

Since there are no more goals, the program recommends an alternative as the
decision and gives the user an opportunity Lo review the evidence supporting it. If
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it 1s acceptable, the process ends. Otherwise, the program tries with the user’s help
to revise the decision.

The transcript illustrates the flow of control as guided by the topology. For example, on
page 19, the system recognizes that one of the attributes, previously thought to be significant,
DISTANCE, was not and so should be replaced by something else. This action takes it from
state 7, configuration [0, 1, 0, 0, *|, to state 5, configuration (1, 1, 1, ?, *] in which there is
more evidence, but as it happened, less information to distinguish the alternatives. After three
attributes have been gathered to support the goal COMMUTE, the program suggests that the
alternative, Charming_Cape, performs better.

Because the emphasis was placed on the style of reasoning, rather than the user interface,
the interaction is a bit rough. Future versions of the program will include an improved interface
with better explanations and some form of sensitivity analysis for allowing the user to consider
the repercussions of uncertain judgments. Additionally, as the mechanism is enhanced to include
multiple alternatives, the conflict resolution between actions will become correspondingly more
sophisticated.

5 Conclusion

In the CDM approach, the evolution of a decision is viewed as a sequence of transitions through
a state space. The 24 basic states represent all comparisons between two alternatives on two
attributes, and also represent comparisons based on clusters of attributes. A decision can be
made in any state; however, the user can have more confidence in decisions made from some
states than others. For example, state 5 in Figure 1 represents a situation in which one attribute
supports the first alternative and another supports the second alternative. A decision can be
made in this situation, but it would be arbitrary because it lacks information about the relative
importance of the attributes. In most cases, the decision-maker will want to transform state 5
with the T'¢ operator into a state in which the relative importance of the attributes is known.
Three possible states may result from asking for this information: states 19 and 23 represent the
preference of one attribute or the other, respectively, and state 11 represents the case in which
the user says he or she has no preference between the attributes. Because search operators such
as T gather information from the user, one cannot predict in advance which state will result
from their application: one applies T'i hoping to transform state 5 into state 19 or 23, but one
may end up in state 11.

The remainder of this section offers a comparison between constructive decision making and
decision analysis, then discusses extensions to the approach.

5.1 Constructive decision making and decision analysis

Constructive decision making contrasts with decision-theoretic approaches in several ways. A
summary is shown in Figure 62. Decision analysis guarantees optimal decisions with respect to

3This table was produced with help from Tammy Tengs, a member of the department of Operations Research
at UMass.
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! i Decision Theory | Decision Typology

) %

I Goal i optimizing satisficing

:

I Algorithm combines evidence | gathers evidence

I Evaluation | static dynamic

i

i

| # of alternatives many 2

| Comparison scales single multiple
Informational
burden on user | reductionistic holistic
Ignorance of assume some disregarded or
attribute values distribution deferred
Ignorance of assume disregarded or
attribute importance equality deferred

important &

utility theory explicit not explicit
numeric/symbolic probabilities reasons

Figure 6: Comparison of Decision Theory and Decision Typology

a model by dividing decision-making into two phases, one in which the model (e.g., a decision
tree) is constructed, and another in which the best alternative is determined. Decision analysis
gives a formal accounting of how evidence is combined and how the subjective expected utility
of outcomes is calculated, but it does not explain how the components of a model, including
the relevant evidence and salient outcomes, are identified. In contrast, constructive decision
making is a satisficing approach because at any point in the process the user can request the
decision that is currently indicated by the evidence. If the process continues, the decision might
change. Constructive decision making gives a formal accounting of how evidence is gathered;
its methods for combining the evidence are relatively weak and are not the main emphasis of
the approach.

Decisions offered by constructive decision making may be wrong according to the criteria
of decision analysis, but these criteria are not appropriate for constructive decision making.
Viewing both approaches in terms of search clarifies this point: A decision tree is a static search
space, typically small, that can be searched exhaustively (e.g., by the “averaging out and folding
back” method|18]) for the best alternative. The search space for constructive decision making
is infinite because one or more actions is possible in every state of the decision typology. One
can never find the best decision, only the one that is currently favored by the evidence. Since
there is no guarantee that more evidence will not change the decision, constructive decision
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making systems must be evaluated on how the process of constructing decisions is controlled.
Decision analysis avoids this issue by assigning the analyst the responsibility of limiting the
evidence and outcomes that will be considered, then searching for the best alternative in this
limited space.

Both approaches make assumptions about how decisions will be represented. Several limi-
tations of the representations for constructive decision making are discussed below. The most
serious may be that it is limited to two-alternative situations, whereas decision analysis can
handle more alternatives. An assumption of decision analysis is that outcomes can be com-
pared on a single utility scale (although there are multiattribute decision theory methods).
Constructive decision making was developed partly in response to the limitations imposed by
this assumption. In decision analysis, the user assesses absolute worth of individual attributes
on a single scale. Thus, the theory performs the combination. In CDM, the user is not required
to map worth to a single scale, but is required to perform the combination when the contribu-
tions of the attributes pro and con the alternatives are combined to produce a decision. So, the
difficulty of mapping to utility is traded against making comparisons of clusters of attributes.
Additionally, the final result of the combination for decision theory is numeric, combinations
of probabilities and utilities; whereas, for construction decision making, the result is symbolic,
reasons for support.

5.2 Further Research

We are considering three kinds of extensions to the constructive decision making approach.
First, the typology can be modified to differentiate decision situations that are currently undif-
ferentiated. Second, the actions associated with the states in the typology can be augmented.
Third, control of these actions should be more sophisticated.

Augmenting the typology to better differentiate decision situations Each state in
the current decision typology represents four or five qualitative judgments: Are the alternatives
significantly different on attribute-1? on attribute-2? do these attributes favor different alter-
natives? is one attribute preferred? if so, which one*? The typology does not represent the
extent of the difference between alternatives on an attribute, the degree of conflict between the
alternatives, or the weights of the attributes. Thus, it cannot differentiate decision situations
that depend on these quantitative judgments, situations that intuitively seem different. For
example, in some cases the typology recommends an alternative that quantitative judgments
suggest is inferior.

This situation can arise if we force a decision in state 23 of the typology, in which the
alternatives conflict on features i and j, but feature i is preferred to feature j. The action
associated with state 23 is Co, suggesting that other attributes should be considered. But
decisions are possible in any state of the typology, albeit with varying confidence. In state 23,
the best decision is the alternative that wins on attribute i, since i is the preferred attribute.
Now imagine that feature i is k times better than feature j. One interpretation of this statement
is that we would trade k units on j for one unit on i. For example, we might be willing to add
5 miles to a commute for each increment in privacy of our house — in which case distance

4Throughout this section we use the term attribute to refer to single attributes and to attribute clusters.
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has 1/5th the weight of privacy, and privacy is in some sense 5 times better than distance®
However, if the difference between the alternatives on the less-preferred attribute is more than
k times greater than the difference between the alternatives on the preferred attribute, then
we would probably select the alternative favored by the less-preferred attribute. Concretely,
if house; involves a five-mile commute and has a privacy score of 2, and house; involves a
25-mile commute and has a privacy score of 4, then we might prefer house;, because house, is
equivalent to a hypothetical houses that involves a 15-mile commute and has a privacy score of
4, and house; is clearly inferior to houses. Contrary to this argument, the typology recommends
house; because it dominates house; on privacy, the preferred attribute®.

A second extension to the typology is needed to represent probabilistic statements about
the outcomes of choices. Currently, we can say one alternative is preferred (on an attribute)
but not that one alternative is likely to be preferred. We have no way to represent a probability
distribution of, say, privacy scores given each alternative. This is an easy problem to fix: we
could in fact acquire such probability distributions for each alternative and interpret the Sd
dimension of the typology in terms of overlap between the distributions([24].

The most severe limitation of the current typology is that it only represents two-alternative
decisions. If we wanted to keep the current typology but select among three houses, we would
have to do it by pairwise comparisons. Whether we should do this or redesign the typology
for multiple alternatives is a question we are currently exploring. The question highlights a
tension between representation and control that we see in CDM and most other Al systems.
Rephrased, the question is whether one’s representations support a desired range of problem-
solving strategies. The current representation of decision states — the typology — may be
sufficient to support the strategy of making multi-alternative decisions by pairwise comparisons,
but it is not sufficient to, say, represent several clusters of several alternatives on a single
dimension. The decision to redesign or augment a representation depends on whether the
strategies supported by that representation are sufficient to solve a problem efficiently. At
this point, we do not know whether multi-alternative decision making warrants redesigning the
two-alternative typology.

Extending the typology by adding actions Each state in the current typology has one
or more actions associated with it. There are five actions in all. Two gather information
about attributes and importance (Ta, T), respectively; two add new attributes (Su, Co); and
one, decision, involves selecting an alternative. If the typology is extended as discussed above,
then additional actions may be required. For example, a multi-alternative constructive decision
maker will probably require actions to cluster alternatives, much as attributes are clustered by
the Co action.

Perhaps the best way to integrate constructive decision making with decision analysis is
by adding evidence-combining actions to the typology. Evidence combination is currently very
simplistic: attributes are clustered according to the alternatives they support and the preferred

“Tradeoffs are not the only interpretation of feature preference. Moreover, they are generally nenlinear; for
example, the marginal gain in privacy from “very private” to “extremely private” may not be worth five additional
miles driving. Nonetheless, this interpretation of feature preference will serve to illustrate the limitations of purely
qualitative judgments in the typology.

©We must stress that this example assumes a decision is forced in state 23, when in fact the typology suggests
Co in that state.
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cluster (I[A;,A;)) is identified. In some cases, we add up the number of attributes that sup-
port a cluster. The typology should be augmented with actions to combine evidence in more
sophisticated ways.

Augmenting control strategies for constructive decision making The typology asso-
ciates decision situations with actions but it does not select which of the applicable actions
to take. The task of controlling actions in the typology has two aspects. First, the actions
associated with states are those that seemed best to the designers of the typology, although
most actions can be applied in most states. For example, the actions listed for state 5 are Co
and T%, but Su and Ta are also applicable, and decision is always applicable. Notably, T4 is
applicable only in states 0 ... 6 and is redundant elsewhere. But with this exception, actions are
more widely applicable than the typology suggests (e.g., Co is applicable in every state). When
an action is not associated with a state (e.g., deciston in state 5) its absence represents some
implicit control knowledge. For example, the absence of decision in state 5 represents a judg-
ment on the part of the designers of the typology that decisions are inappropriate when there
is conflict but the relative importance of the attributes is unknown. This implicit knowledge
could (and probably should) be made explicit in the action-selection component of CDM.

Whereas the actions associated with states in the typology provide implicit control, a second
aspect of controlling actions is explicit, dynamic conflict resolution. Irrespective of whether the
typology recommends all actions applicable in a state or some predetermined subset, it will
still be necessary to choose among recommended actions. For example, all five actions are
possible (and recommended) in state 4. Which should be taken? Many extraneous factors
seem pertinent: if the cost of evidence is very high and the consequences of a bad decision are
relatively minor, then decide might be the best action; in the opposite case, if Sd[A;] is unknown,
then Ta is appropriate; alternatively, we might decide to seek corroboration for the alternative
favored on attribute i, in which case Co is appropriate. Constructive decision making, and the
CDM system in particular, requires knowledge to select actions. Stated positively, the control
of constructive decision making is entirely up to the system builder. A few simple rules, such
as those shown in Figure 5, will suffice to make CDM run, and there are hooks in CDM for
more complex control strategies. If, for example, CDM is used to make decisions in real-time
problem solving, then one strategy might be to obtain an initial decision as quickly as possible
but defer it, acquiring more evidence (perhaps replacing old evidence with more recent, timely
evidence using Su) if time permits.

Strategies for constructing decisions can be complex and domain-specific. The typology
should not bias the behavior of a decision-making system such as CDM. For this reason, the
typology should recommend all possible actions, and allow domain-specific strategies to select
among them. Currently, the typology does not represent aspects of decision situations that are
required to support complex strategies; for example, because the typology represents states in
terms of qualitative judgments, its best strategy for making a decision in state 23 is to select the
alternative that dominates on the preferred attribute. That this conflicts with recommendations
based on quantitative judgments is neither surprising nor an indictment of the decision-making
strategy for the qualitative typology. If the typology represented quantities, we would identify
the best alternative on quantitative criteria; since it does not, we select the best alternative
qualitatively. The important points are that this version of the typology — and all future
versions — should maintain the distinction between the states of a decision and the potential
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actions in each state; and that each state should represent enough information about the decision
situation for the decision-making system to select the best action that applies in a state.

Finally, CDM is intended to explore methods for structuring decision problems, comparing
alternatives on their attributes, reasoning about the state of decisions, and automating dynamic
decision-making. It is not designed to produce optimum solutions given complete information,
but rather to help us understand how decisions are constructed.
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