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Abstract. In many situations, a set of hard constraints encodes the feasible con-
figurations of some system or product over which users have preferences. We
consider the problem of computing a best feasible solution when the user’s util-
ities are partially known. Assuming bounds on utilities, efficient mixed integer
linear programs are devised to compute the solution with minimax regret while
exploiting generalized additive structure in a user’s utility function.

1 Introduction

The problem of interactive decision making has received a fair amount of attention
over the years [10, 17], but recently has seen increasing interest within Al as automated
decision aids become more prevalent. As has been argued elsewhere [6, 4], there are
many situations in which the set of decisions and their dynamics are fixed, while the
utility functionsof different users vary widely. In such a case, some form of utility
elicitation must be undertaken in order to capture user preferences to a sufficient degree
to allow an (approximately) optimal decision to be taken. Different approaches to this
problem have been proposed, including Bayesian methods that quantify uncertainty
about preferences probabilistically [7, 4], and methods that simply pose constraints on
the set of possible utility functions and refine these incrementally [17, 5, 16].

These issues arise as well in the context of constraint-based optimization problems.
For instance, in a car rental scenario, possible configurations are defined by attributes
such as automobile size and class, manufacturer, seating and luggage capacity, etc.
Available cars are limited by the configurations offered by manufacturers and stock
availability, with hard constraints used to encode infeasible configurations (e.g., no lux-
ury sedans have 4-cylinder engines). Different customers have different preferences for
configurations in this restricted decision space [14], and this information must be ob-
tained in an effective way. Typically, categorical preferences are obtained from the cus-
tomer, and imposed as constraints; but if no feasible solution is found, these constraints
are relaxed incrementally.

While interactive preference elicitation has received little attention in the CSP com-
munity, optimizing with respect to a given set of preferences over configurations has
been studied extensively, with many frameworks proposed for modeling such systems



[15, 3]. Most frameworks can be viewed as adding “soft” constraints that have associ-
ated penalties or values that indirectly represent a user’s preferences for different config-
urations. However, modeling preferences as constraints and assuming complete utility
information is often problematic. For instance, users may have neither the ability nor
the patience to provide full utility information to a system. Furthermore, in many if not
most instances, an optimal decision (or some approximation thereof) can be determined
with a very partial specification of the user’s utility function.

In this paper, we adopt a somewhat different view. We assume a user’s preferences
are represented directly as a utility function over possible configurations. In the car
rental scenario, this utility function can be thought as a measure of the value (not neces-
sarily monetary) of each car from the customer’s point of view. Given a utility function
and the hard constraints defining the decision space, we have a standard constraint-
based optimization problem. However, as argued earlier, it is unrealistic to expect users
to express their utility functions with complete precision, nor will we generally require
full utility information to make good decisions. Thus we are motivated to consider the
problem of “optimizing” in the presence of partial utility information. Specifically, we
assume that bounds on utility function parameters are provided, and consider the prob-
lem of finding a feasible solution that minimizesximum regrefl11] within the space
of feasible utility functions. We show that this minimax problem can be formulated and
solved using a set of linear integer programs (IPs) and mixed integer programs (MIPs)
in the case where utility functions have no structure. In practice, some utility structure
is necessary if we expect to solve problems of realistic size. We therefore also consider
problems where utility functions can be expressed usiggreeralized additive form
[1] (which includes linear functions and graphical models like UCP-nets [5] as special
cases). We derive two solution techniques for solving such structured problems: the first
gives rise to a MIP with fewer variables combined with an effective constraint genera-
tion procedure; the second encodes the entire minimax problem as a single MIP using
a cost-network to formulate a compact set of constraints.

Though our emphasis is on solving problems using the minimax regret criterion,
we also briefly discuss how preference elicitation relates to this model. Specifically, we
describe methods that can be used to refine utility uncertainty in a way that quickly
reduces minimax regret. Throughout, our emphasis is on the compact formulation and
solution of the constrained optimization problems as mixed integer programs. While
these can be solved using a variety of techniques, including branch-and-bound methods
with various constraint propagation techniques, we do not consider specialized methods
for solving these MIPs (our experiments, for example, use generic MIP solvers). We
leave this investigation to future research.

2 Constraint-based Optimization and Minimax Regret

We begin by describing the basic problem assuming a known utility function to estab-
lish background and notation, and then define the minimax regret decision criterion for
solving constraint-based decision problems given only incomplete utility information.



2.1 Optimization with Known Utility Functions

We assume a finite set of attribut8s= {X;, Xo,..., Xy} with finite domains. An
assignmenk € Dom(X) is often referred to as state For simplicity of presentation,
we assume these attributes are boolean, but nothing important depends on this. We also
have a set of hard constraii®ver these attributes. Each constrdipt! = 1, ..., L, is
defined over a sé&X[¢] C X, and thus induces a set of legal configurations of attributes
in X[¢]. We assume that the constrai@isare represented in some logical form and can
be expressed compactly: for example, we might wikiteA X, D — X3 to denote the
legal configurations ok, X, X3. We letFeag X) denote the subset &dasible states
(i.e., assignments satisfyird.

Suppose we have a known utility function Dom(X) — R. Our aim is to find an
optimal feasible state*; i.e., any

*e .
X" € arg e, )
For this reason, we sometimes call feasible stdtassions This problem can be for-
mulated in an explicit fashion as a (linear) 0-1 integer program:

max, zx: ux]x subjecttad andC, 1)

where we have:

— variablesly: for eachx € Dom(X), I is a boolean variable indicating whether
is the decision made (i.e., state chosen).

— variablesX;: X; is a 0-1 variable corresponding to tfth attribute.

— coefficientsuy: for eachx € Dom(X), constant., denotes the (known) utility of
statex.

— constraint set4: for each variabld,, we impose a constraint that relates it to its
corresponding variable assignment. Specifically, for edchf X is true inx, we
constrainly < X;; and if X; is false inx, we constrain/, < 1 — X,;. We denote
by A these constraints.

— constraint seC: we impose each feasibility constraifit on the attributesX; €
X[¢]. Logical constraints can be written in a natural way as linear constraints [8].

Note that this formulation assures that, if there is a feasible solution (given the con-
straints4 andC), then exactly oné, will be non-zerc?

2.2 Graphical Utility Models

Unfortunately the IP formulation above is not compact since there islgmariable

per state and the number of states is exponential in the number of attributes. frasuch
utility functions, it is not generally possible to formulate the optimization concisely. By
contrast, if some structure on the utility function is imposed, say, in the fornfad-a
toredgraphical model, we are then generally able to reduce the number of variables to

3 We assume the utility function is non-negative.



be linear in the number of parameters of the graphical model. We consider here the GAI
(generalized additive independence) model [1] because of its generality (encompassing
both linear models [13] and UCP-nets [5] as special c&ses).

Specifically, assume that our utility function can be written as the suii tafcal
utility functions, orfactors over small sets of variables:

u(x) = Y (k). )

k<K

Here each functiorf* depends only on a local family of attributd&k] c X. We
denote byx[k] the restriction of stat& to the attributes iX [k]. An IP similar to Eq. 1
can be used to solve for the optimal decision in the case of a GAI model:

max > > () Ix(r) SUbject tad andC. (3)
Wapg Xad R x[kjeDomx[x])

Instead of one variablg, per state, we now have a setlo€al state variabled, ; for
each familyk and each instancelk] € Dom(X[k]). Similarly, we have one associated
constant coefficient,; denotingf*(x[k]). L is true iff the assignment tX [k] is
x[k]. Eachl,y, is related logically to the attributeX < X[k] by constraint sed as
before, and constraint sétis also imposed as above.

Notice that the number of variables and constraints in this IP (excluding the ex-
ogenous feasibility constrainty) is now linear in the number of parameters of the
underlying utility model, which will be linear in the number of attribuXg if we as-
sume that the size of each utility factgf is bounded. This compares favorably with
the exponential size of the IP for unfactored utility models in Sec®2.1.

2.3 Minimax Regret

If the utility function is unknown, then we have a slightly different problem. We can-
not maximize expected utility because the utility function is unspecified. However, if
we have constraints on the utility function (e.g., in the form of bounds), we can opti-
mize using other criteria. A very natural criterionnignimax regref11, 5, 16]: prefer

the (feasible) assignmemtthat obtains minimum max-regret, where max-regret is the
largest quantity by which one could “regret” choosing actiofwhile allowing the
utility function to vary within the bounds).

More formally, leti/ denote the set of feasible utility functions, reflecting our partial
knowledge of the user’s preferences. Thelgehay be a finite; but more commonly it
will be continuous, defined by bounds (or constraints) on (sets of) utility val(tes
for various states. Thpairwise regretof statex with respect to state’ over feasible
utility setl/ is defined as

R(x,x",U) = max u(x") — u(x), (4)

4 For example, UCP-nets encompass GAIl with some additional restrictions. Hence any algo-
rithm for GAl models automatically applies to UCP-nets, though one might be able to exploit
the structure of UCP-nets fadditional computational gain.

5 Generally, this IP would be solved using some form of search directly oXtheriables, in
which case there would be no need to explicitly repredgnt (state) variables.



which is the most one could regret choosimstead ofx’ (e.g., if an adversary could
impose any utility function ifi{). Themaximum regreof decisionx is:

MR(x,U) = max R(x,x',U) (5)
= max max u(x") — u(x) (6)

Theminimax regrebf feasible utility set/ is:
MMR(U/) = min MR(x,U) @)

= min max max u(x’) — u(x) (8)
x x'  ueUd

If the only information we have about a user’s utility function is that it lies in
the set/, then a decisiorx* that minimizes max-regret—that is, atf such that
MR(x*,U4) = MMR(U)—seems reasonable. Specifically, without distributional in-
formation over the set of possible utility functions, choosing (or recommending) a
minimax-optimaldecisionx* minimizes the worst case loss with respect to possible
realizations of the utility functiomn. € ¢/. Our goal is now to formulate the minimax
regret optimization (Eq. 8) in a computationally tractable way.

3 Minimax Regret with Flat Utility Models

If we make no assumptions about the structure of the utility function, Eq. 8 can be
interpreted directly as a semi-infinite, quadratic, mixed-integer program (MIP):

. . My > ux —ux Vx €X, x' € FeagX’), ue U
(a0 2 Mk sub. to { Aandc

where we have:

variablesM,: for eachx, My is a continuous variable denoting the max regret
when that state is chosen.

variablesl,: for eachx, I is a boolean variable indicating whetheis the state
chosen.

coefficientsuy: for eachu € U/ and each state, u, denotes the utility ok given
utility function u.

constraint setsl andC (defined as above).

The set of constraints on the variables is problematic. First, #f is continuous
(the typical case we consider here), then the set of constraints of theMigrm uy, —
ux IS also also continuous, since it requires that we “enumerate” all utility valyes
anduys corresponding to any utility function € U{. Furthermore, it is critical that
we restrict our attention to those constraints associated xtith the feasibleset of
states (i.e., those satisfyidg. Fortunately, we can often tackle this seemingly complex
optimization in much simpler stages.
In this paper we consider the case where all utility parametgmre independent
and have simple upper and lower bounds (e.g., asking standard gamble queries would



provide such bounds [7,4]). Specifically, we assume an upper begnand a lower

boundu,| on eachu,, thus defining the feasible utility skt These assumptions allow

us to compute the minimax regret in three simpler stages, which we now de&cribe.
First, we note that the pairwise regret for an ordered pair of states can be easily

computed since eaah, is bounded by an upper and lower bouRx, x', 1) = u.] —

ux if x # %/, andR(x,x',U) = 0if x = x'. Let ¢ x denote this pairwise regret

value for eachx, x’, which we now assume has been pre-computed for all pairs.
Second, using Eq. 5, we can also compute the max r&tiRék, I/) of any statex

based on the pre-computed pairwise regret vatygs. Specifically, we can enumerate

all feasible stateg’, retaining the largest pairwise regret;

MR(x,U) = — 9
Oelh) = g, T ©

Alternatively, we can search through feasible states “implicitly” with the following IP:

MR = x.x' Ix/ bject t dc. 10
(x,U) e ;r , subject tad andC (10)
Third, lettingmy denote the value d¥IR(x, I{), we can then compute the minimax

regretMMR(U/) readily. We simply enumerate all feasible stateand retain the one

with the smallest (precomputed) max regret vahig

MMR(U) = min_  my (11)
x€eFeagX)

Again, this enumeration may be done implicitly using the following IP:

MMR(U) = {Iman} my Iy subjecttad andC. (12)

In this flat model case, the two IPs above are not necessarily practical, since they require
one indicator variable per state. However, this reformulation does show that the original
quadratic MIP with continuous constraints can be solved in stages using finite, linear
IPs. More importantly, these intuitions will next be applied to develop an analogous
procedure for graphical utility modefs.

4 Minimax Regret with Graphical Models

The optimization for flat models is interesting in that it allows us to get a good sense
of how minimax regret in a constraint-satisfaction setting works. From a practical per-
spective, however, the above model has little to commend it. By solving IPs with one
I variable per state, we have lost all of the advantage of using a compact and natu-
ral constraint-based approach to problem modeling. As we have seen when optimizing

8 This transformation essentially reduces seeni-infinite quadratiMIP to afinite linear|IP.

” Note that this strategy hinges on the fact that we can independently determine upper and lower
bounds on the utility value of each state. If utility values are correlated by more complicated
constraints, this strategy may not work.



with known utility functions, if there is na priori structure in the utility function, there
is very little one can do but enumerate (feasible) states. On the other hand, when the
problem structure allows for modeling via factored utility functions the optimization
becomes more practical. We now show how much of this practicality remains when our
goal is to compute the minimax-optimal state, given uncertainty factored utility
function represented as a graphical model.

Assume a set of factorg’, k < K, defined over local familieX [k], as described in
Sec. 2.2. The parameters of this utility function are denotedyy = /*(x[k]), where
x[k] ranges oveDom(X[k]). As in the flat-model case, we assume upper and lower
bounds on each of these parameters, which we denatghy andu.x) , respectively.
By definingu(x) as in Eq. 2, pairwise regret, max regret and minimax regret are all
defined in the same manner outlined in Sec. 2.3. We now show how to compute each of
these quantities in turn.

4.1 Computing Pairwise Regret and Max Regret

As in the unfactored case (Sec. 3), it is straightforward to compute the pairwise regret
of any pair of states andx’. For each factoif* and assignment pai[k],x'[k], we
define thelocal pairwise regret ry () x(x] = ux/[ijl — uxprl Whenx[k] # x'[k], and
Tx[k]x/[k] = 0 Whenx[k] = x'[k]. With factored modelsi(x, x’, i) is the sum of local
pairwise regrets:

R(x, x’ U) Z [k, x![K] (13)
We can compute max regrietR(x, /) by substituting Eq. 13 into Eq. 5:

U) 14
MR(x, = emax er[k (14)

which leads to the following IP formulation:

MR(x,U) = u n[lz]i,)g( N Z Z T (k)KL e SUbject tad andC (15)
P (k]

The above IP differs from its flat counterpart (Eq. 10) in the use of one variabje
per utility parameter, and is thus more compact and efficiently solvable.

4.2 Computing Minimax Regret
We can compute minimax regietMR(L/) by substituting Eq. 14 into Eq. 7:

MMR(U) = 16
) xeg;gqlx xeFeas{X’ er (k] =" (16)



which leads to the following MIP formulation:

MMR = i v subject ta4 and 17
) {Ijﬁ]l,l)lg}xfeg}eis}((xqZZT"W”‘ k) Ix] Subjecttad andC (17)

k x[k]
= min M
{ Iy X, M}
i M =370 5w ikl <k Ix(k) VX' € FeagX’)
subject to{AandC (18)

In Eq. 17, we introduce the variables for the minimization, while in Eg. 18 we transform
the minimax program into a min program. The new continuous varigbtmrresponds

to the max regret of any state. In contrast with the flat IP (Eq. 12), this MIP has a
number ofl, ;) variables that is linear in the number of utility parameters. However,
this MIP is not generally compact because Eg. 18 has one constraint per feasible state
x’. Nevertheless, we can get around the potentially large number of constraints in either
of two ways.

Constraint Generation The first technique we consider for dealing with the large
number of constraints in Eq. 18 onstraint generationa common technique in op-
erations research for solving problems with large numbers of constraints (much like
cutting plane and column generation methods). This approach proceeds by repeatedly
solving the MIP in Eqg. 18, but using only a subset of the constraintd/oamssociated
with the feasible stateg’. At the first iteration, all constraints o/ are ignored. At
each iteration, we obtain a solution indicating some decigiwafith purported minimax
regret; however, since certain unexpressed constraints may be violated, we cannot be
content with this solution. Thus, we look for the unexpressed constraidt dhat is
maximally violated by the current solution. This involves findingitnessx’ that max-
imizes regret w.r.t. the current solutian that is, a decisios’ (and, implicitly, a utility
function) that an adversary would chose to cause a user to segfietmost.

Recall that finding the feasibi€ that maximizesk(x, x’, /) involves solving a sin-
gle IP given by Eq. 15. We then impose the specific constraint associated with witness
x’ and re-solve the MIP in Eg. 18 at the next iteration with this additional constraint. It
is not hard to see that if no constraint is violated at the current solstittimenx is the
minimax-optimal configuration. The procedure is finite and guaranteed to arrive at the
optimal solution. The constraint generation routine is not guaranteed to finish before it
has the full set of constraints, but is relatively simple and in practice (as we will see)
tends to generate a very small number of constraints. Thus in practice we solve this very
large MIP using a series of small MIPs, each with a small number of variables and a set
of active constraints that is also, typically, very small.

A Cost Network Formulation A second technique for dealing with the large num-
ber of constraints in Eq. 18 is to use a “cost network” to generatenapactset of
constraints that effectively summarizes this set. This type of approach has been used
recently, for example, to solve Markov decision processes [12]. The main benefit of



the cost network approach is that, in principle, it allows us to formulate a MIP with a
feasible number of constrairtts.

To formulate a compact constraint system, we first transform the MIP of Eq. 18 into
the following equivalent MIP by introducing penalty termsg, for each feasibility
constrainC,:

{Ix[k]7X7‘,7M}
Tx[k),x' [k} dx[k] + wig VX' € DomX’
subject to Z 2k (i) Txlk] (k) i) 2 e m(X’)
A andC
= min M
{Is(k), X, M}

M >3 Repg + 20 pxg VX € DomX’)
Subject to{ Rujt) = > ia ikl Iy Yk, x'[k] € Dom(X'[k]) (19)
A andC

The MIP of Eq. 18 has one constraint &h per feasible state’, whereas the MIP of
Eg. 19 has one constraint per statdwhether feasible or not). Therefore, to effectively
maintain the feasibility constraints od, we add penalty termg,., that essentially
make a constraint o/ meaningless when its corresponding stdtes infeasible. This

is achieved by defining a local penalty functipf{x’[¢]) for each logical constrairt;
that returns—oo whenx'[¢] violatesC, and0 otherwise.

This transformation has, unfortunately, increased the number of constraints. How-
ever, it in fact allows us to rewrite the constraints in a much more compact form, as
follows. Instead of enumerating all constraintsidin we analytically construct the con-
straint that provides thgreatest lower boundvhile simply ignoring the others. This
greatest lower boun@LB is computed by taking the max of all constraintsidn

GLB= maxz Ryrppy + Z Px![¢]

= maxmax maXZR (k] —|—pr,

@

This maximization can be computed efficiently by usiwayiable elimination[9], a
well-known form of non-serial dynamic programming [2]. The idea is to distribute
the max operator inward over the summations, and then collect the results as new
terms which are successively pulled out. Space precludes a detailed presentation of
the algorithm—uwe instead illustrate its workings by means of an example.

To illustrate, consider the following simple example. Suppose we have the attributes
X1, Xo, X3, X4, a utility function decomposed into the factgf§(z1, z2), f2(x2, x3),

8 We have observed, however, the constraint generation approach described above is usually
faster in practice and much easier to implement, even though it lacks the same worst case
run-time guarantees. Indeed, this same fact has been observed in the context of MDPs [18].



f3(z1,24) and two logical constraints with associated penalty functjgtis;) and
p?(x3,x4). We then obtain
GLB = max maxmaxmax Ry o1 + Roy o1 + Ryt 2 + pag + pat o,
Ty Loy T3z Ty

= max([py + max[Ry; o +max[Ry, 1 +max[Ryr o1 + pay )]
x h xl A

by distributing the individuainax operators inward over the summations. To compute
the GLB, we successively formulate new terms that summarize the result of completing
eachmax in turn, as follows:

Let Agf o = max Ryt o) + Poy o
4

Let AT’I,x/z = H;@X Rx/zvxé + AT’ng
3

’
1>T2

Let Azll = max Rm/vm/z + Ay
T

Let GLB = max p,; + Ay
@

Notice that this incremental procedure can be substantially faster than enumerating
all statesx’. In fact the complexity of each step is only exponential in the local subset
of attributes that indexes each auxiliatyvariable.

Based on this procedure, we can substitute all the constrainfd am the MIP
in Eq. 19 with the following compact set of constraints that analytically encodes the
greatest lower bound ol

AT’ng > Rac’ /) + Pzt Vx’l,xg,a:ﬁl S DOYT'(X{,XZQ,XZL)
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Agyay = Rayar + Agy oy, Vo, a5, 73 € Dom(X T, X35, X3)

3
M > Pat + Az’l v} € Dom(X7)

By encoding constraints in this way, the constraint system specified by the MIP
in Eg. 19 can be generally encoded with a small number of variables and constraints.
Overall we obtain a MIP where: the numbergfvariables is linear in the number of
parameters of the utility function; and the number of auxiliary variables and constraints
that are added is locally exponential w.r.t. the largest subset of attributes indexing some
auxiliary variable. In practice, since this largest subset is often very small compared
to the set of all attributes, the resulting MIP encoding is compact and readily solvable.
More precisely, the complexity of this algorithm depends on the order in which the
variables inX’ are eliminated, but is exponential in the tree width of the graph induced
by the elimination ordering (which is generally only locally exponential) [9].

5 Empirical Results

To test the plausibility of this approach we implemented the solution strategy outlined
above and ran a series of experiments to determine whether graphical structure was
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Fig. 1. Car Problem.

sufficient to permit practical solution times. We implemented the constraint generation
approach outlined in Sec. 4.2 and used CPLEX as the generic IP solver. Our experiments
considered two realistic domains—car rentals and house buying—as well as randomly
generated synthetic problems. In each case we imposed a factored graphical structure
to reduce the required number of utility parameters (upper and lower bounds).

For the house buying problem, we modeled the domain with 20 (multivalued) vari-
ables that specify various attributes of single family dwellings that are normally relevant
to making a purchase decision. The variables we used included: square footage, age,
size of yard, garage, number of bedrooms, etc. In total, there were 47,775,744 possible
configurations of the variables.We then used a factored utility model consisting of 29
local factors, each defined only on one, two or three variables. In total, the number of
local utility values (utilities for local configurations) was reduced to 160. Therefore a
total of 320 upper and lower bounds had to be specified, a significant reduction over the
nearly 10® values that would have been required using a unfactored model. The local
utility functions represented complementarities and substitutabilities between variables,
such as requiring a large yard and a fence to allow a pool, etc.

The rental car problem features 26 multi-valued variables encoding attributes rele-
vant to consumers considering a car rental, such as: automobile size and class, manu-
facturer, rental agency, seating and luggage capacity, etc. The total number of possible
variable configurations is 61,917,360,000. There are 36 local utility factors, each de-
fined on at most five variables. Constraints encode infeasible configurations (e.g., no
luxury sedans have 4-cylinder engines).

For both the car and real estate problems, we first computed the configuration with
minimax regret given manually chosen bounds on the utility functions. The generation
technique of Sec. 4.2 took 40 sec for the car problem and 2 sec for the real estate prob-
lem. Interestingly, only 7 constraints were generated in finding the minimax-optimal
configuration in both the car and real estate problems (out of the 61,917,360,000 and
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Fig. 2. Real estate problem.

47,775,744 constraints, respectively). The structure exhibited by the utility functions of
each problem is largely responsible for this small number of required constraints.

In practice, the minimax regret techniques proposed in this paper would normally
be interleaved with some preference elicitation technique. As the bounds on utility pa-
rameters get tighter, we would like to know the impact on the running time of our
constraint generation algorithm. To that effect, we carried out an experiment where we
randomly set bounds, but with varying degrees of tightness. Figures 1 and 2 show how
tightening the bounds decreases the running time exponentially, and the number of con-
straints generated. For this experiment, bounds on utility were generated at random,
but the difference between the upper and lower bounds of any utility was capped at a
fixed percentage of some predetermined range. Figures 1 and 2 show scatterplots of
random problems for varying percentages. As those figures suggest, a significant speed
up is obtained as elicitation converges to the true utilities. Intuitively, the optimization
required to compute minimax regret benefits from tighter bounds since some config-
urations emerge as clearly dominant, which in turn requires the generation of fewer
constraints.

We carried out a second experiment with synthetic problems. A set of random prob-
lems of varying sizes was constructed by randomly setting the utility bounds as well
as the variables on which each utility factor depends. Each utility factor depends on at
most 3 variables and each variable has at most 5 values. Figure 3 shows the results as
we vary the number of variables and factors (the number of factors is always the same
as the number of variables). The running time and the number of constraints generated
increases exponentially with the size of the problem. Note however that the number of
constraints generated is still a tiny fraction of the total number of constraints (if they
were all enumerated). For problems with 10 variables, only 8 constraints were neces-
sary (out of 278,864) on average; and for problems of 30 variables, only 47 constraints
were necessary (out 8f8 x 10'6) on average.
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Fig. 3. Artificial random problems — varying sizes

We also tested the impact of elicitation on the efficiency of our constraint generation
technique in Figure 4. Here, problems of 30 variables and 30 factors were generated
randomly while varying the relative range of the utilities w.r.t. some predetermined
range. Each factor has at most 3 variables chosen randomly and each variable can take
at most 5 values. Once again, as the bounds get tighter, some configurations emerge as
clearly dominant, which allows an exponential reduction in the running time as well as
the number of required constraints.

6 Concluding Remarks

We have developed a technique for computing minimax optimal decisions in constraint-
based decision problems when a user’s utility function is only partially specified in the
form of upper and lower bounds on utility parameters. While the corresponding opti-
mizations are potentially complex, we derived methods whereby they could be solved
effectively using several IPs and MIPs. Furthermore, we showed how graphical struc-
ture in the utility model could be exploited to ensure that the resulting IPs are compact
or could be solved using an effective constraint generation procedure.

There are a number of directions in which this work can be extended. Of critical
importance is the development of good elicitation strategies that reduce minimax regret
quickly. While this work has focused on the computation of minimax-optimal assign-
ments to variables, our current thrust is the incorporation of this approach into querying
strategies that can be used to tighten only the most relevant utility parameter bounds.
We have devised several elicitation strategies that we hope will work well in practice;
but these have yet to be implemented (so their performance still needs to be verified).
We briefly describe two of these methods.
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Fig. 4. Artificial random problems — varying relative utility range.

The optimistic query methowvorks as follows: at each iteration we compute the
maximax optimastatex* (i.e, that with the greatest upper bound on utility). We then
query the user about the utility parameters of that factor in such a way that its lower
bound on utility is raised to be close (say, witkinto the upper bound of the state
with the second-highest upper bound (which can be computed in a similar way), or its
upper bound is reduced to below that of the second state. In either case, we have made
progress: in the first case, we have reduced minimax regeeinche second case, we
have reduced the regret of every other decision (by an amount equal to the reduction of
the upper bound fox*, lesse).

The current solution query methoidvolves computing the minimax optimal state
x* using one of the methods described, as well as its regret-maximizing “witg&ss”
(i.e., the state an adversary chooses in order to maximize our regret). We then ask
queries about the utility parameters at the both states (e.g., asking a midpoint query
about each parameter, thus reducing each interval by half). The intuition behind this ap-
proach is that gaining tighter information about the current minimax optimal allocation
and its witness is the best way to ensure an improvementin regret level (since these are
the parameters that play a role in the active constraints at the current solution).

Apart from elicitation, we are also exploring the use of search and constraint-
propagation methods for solving the constraint-optimization problems associated with
computing minimax regret. Our goal in this paper was to provide a precise formulation
of these computational problems as integer programs, and use off-the-shelf software
to solve them. We expect that optimization techniques that are specifically directed to-
ward these problems should prove fruitful. Along these lines, we hope to develop deeper
connections to existing work on soft constraints, valued CSPs, etc. Finally, we are quite
interested in the possibility of integrating Bayesian methods for reasoning about uncer-
tain utility functions with the constraint-based representation of the decision space.



Acknowledgements This research was supported by the the Institute for Robotics and
Intelligent Systems (IRIS) and the Natural Sciences and Engineering Research Council
(NSERC). Poupart was supported by a scholarship provided by Precarn Incorporated
through IRIS.

References

1. F. Bacchus and A. Grove. Graphical models for preference and utilifyrde. 11th Conf.
on Uncertainty in Al pp.3-10, Montreal, 1995.

2. U. Bertele and F. BrioschNonserial Dynamic ProgrammingAcademic, Orlando, 1972.

3. S. Bistarelli, U. Montanari, and F. Rossi. Semiring-based constraint satisfaction and opti-
mization. Journal of the ACM44(2):201-236, 1997.

4. C. Boutilier. A POMDP formulation of preference elicitation problemsPtoc. 18th Na-
tional Conf. on A pp.239-246, Edmonton, 2002.

5. C. Bouitilier, F. Bacchus, and R. I. Brafman. UCP-Networks: A directed graphical represen-
tation of conditional utilities. IProc. 17th Conf. on Uncertainty in App.56—64, 2001.

6. U. Chajewska, L. Getoor, J. Norman, and Y. Shahar. Utility elicitation as a classification
problem. InProc. 14th Conf. on Uncertainty in Abp.79-88, Madison, WI, 1998.

7. U. Chajewska, D. Koller, and R. Parr. Making rational decisions using adaptive utility elici-
tation. InProc. 17th National Conf. on App.363-369, Austin, TX, 2000.

8. V. Chandru and J. Hooke®©ptimization Methods for Logical Inferenc®Viley, N.Y., 1999.

9. R. Dechter. Bucket elimination: A unifying framework for probabilistic inferenceProc.
Twelfth Conf. on Uncertainty in App.211-219, Portland, OR, 1996.

10. J. S. Dyer. Interactive goal programmirddanagement Scienc#&9:62—70, 1972.

11. S. FrenchDecision TheoryHalsted Press, New York, 1986.

12. C. Guestrin, D. Koller, and R. Parr. Max-norm projections for factored MDPBrdao. 17th
Intl. Joint Conf. on Al pp.673—680, Seattle, 2001.

13. R. L. Keeney and H. RaiffaDecisions with Multiple Objectives: Preferences and Value
Trade-offs Wiley, New York, 1976.

14. D. Sabin and R. Weigel. Product configuration frameworks—a surlegE Intelligent
Systems and their Applicationk3(4):42—-49, 1998.

15. T. Schiex, H. Fargie, and G. Verfaillie. Valued constraint satisfaction problems: Hard and
easy problems. IRroc. 14th Intl. Joint Conf. on App.631-637, Montreal, 1995.

16. T. Wang and C. Boutilier. Incremental utility elicitation with the minimax regret decision
criterion. InProc. 18th Intl. Joint Conf. on Ato appear, Acapulco, Mexico, 2003.

17. C. C. White, Ill, A. P. Sage, and S. Dozono. A model of multiattribute decision making and
trade-off weight determination under uncertaintifEE Transactions on Systems, Man and
Cybernetics14(2):223-229, 1984.

18. D. Schuurmans, R. Patrascu. Direct value-approximation for factored MDPs. In Advances
in Neural Information Processing 14, pp. 1579-1586, MIT Press, Cambridge, MA, 2002.



