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Abstract practice, using implementations that take advantage of spe
] ] o cialized data structures and algorithms.
Dominance testing, the problem of determining whether Hence, this paper explores a novel approach to dominance

an outcome is preferred over another, is of fundamental
importance in many applications. Hence, there is a need
for algorithms and tools for dominance testing. CP-nets
and TCP-nets are some of the widely studied languages

testing that leverages the state-of-the-art techniquesatel
checking(Clarke, Emerson, and Sistla 1986; Queille and
Sifakis 1982). Our approach reduces dominance testing to

for representing and reasoning with preferences. We reachability analysis in a graph of outcomes. Specifically,
reduce dominance testing in TCP-nets to reachability we formalize the ceteris paribus semantics of preferemces i
analysis in a graph of outcomes. We provide an en- terms of a direct and succinct representation of preference
coding of TCP-nets in the form of a Kripke structure semantics usinglripke structuresClarke, Grumberg, and

for CTL. We show how to compute dominance using Peled 2000) that encode preferences over outcomes as reach-
NuSMV, a model checker for CTL. We present results ability within a graph of outcomes. In this setting, we regluc

of experiments that demonstrate the feasibility of our dominance testing to the satisfiability of correspondimg-te

approach to dominance testing. poral formulas in the model. We provide a translation from

TCP-nets to the Kripke model specification language of a
Introduction widely used model checker NuSMV (Cimatti et al. 2002).
o ) ) We demonstrate how proof of dominance can be auto-

Many applications call for techniques for representing and matically generated whenever the dominance holds. This
reasoning about qualitative preferences over a set ofalter  5pproach allows us to take advantage of the state-of-the-
tives that are described in terms of a set of variables. Be- g1t model checkers that provide optimized computation of
cause of the wide range of applications that involve reason- gominance using specialized data structures and algasithm
ing with preferences, there is a need for developing tools \ye present results of experiments that demonstrate the fea-
for dominance testing that are useful in practice. CP-nets gjpjlity of this approach to dominance testing: Dominance
(Boutilier et al. 2004), TCP-nets (Braiman, Domshlak, and - queries over preference specifications involving 20 or more
Shimony 2006) and Wilson’s extensions to the above (Wil- yariaples are answered within a few seconds. While the dis-
son 2004a; 2004b) are among the widely studied languages cyssijon in this paper is restricted to TCP-nets, our approac
for representing preferences over not only the valuatiéns o {5 dominance testing via model checking can be used for any
the variables, but also the relative importance among them. preference formalism whose semantics is given in terms of

They use theseteris paribug“all else being equal”) inter- properties over a graph of outcomes.
pretation of preference to reason with such preferences.
Ceteris paribus semantics induces a graph,inieced Preference Language

preference graptfBoutilier et al. 2004; Brafman, Domsh-
lak, and Shimony 2006); and an outcomés said to dom-
inate another outcome if there exists a path consisting of
successively worsening outcomes in this graph frota 5.
With the exception of special cases such as CP-nets with tree (a(X1),a(Xy),...,a(Xy)) such thato‘(Xi) € D; fOF

or polytree structured conditional dependencies (Bautili ~ €8chXi € V. The set of all possible outcomes is given
et al.  2004; Brafman, Domshlak, and Shimony 2006), bY O = [Lx,ey Di- We consider a preference language
dominance testing has been shown to be PSPACE-complete©r SPeCifying: (@) conditional intra-variable preferess-;
(Goldsmith et al. 2008). However, experience with other that are strict partial orders (|.(_a._, |rreerX|v_e a_nd trévsi
hard problems such as boolean satisfiability (SAT) suggests "€lations) overD;; and (b) conditional relative importance

that it is often possible to realize acceptable performamce  Préeferences- that are strict partial orders ovér. .
CP-nets (Boutilier et al. 2004) use a compact graphical

Copyright(© 2010, Association for the Advancement of Artificial ~ model to specify conditional intra-variable preferenses
Intelligence (www.aaai.org). All rights reserved. over a set of variable§’. Each node in the graph corre-

Let V = {X,} be a set of variables, each with a do-
main D;. An outcomea € O is a complete assign-
ment to all the variables, denoted by the tuple :=



sponds to a variabl&; € V, and eacldependencgdge
(Xi, X;) inthe graph captures the fact that the intra-variable
preference-; with respect to variabl&; is dependent (or
conditioned) on the valuation of;. For any variableX,
the set of variable§X; : (X;, X,)is an edg¢ that influence
>; are called theparentvariables, denoteda(X;). Each
nodeX; in the graph is associated withcanditional pref-
erence tabl¢CPT) that maps all possible assignments to the
parentsPa(X;) to a total order oveD;. An acyclicCP-net
is one that does not contain any dependency cycles.
TCP-nets (Brafman, Domshlak, and Shimony 2006) ex-
tend CP-nets by allowing additional edges;, X ;) to be
specified, describing the relative importance among vari-
ables (X; > X;). Each relative importance edge could be
either unconditional (directed edge) or conditioned onta se
of selectorvariables (analogous to parent variables in the
case of intra-variable preferences). Each edgg X ) de-
scribing conditional relative importance is undirected &n

if and only if there is an worsening flipping sequence with
respect taV from a to 5.

An issue with dominance testing with respect ¢
is that the interpretation of relative importance statetsien
is pairwise as illustrated by Wilson in (Wilson 2004b;
2004a). In this case, I-flips alloanly twovariables to be
flipped at a time. On the other hand, Wilson's extended
semantics (Wilson 2004b; 2004a) (denote®) defines a
worsening I-flip to allow multiple variables to be changed at
atime in order to produce a worse outcome. This generalizes
the search foflipping sequences to a search 8wapping
sequences.

Definition 2 (Worsening flipping sequence with revised
I-flip: adapted from (Wilson 2004b; 2004a))\ sequence
of outcomesr = v1, 72, -+ Yn—1, ¥n» = O sSuch that

B

a=y "y Ny -y

associated with a table (analogous to the CPT) mapping eachis a worsening flipping sequencevith respect to a set of

assignment of the selector variables to eiter- X ; or vice
versa. Figure 1 illustrates a TCP-net.

Ceteris ParibusSemantics

A formal semantics in terms of theeteris paribusnterpre-
tation for preference languages involving conditionatant

variable and relative importance preferences was given by

Brafman et al. in (Brafman, Domshlak, and Shimony 2006).

Definition 1 (Worsening flipping sequence: adapted from
(Brafman, Domshlak, and Shimony 2006 A sequence of
outcomesy = y1, Y2, - Yn—1,Yn = O such that

a=y =72 =" = = =0

is a worsening flipping sequencaith respect to a set of
preference statements if and only if, for i < n!, either

1. (V-flip) outcome~; is different from the outcome;
in the value of exactly one variablg;, and~;(X;) >;
Yi+1(X;), or

2. (I-flip) outcomey; is different from the outcoms,;; in
the value of exactlywo variablesX; and Xy, v;(X;) >;
’Yl'Jrl(Xj), ande > Xg.

The V-flips are induced directly by the conditional intra-
variable preferences;, and the I-flips are additional flips
induced by the relative importanceover variables in con-
junction with ;. Note that the notion of an I-flip in this
definition revises the one presented in (Brafman, Domshlak,
and Shimony 2006) in order to accurately reflect the seman-
tics of =° 2. Furthermore, this definition adapts the original
definition such that flips are worsening rather than improv-
ing. Given a TCP-netV and a pair of outcomes and s,
Brafman et al. have shown that>° 3 with respect taV

We assume the dominance relation is irreflexive and tramsiti
in this paper.

2specifically, Definition 1 relaxes the stronger requiren{eae
Definition 13 in (Brafman, Domshlak, and Shimony 2006)) that
“Yig1(X5) =5 vi(X;) andyi (Xk) =k vit1(Xk)” to a weaker
requirement that+;1(X;) >; 7(X;)” — based on a personal
communication exchanged by the authors with Ronen Brafman.

preference statements if and only if, foK i < n, either

1. (V-flip) as in Definition 1
2. (I-flip) outcome~; is different from the outcome;;

in the value of variablesX; and Xy, , Xy,, - Xk,,
’yl(Xj) >-j '7i+1(Xj)v and Xj > Xklan >
sz,--- ,le>an.

Given a TCP-nefV and a pair of outcomes andg, ac-
cording to Wilson’s semantics we say thétentailsa. - 3
iff there is a worsening flipping sequence with respecvto
froma to 8.

Dominance Testing via Model Checking

We now proceed to describe our approach to dominance test-
ing using model checking. The key observation behind our
approach is that dominance e@fover 3 is given in terms of

the reachability of the worse outcom@) from the preferred
outcome {) in the induced preference grap{Boutilier et

al. 2004; Brafman, Domshlak, and Shimony 2006) that cap-
tures the preference semantics.

Definition 3. Given a TCP-netV over a set of variables
V, theinduced preference gragiN) = G(A4, E) is con-
structed as follows. The nodes correspond to the set of
all possible outcomes, i.e., complete assignments to aHl va
ables inV/, and each directed edde, 5) € E corresponds

to either a V-flip or an I-flip as dictated by the chosen se-
mantics(Definitions 1, 2.

An outcomex dominates3 with respect taV if and only
if the node corresponding t8 in §(N) is reachable from
«. Note that§(N) is guaranteed to be acyclic because it
represents an irreflexive and transitive dominance relatio
Example. Consider a TCP-neV of three binary variables,
namely{A, B,C} as shown in Figure 1(a)>p and ¢
depend on the valuations (solid directed edges), and the
nodes are annotated with the respective CPBs> C is
denoted by a dotted edge fraito C. Figure 1(b) shows the

*To simplify the terminology, we will henceforth use the term
flipping sequence to refer to Wilsondssvappingsequence as well.
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Figure 1: (a) TCP-neV; (b) Transitive Reduction of(NV)

transitive reduction of the corresponding induced prefeee
graphd(N).

The above formulation of dominance testing in a TCP-net
N in terms of verifying reachability properties in the corre-
sponding induced preference graf(iV) allows us to take
advantage of the state-of-the-art approaches to modekehec
ing. This approach to dominance testing involves addrgssin
two questions: (a) How to encode the induced preference
graphd(N) as an input graph to a model checker (we use
NuSMV (Cimatti et al. 2002)), and (b) How to express a
query regarding the dominance of an outcomgWith re-
spect to anotherd) in the form of a test of reachability @f
from « in the corresponding graph.

The preference variables of the TCP-net are mapped to the
state variables of the model in a model checker. The V-flips
and the I-flips (Definitions 1 and 2) are directly encoded as
transitions in theKripke structures for the language of the

model checker. This ensures that the state space explored b3§

the model checker correspondsi@v).

Dominance queries over the TCP-nets are then modeled
as temporal logic properties (in CTL (Clarke, Grumberg,
and Peled 2000)) over the state space of the model. This
allows us to take advantage of all the specialized data-struc
tures (e.g., BDDs) and algorithms available in the model
checking engine to efficiently verify the satisfiability dfet
corresponding temporal logic properties. In order to check
whether an outcome dominates the outcome we query
the model checker with a CTL formula such that there
is a model ofy if and only if « dominatess. If the dom-
inance does hold, then the model checker can be used to
obtain a proof of dominance, i.e., a worsening flipping se-
guence fromu to 5.

Kripke Structure Encoding of TCP-net Preferences

We now proceed to describe how TCPeteferences can
be encoded in &ripke structure (Clarke, Grumberg, and
Peled 2000).

Definition 4 (Kripke Structure) A Kripke structure is a tu-
ple (S, Sy, T, L) whereS is a set of states described by the
valuations of a set of propositional variablés Sy C Sisa
set ofinitial states, " C S x S is a transition relation induc-
ing directed edges between states such'tbat S : s’ €
S:(s,s') € T,andL : S — 2% is a labeling function such

“To simplify the presentation, we will restrict our discussi
to TCP-nets over binary variables, although our approachbea
extended to variables with other domains as well.

thatVs € S : L(s) is the set of propositions that ateuein
S.
Given a TCP-nefV overasel’ = {X;,... X,,} of vari-

ables, a Kripke structur&; corresponding to the induced
preference grapb(N') can be constructed as follows.

1. The statesS are defined by the valuations of propositions

P =VU{h;|X; € V}, where eaclh; is a binary variable
indicating whether or not the value &f; can change in a
transition,

0 if value of X; must not changein a

. transition in the Kripke structur&
h; = (1)
1 otherwise

The change variables; defined above will be used, as
will be shown later, to construct the state spacef the
Kripke structureK y that encodes the induced preference
graphd(N). Note that each outcome in §(N) corre-
sponds to a sef* = {s|s;y = «a} of states, where,y
denotes therojectionof a states described byP onto
the set of variable§” C P. By this construction, the
various states b differ precisely in the valuations of
the change variables, and since there|&iiechange vari-
ables, S| = 2!VI. The start state(s, of K are spec-
ified based on the dominance query (as described later);
and the labeling functiod, is defined such that for any
states € S, L(s) corresponds to the set of variables that
are ‘true’ ins.

The transition relatioff” is defined as follows, with(X;)
and s’(X;) denoting the valuation of the corresponding
variable X; in statess ands’ respectively. For any two
statess, s’ € S, define(s,s’) € T (denoteds — s’) by
the rules:

i, (V-flip)
41X, eV S(hi) =1A S(XZ) =i S/(Xl)
S—>SI<:{ /\VXJEV\{Xl}S(hj)ZO/\
s(X;) = §'(X;)
ii. (I-flip)
X, e V: S(hl) =1A S(Xz) i SI(XZ'
s 5 /\EWQV\{Xi}:VXjGW:XiDXj

AVX, e VN (WU{X;}):

S(hk) =0A S(Xk) = S/(Xk)

iti.s — 8 < VX, € V:s(X;) =5(X;)

In the above encoding of the Kripke structure, transition
rules2(i) — (4i7) are exhaustive, thus satisfying the require-
ment that in a Kripke structure all states should have out-
going transitions. Transitions effected through the rules
2(i) and 2(iz) correspond to valid worsening V-flips and
I-flips respectively according to Wilson’s semanti¢®ef-

inition 2). Therefore, all possible edgds correspond-
ing to V-flips and I-flips of the induced preference graph

SBrafman et al. semantics (Definition 1) can be similarly en-
coded with minor changes to the definition of the transitilation
2(i4) in the Kripke structure.



d0(N) = G(A, E) are captured by the above transition re-
lation. 2(i4¢) allows only transitions from a stateto those
statess’ that agree withs on all variables inV. We now
establish the main theorem which forms the basis for our
approach to dominance testing via model checking.
Remark. The definition of a V- or an I- flip fromx to
(Definitions 1 and 2) requires the equality @fand 3 with
respect to some of the variableslih Since NuSMV does
not allow the specification of a transition by constraining t
destination state variables, we useto control the allowed
changesto each variah}¢ € V. Observe that the variables
h; are allowed to take any value in the destination state of
any transition (see rulexi) — (¢i4)). This allows the model
checker to explore all possible V-/I-flips from any given-out
come.

Theorem 1. Given a TCP-netV, and the corresponding
Kripke structure Ky = (S5,Sy,T, L) (constructed from
J(N) = G(A, E) as described aboye

1. Va,ﬁ:(a,ﬁ)6Ez>33—>s':slvza/\s'wzﬁ
2. Vs,s'ES:s—>s’/\slv#sivéﬂ(a,ﬁ)EE

Proof. For the first part, le{e, 3) € E. Sinced(N) is a
cycle-free graph over distinct outcomes,# (3. Further,
(o, B) € E requires the existence of either a V-flip or I-flip
from « to 8 by Definitions 2 and 3. By construction of the
Kripke structure, there exist sefs* and S° of states such
thatVs® € @ : 5%, = a andvs’® € $7 : s/, = 3 respec-
tively. ThereforeVs® € S, s € §7 : (s¢,,s],) € E.
By the definition of the valuations of the change variables in
Equation(1) and the transition ruleg(i) and2(i4), it fol-
lows that3s® € S, 5% € S8 : s> — sP.

For the second part, lets’ € S': s — s' A sjv # sy
Sinces # s', 2(i4i) is not applicable, and hence, it must be
the case that the conditions in the right hand sid2(of or
2(i7) is satisfied. This in turn implies that the transitior-
s'is due to a V-flip or an I-flip, i.e.(s,v, sy,) € E. O

Encoding Ky in NuUSMV

For the TCP-netV specified in Figure 1, the encoding of
the corresponding Kripke structuféNV) that is provided as
input to the NuSMV model checker (Cimatti et al. 2002) is
shown in Figure 2. Th&AR construct declares the binary
preference variables:(b, ¢) and the corresponding change
variables fa, hb, hc), and ASSI GN defines the transition
rules for each variable in the form of the guards and cor-
responding next state valuations (as per r@l@s — (ii7)

in our construction). For example, the V-flips correspond-
ing to variableb whena = 0 is encoded as follows: if*

b = 1&a = 0&ha = 0&hb = 1&hc = 0thenb = 0 in

the next state”. The I-flips induced lyr> ¢ are specified
by guarded transitions allowing (b)s valuation to change
regardless of whethear's valuation changes or not, and (2)
c’s valuation to change in a transition whenebés valua-
tion changes.

MODULE mai n
VAR a: {0, 1}; b:{0,1}; c:{0,1};
ha: {0,1}; hb:{0,1}; hc:{0,1};
ASSIGN --init(a):=1; init(b):=1, init(c):=1;
init( ha):=0; init( hb):=0; init( hc):=0;
next(a) :=
case - conditional preferences:
a=0 & hc=0 & hb=0 & ha=1: 1,

1: a;
esac;
next (b) :=
case - conditional preferences:
b=1 & a=0 & hc=0 & hb=1 & ha=0 : O;

b=0 & a=1 & hc=0 & hb=1 & ha=0 : 1;

- relative inportance: b inp. than c

b=1 & a=0 & hb=1 & ha=0 : O;
b=1 & a=0 & hb=0 & ha=0 : 1;
b=0 & a=1 & hb=1 & ha=0 : 1,
b=0 & a=1 & hb=0 & ha=0 : O;
1 b;
esac;
next(c) :=
case - conditional preferences:
c=0 & a=0 & hc=1 & hb=0 & ha=0 : 1;
c=1 & a=1 & hc=1 & hb=0 & ha=0 : O;
- relative inportance: c less inp. than b
((b=1 & a=0) | (b=0 & a=1))
& hb=1 & ha=0 & hc=1: !c;
((b=1 & a=0) | (b=0 & a=1))
& hb=1 & ha=0 & hc=0 : c;
1: ¢

esac;

Figure 2: Listing of Kripke encoding in NuSMV

Computing Dominance

Given a Kripke structurdl y that encodes the induced pref-
erence graph of a TCP-nét, determining whethes: dom-
inates@ in N can be reduced to verifying appropriate tem-
poral properties in CTL (see (Clarke, Grumberg, and Peled
2000)). Specifically, the CTL formula, — EFyg is used

to check whethery dominatess. In the formula,p, and

g are conjunctions of the assignments to the variables in
V in o and 3 respectively. A state in the Kripke structure
is said to satisfy the above formula if and only if when the
state satisfies,, (i.e., valuations of variables df in that
state correspond to those d), there exists a path or a se-
quence of transitions® = s; — sy — - — 5, = s (s.t.

sty =« andst = ) such that, > 1. In short, a state in

the Kripke structurd(y corresponding td (V) satisfies the
above CTL formulaif and only ift dominate$s with respect

to N (Theorem 1). We will use the model checker NuSMV
to verify the satisfiability of a CTL formule, — EFpg.

Example. For the TCP-netV in Figure 1, the dominance
ofa =(a=0b=1c=1)overg = (a=1,b =
0,c = 0) corresponds to the satisfiability of the CTL for-
mulay : (a = 0&b = 1&c = 1 — EF(a = 1&b =
0&c = 0)). Note that NuSMV asserts that is verified
only if everyinitial state satisfies. Therefore, we initialize
X, to a(X;) to restrict the start states & in the encoded
Kripke structure. We also initialize all the change varésbl



h; to 0, so that transitions corresponding to all possible V-
flips and I-flips fromu are explored by the model checker. In
NuSMYV, the satisfiability ofp can be verified by the spec-
ification SPECyp, and the verification returns ‘true’ in our
example, thereby establishing that the outcame: (a =
0,b=1,c = 1) dominates3 = (a = 1,b =0,c = 0).

Extracting a Proof of Dominance

We can use the NuSMV model checker to obtain a proof
that an outcomex dominates another outcome (i.e., a
worsening flipping sequence fromto /) as follows. Sup-
posea dominatess. This implies that the CTL formula

¢ po — EFgpg holds. Hence, in this case if we provide
the formula—y (i.e.,~(¢o — EFgg)) as input to the model
checker, the model checker will return ‘false’, and provide

us with the sequence of states (as below) corresponding to

the worsening flipping sequence franto 5.
In our example, since = (a = 0,b = 1,c = 1) domi-
natess = (a = 1,b = 0,c = 0), when input the formula

SPEC!(a=0&b=1&c =1
-> EF(a=1&b=0&c =0))

NuSMV returns the sequencéo,1,1) — (0,0,0) —
(1,0,0) as shown below.

-> State: 1.2 <- ha = 1
-> State: 1.1 <-
a_aoe hb = 1 hb =
B hec = 1 hc = 0
b=1
c=1
-> State: 1.3 <- | -> State: 1.4 <-
ha =0 -0 a=1
hb =0 -0 ha = 0
hc = 0 - -

In the above, the transition from statd to 1.2 is effected
by transition rule2(iii); that from statel.2 to 1.3 by rule
2(it); and that from staté.3 to 1.4 by rule2(7).

Experiments and Results

We now describe the results of experiments that show the
feasibility of our approach to dominance testing with respe
to (a) the running time for dominance queries, and (b) scala-
bility as a function of the number of preference variabled th
can be efficiently handled in practice. We generated random
preference networRsy varying (a) number of variables;

(b) the maximum number of rows in a variable’s conditional
preference tabla,.; and (c) number of relative importance
edgess, in the TCP-net. We restricted the maximum degree
of each node (with respect to conditional dependencies) in
the generated preference networks t&e conducted three
sets of experiments:

1. Set 1: Polytree CP-nets with Binary Variable®Ve fixed
sq = 2 ands, = 0, and varieds, from 10 to 30 for
eachs, € {5,10, 15}. In this case we generated only CP-
nets that were singly connected, i.e., polytree structured
CP-nets. We generate@ preference networks for each
choice of the parametess ands.. Using each resulting

®We modified the code developed by Cozman et al. (Ide et al.
2004) for generating random Bayesian networks to geneaaie r
dom TCP-nets.

Set Sv Se Sy Avg.Time(sec)
Setl 10 5—-15 - 0.03
Setl 20 5—15 - 0.10
Setl 30 5—15 - 11.24
Set2 4-20 5—15 - 0.10
Set2 21-27 5-15 - 12.52
Set3 4-15 5—-15  su/2 0.09
Set3 4—-15 5—15 s 0.25
Set3 4-15 5—15 2xs, 0.68
Set3 16—20 5-15 s,/2 1.51
Set3 16—20 5—15 s, 13.96
Set3 16—20 5—-15 2xs, <60.0

Table 1: Running times of dominance queries for TCP-nets
with binary variables

80 4

--o-- CPT5

0 CPT 10 —&— CPT 15
70 4
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Figure 3: Running time vs. number of variables

preference network, we evaluat2d dominance queries
by picking distinct pairs of outcomes at random.

2. Set 2: Acyclic CP-nets with Binary Variabled\Ve fixed

sq = 2 ands, = 0, and varieds,, from 4 to 27 for each
sc € {5,10,15}. We generated only CP-nets with acyclic
dependencies. We generattpreference networks for
each choice of the parametersands.. Using each re-
sulting preference network, we evaluat@idominance
gueries by picking distinct pairs of outcomes at random.

3. Set 3: TCP-nets with Binary Variable§Ve fixedsy = 2,

varieds, from 4 to 20 for eachs. € {5,10,15} and for
eachs, € {s,/2,s,,2 x s,}. We ensured that the gen-
erated TCP-nets are satisfiable (see (Brafman, Domshlak,
and Shimony 2006)), by requiring that the union of the
conditional dependency and relative importance edges in
the generated TCP-net induces an acyclic TCP-net. We
generateds preference networks for each choice of the
parameters,, s. ands,. Using each resulting preference
network, we evaluated dominance queries by picking
distinct pairs of outcomes at random.

The results (summarized in Table 1) show that our ap-
proach to dominance testing answers dominance queries
within a few seconds for TCP-nets with u0 to 30 vari-
ables. In the case of polytree structured CP-nets(5é¢he
dominance queries were answered within a few seconds for
upto 30 variables and dependent variables with CPTs with
upto15 rows. For arbitrary acyclic CP-nets (SHt our so-



lution performs well for CP-nets with close 89 variables
with CPTs with uptol5 rows. For TCP-nets (Se¥), our
solution is efficient for upt@0 variables.

In summary, our experiments show that dominance test-
ing using model checking is quite feasible for TCP-nets that
are large enough to capture preferences in many practical
applications.

Summary and Discussion

We have described, to the best of our knowledge, the first
practical solution to the problem of determining whether an
outcome dominates another with respect to a set of quali-
tative preferences. Our approach relies on a reduction of
the dominance testing problem to reachability analysis in a
graph of outcomes. We have provided an encoding of TCP-
nets in the form of a Kripke structure for CTL.

We have shown how to: (a) directly and succinctly encode
preference semantics as a Kripke structure; (b) compute
dominance by verifying CTL temporal properties against
this Kripke structure; and (c) generate a proof of domi-
nance. We have shown how to compute dominance using
NuSMV, a model checker for CTL. The results of our exper-
iments demonstrate the feasibility of this approach to domi
nance testing. This approach to dominance testing via model
checking allows us to take advantage of continuing advances
in model-checking.

Although our treatment focused on acyclic CP-nets and
TCP-nets, our approach can be applied to any preference
language for which the semantics is given in terms of the
satisfiability of graph properties (including GCP-netgliy
CP-nets and the language due to Wilson). Our approach can
also be used for reasoning tasks other than dominance test-
ing such as finding whether a given outcome isldast(or
mos) preferredamong all the outcomes.

In our experiments we have reported running times for
dominance testing that are intended merely to demonstrate
the feasibility of our approach. The running times are av-
erages taken over multiple dominance queries over sets of
randomly generated preference networks. The running time
could depend on many factors such as the structure of the
preference network, the number of preference variables and
the CPT size, in addition to the dominance query itself.
Hence, it remains to be studied how the running times and
memory usage of our solution approach are affected by such
factors.

Although we have used the NuSMV model checker in our
implementation, any model checker that accepts a Kripke
structure as input can be used to realize our approach to
dominance testing. Hence, it should be possible to take ad-
vantage of specialized techniques that have recently been
developed to improve the performance of model checkers
(Kahlon, Wang, and Gupta 2009; Cook and Sharygina 2005;
Ciardo, Luttgen, and Siminiceanu 2001; Wang 2000; Biere
etal. 1999).
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