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Foreword

The volume you have in hand includes a number of contributions presented during the joint
DIMACS - LAMSADE workshop on Computer Science and Decision Theory, Paris, 27-29
October 2004.

The workshop focused on modern computer science applications of methods developed by
decision theorists, in particular methods involving consensus and associated order relations.
The broad outlines concern connections between computer science and decision theory, devel-
opment of new decision-theory-based methodologies relevant to the scope of modern CS prob-
lems, and investigation of their applications to problems of computer science and also to prob-
lems of the social sciences which could benefit from new ideas and techniques.

The workshop has been organised within the DIMACS - LAMSADE project funded by the
NSF and the CNRS aiming to promote join research around the above issues and is expected to
be followed by other similar initiatives.

This initiative has been possible thanks to the contribution of NSF, the CNRS and Univer-
sit¢ Paris-Dauphine.

A special thanks goes to Bruno Escoffier and Meltem Oztiirk for their valuable help in organis-
ing the workshop and editing this volume.

Denis Bouyssou, Mel Janowitz, Fred Roberts, Alexis Tsoukias
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TheMajority Ruleand Combinatorial
Geometry (viathe Symmetric Group)

James Abelld

Abstract

The Marquis du Condorcet recognized 200 years ago that majority rule can pro-
duce intransitive group preferences if the domain of possible (transitive) individual
preference orders is unrestricted. We present results on the cardinality and structure
of those maximal sets of permutations for which majority rule produces transitive
results (consistent sets). Consistent sets that contain a maximal chain in the Weak
Bruhat Order inherit from it an upper semimodular sublattice structure. They are
intrinsically related to a special class of hamiltonian graphs called persistent graphs.
These graphs in turn have a clean geometric interpretation: they are precisely visi-
bility graphs of staircase polygons. We highlight the main tools used to prove these
connections and indicate possible social choice and computational research direc-
tions.

1 Introduction

Arrow’s impossibility theorem [5], says that if a domain of voter preference profiles is
sufficiently diverse and if each profile in the domain is mapped into a social order on the
alternatives that satisfies a few appealing conditions, then a specific voter is a dictator
in the sense that all of his or her strict preferences are preserved by the mapping. One
interesting question is how to determine restrictions on sets of voters preference orders
which guarantee that every non-empty finite subset of candidatesitains at least one

who beats or ties all others under pairwise majority comparisons [14, 15, 17]. When voters
express their preferences via linear preference orders{dver., n} (i.e. permutations

in S,) a necessary and sufficient condition is provided by the following proposition. It
identifies embedded 3x3 latin squares as the main reason for intransitivity of the majority
rule.

*abel | o@li macs. rut gers. edu, jabell o@sk.com
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T
123456 135642 351264 531624 563421
123546 312456 351624 536124 564312
123564 312546 356124 531642 564321
132456 312564 351642 536142 (53124
132546 315246 356142 536412 (53142
132564 315264 356412 536421 H53412
135246 315624 356421 563124 (53421
135264 315642 531246 563142 654312
135624 351246 531264 S63412 f34321

Figure 1. A maximal consistent subset%f It is conjectured to be maximum in [15]

Definition 1.1 A three subset {«, 5,7} C S, contains an embedded 3x3 latin square if
thereexist {4, 5.k} C {1,...,n} suchthat o; = §; =y, a; = By = i and oy, = f3; =
v;. C C S, iscalled consistent if no three subset of C' contains an embedded 3x3 latin
sguare.

Proposition 1.2 [15] For afinite set of voters P with preference ordersin a subset C' of
S, , denote by |a Pb| the number of voters that prefer « to b. For every subset S of at least
three candidates,

{a € S:Vbe S —a,|aPb| > |bPal} # 0

if and only if C' does not contain an embedded 3 by 3 latin square ( i.e. Consistent sets
produce transitive results under majority rule).

It has been conjectured that for everythe maximum cardinality of such consistent
sets is not more thas* ! [1]. Maximal consistent sets that contain a maximal chain in
the Weak Bruhat order df,, are upper semimodular sublattices of cardinality bounded by
then-th Catalan number [4](Theorem 2.2). This result is the basis of an output sensitive
algorithm to compute these sublattices ( see Remark 2.3 and Corollary 2.4 ). With such
sublattices we associate a class of graphs (called persistent) that offers a bridge from the
combinatorics of consistent sets of permutations to non degenerate point configurations
(see Section 2.3 and Theorem 2.8). Every graph in this apparently "new” class can be
realized as the visibility graph of a staircase polygon(see Section 3). A colorful way to
view these abstract connections is that if the aggregate collection of voters is realizable as
a non-degenerate collection of points then majority rule produces transitive results. Under
this interpretation point configurations represent the candidates aggregate view provided
by the voters rankings (one point per candidate).
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Figure 2: The weak Bruhat order forS,. A maximal chain is
{1234,1324,1342,3142,3412,4312,4321}.The identity is at the bottom and the
identity reverse is at the top. By suitable relabeling we can in fact have any permutation
at the top and its reverse at the bottom.

2 The Weak Bruhat Order, Balanced Tableaux and Per-
sistent Graphs

2.1 TheWeak Bruhat Order of S,

Forn > 2, let S,, denote the symmetric group of all permutations of the{get.. n}.

As a Coxeter group,, is endowed with a natural partial order called the weak Bruhat
order ( [2, 4, 12]. This order is generated by considering a permutatammimmediate
successor of a permutatienif and only if ¥ can be obtained from by interchanging a
consecutive pair of non inverted elements0ofThe partial ordexK W B is the transitive
closure of this relation. The unique minimum and maximum elements are the identity and
the identity reverse respectively, ( Figure 2).

(Sn, < WB) is aranked poset where the rank of a permutatiasits inversion num-
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beri(a) = [{(ou,a;) : i < janda; > «;}| . From now on, consider all permutations

in S,, written in one line notation and let denote the adjacent transposition of the let-
ters in positiong and: + 1 . With this conventionvs; is the permutation obtained by
switching the symbolsy; anda;,; in «. Every permutation is then representable as a
word over the alphabsdts, ..., s, 1 } where the juxtaposition expreasas a left to right
product of thes;'s. Among these representations, those words that involve exaotly
transpositions are called the reduced wordsorhose reduced words that represent the
maximum element have lengthi = () = (n * (n — 1))/2 and they are themaximal
chainsin (S,, < WB) from the identity permutation to its reverse. They constitute the
central combinatorial object in this work. In particular, the majority rule produces tran-
sitive results when applied to them. We define now a closure operator that allow us to
characterize those maximal consistent sets of permutations that contain maximal chains.

Definition 2.1 For o € S, let Triples(o) = {(au, 05, ) @ @ < j < k} and for
C C S, Triples(C) = |J{Triples(a) : « € C}. The Triplesclosureof aset C' C S, is
Closure(C) = {a € S, : Triples(a) C Triples(C)}.

It is natural to ask how to obtaifilosure(C) for a given seC C S,,. In particular,
what is the cardinality and structure of maximal consistent sets? We provide next an
answer to these questions for the case ¢lWats a maximal chain in.S,,, < WB).

2.1.1 Maximal Connected Consistent Sets

It is not difficult to see that any three permutations that contain an embedded 3x3 latin
square can not be totally ordered(i},, < W B). This means that a maximal chaith is

a consistent set. Moreovel,riples(Ch)| = 4(3). ThereforeClosure(Ch) is a maximal
consistent set. The size 6flosure(Ch) varies widely depending ofih. In some cases,

it is of O(n?) and in many others is of size 271 + 272 — 4 forn > 5 ([1]). It has

been conjectured (since 1985) in [2] that the maximum cardinality of a consistent set in
S, is < 3", The next result provides information about the structure and maximum
cardinality of those consistent sets containing a maximal chain in the weak Bruhat order.
It is a useful result because it furnishes an algorithm to generate the Closure of a maximal
chainC'h. This allow us to have at our disposal all the possible rankings that are compat-
ible with C'h. They represent in this case the maximum allowable set of ranking choices
for the voters if we want to obtain transitivite results from the majority rule. Transitivity
conditions like Inada’s single peakedness [16] correspond to the choice of a particular
maximal chain in(S,,, < WB).

Theorem 2.2 [4] The closure of any maximal chain in (S,, < WB) is an upper semi-

modular sublattice of (.S,,, < W B) that is maximally consistent. Its cardinality is < the
nth Catalan number.
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Figure 3: The maximal consistent subsetSfof Figure 1 viewed as a sublattice of

the Weak Bruhat Order.The subsets enclosed in rectangles are the ones obtained by a
projection. The maximal chain is the one defined by the sequence of transpositions
Path(Ch) = {45,46,23,25,26,24,13,15,16, 14,12, 35,36, 34,56}. Incoming arrows

to a rectangle correspond to a single transposition used to project a previous subset. These
transpositions ar€23, 25, 13, 15, 16, 35, 36, 34, 56 }.

Remark 2.3 The question that comes to mind next is where a permutation o € Clo-
sure(Ch) livesin the Hasse diagram of (S,,, < W B) ?. The answer isthat it lies close
to Ch. Namely, Closure(Ch) is a connected subgraph (the undirected version) in the
Hasse diagram of the weak Bruhat order. To see this let Path(Ch) be the labeled or-
dered path from the identity to the identity reverse, defined by C'h, in the Hasse diagram
of (S,, < WB),ie. Path(Ch) = (ty,...,tx) Wheret, = (z,7) if the symbols ; and j
were interchanged by the /th transposition in C'h. Notice that this is an alternate nota-
tion referring to the actual symbols in a permutation rather than their positions but it is
better suited for this portion of the paper. Let Path,(C'h) denote the set of permutations
appearing in thefirst k steps of Path(Ch), for k = 1,..., N. It follows from the proof of
the previous theoremthat Closure(Pathy(Ch)) has a unique maximum element which is
precisely the maximum element in Path,(Ch). Call this element the kth bottom element.
Moreover, Closure(Pathy1(Ch)) — Closure(Path,(Ch)) = a projection of certain
connected subset of Closure(Pathy,(Ch)) that is determined by the adjacent transposi-
tion 1. Thisis stated more precisely in the following corollary.

Corollary 2.4 For a maximal chain C'h in the weak Bruhat order of S, let Projec-
tablex.1(Ch) bethe set of v € Closure(Pathy(Ch)) for which there exists a downward
path from ~ to the bottom element of Closure(Pathy(Ch)) such that all the adjacent
transpositions used in the path are digoint fromt; ;. Closure(Ch) can be computed by

5
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an iterated application of the following property.

Closure(Pathg1(Ch)) — Closure(Pathy(Ch)) = {a € S, :
Iy € Projectablex,1(Ch) for which t;1(v) = a}

Remark 2.5 The previous corollary can be turned into an algorithm that computes C'lo-
sure(C'h) in time proportional to |Closure(Ch)|, i.e. is an output sensitive algorithm.
To our knowledge, no consistent set has been found of cardinality larger than the ones
produced by this algorithm. The reason could be that maximal consistent sets that are
not connected are not larger than connected ones. Figure 1 is an example of a maxi-
mal consistent subset of S with 45 permutations which is conjectured in [15] to be the
overall maximum in this case. It was constructed by ad hoc methods but since it con-
tains a maximal chain it can be described succintly as Closure(Ch) where Path(Ch) =
{45,46,23,25,26,24,13,15,16, 14,12, 35, 36, 34, 56 }. Its overall structure is illustrated
by a coarse drawing of the corresponding sublattice of (Ss, < W B) in Figure 3. Each
subset obtained by a projection is isomorphic to its pre-image. Incoming arrows into a
rectangle depict the pieces that form the preimage of a projection by an adjacent trans-
position.

Next we present an alternative encoding of these maximal chains by special tableux
of staircase shape called balanced tableaux. These tableaux provide the bridge between
the weak Bruhat order and special combinatorial graphs called persistent.

2.2 Balanced Tableaux

A Ferrer’s diagram of staircase shape is the figure obtained from1 left justified
columns of squares of lengths— 1, n — 2, ... , 1. A tableauT of staircase shape is

a filling of the cells of the Ferrer’s diagram of staircase shape with the distinct integers
inthe set{ 1, ..., N} whereN = (7). We denote by5.5(n) the set of tableux of stair-
case shape and assume for the indéyeandk thati < j < k. A tableaul € SS(n)

is said to be balanced if for any three entriégj, i), T'(k,i), T'(k,j) we have either
T(j,i) < T(k,i) < T(k,j)orT(j,i) > T(k,i) > T'(k,j). The key property that we
exploit is a beautiful bijection due to Edelman and Greene [12]. Namely, given a maximal
chainin(S,,< WB), setT'(j,i) = [ if and only if i and; are the symbols interchanged

in going from the(l — 1)th permutation to théth permutation in the chain. It is proved

in [12] that this mapping defines a one to one correspondence between balanced tableux
in SS(n) and maximal chains i(S,,, < W B) (The balanced tableau associated with the
maximal chain used in Figure 3 is depicted below. In this ease6 and N = 15).
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With each balanced tabledll we associate a grapékeleton(T) with vertex set
{1,...,n} and edge set £ (k,i) : T(k,i) > T(k',i) Vk', i < k' < k }. In other
words, the edges iskeleton(T') record those entries ifi whose values are larger than all
the entries above in its column (i.e. they are restricted local maximum in their columns).
By the balanced property this is equivalent{té, i) : T'(k,:) < T'(k,i"),Vi',i <i' < k}

(i.e. they are restricted local minimum in their rows). The skeleton corresponding to the
above balanced tableau(i.e. the maximal chain used in Figure 3) is

1
1]2
0[1]3
0|1|1]4
0/0/0[1]5
0jo]o|1][1]6

The reader may be pondering about the properties of these graphs that arise as skele-
tons of the balanced tableaux associated with maximal chains in the weak Bruhat or-
der.The next section offers a graph theoretical characterization.

2.3 Persistent Graphs

Chordal graphs are a well studied class with a variety of applications. We introduce now
an ordered version of chordality that together with an additional property called inversion
completeness define what we call persistent graphs ([8]).

Definition 2.6 A connected graph G = (V, E) with an specified linear ordering H =
(1,...,n) on V is called chordal with respect to H if every H-ordered cycle of length
> 4 hasa chord. G is called inversion complete with respect to H if for every 4-tuple
i <j<k<litisthecasethat {(H;, Hy), (H;, H))} C E(G) impliesthat (H;, H,) €
E(G).

In other words, pairs of edges that interlace in the order providdd fyrce the existence
of a third edge joining the minimum and maximum(in the order) of the involved vertices.

7
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Definition 2.7 A graph G = (V, E) with a Hamiltonian path H is called H-persistent if
it is ordered chordal and inversion complete with respect to H.

The following theorem provides a graph theoretical characterization of the skeletons
of balanced tableaux. Namely, they are precisely persistent graphs.

Theorem 2.8 A graph G = (V, E) is H-persistent if and only if is the skeleton of a
balanced tableau 7" € SS(n) where |V| =nand H = (1,2,...,n).

Proof Sketch: That the skeleton of a balanced tabléawe SS(n) is hamiltonian with
hamiltonian pathH = (1,...,n) follows from the definition of the skeleton. That the
obtained graph i¢/-persistent is a consequence of the balanced property. The interesting
direction is how to associate with a givéhpersistent graph a balanced tableau. The core
of the proof relies on the following facts.

1. Any H persistent graph with at leastedges has at least an edgsuch thatz — e
is H-persistent. Call such an edge a reversible edge.

2. The complete graph iH-persistent ford = (1,2,...,n) and it is the skeleton of
the balanced tabledl where forj > i, T'(j,i) = (((j — 1) % (j — 2)/2) + 1) for
ie{l,...,j7—1}.Eachrow and column is sorted in increasing order.

3. Given anH-persistent grapld7, [3] presents and)(n’) algorithm that provides a
sequence of persistent graphs that starts with the complete graphd ends with
(. The algorithm deletes successively a &6t .. ., e, } of reversible edges and
constructs for each = 1,...,k a maximal chairCh; in (S,, < W B) such that
skeleton(Ch;) is isomorphic to the persistent graph= G — {ey, ..., e}

4. G, is isomorphic to a persistent graphgiven as input.

Items1, 2, 3, 4 above allow us to conclude that any persistent gridps the skeleton
of a balanced tableali € SS(n) whereT is the encoding of the maximal chad,
produced by the algorithm whetfeis the number of edges that have to be deleted from
K, to obtainG e

Since balanced tableaux and maximal chains in the weak Bruhat ordgravé just
different encodings of the same objects we will abuse notation by usiatrton(Ch)
to refer to the graph associated with the balanced tableau correspondithg tbomakes
sense them to define an equivalence relation on maximal chains based on the skeletons
of their corresponding balanced tableaux. Namely, two maximal chains are related if
their corresponding balanced tableaux have the same graph skeleton. The reader may
be wandering what this has to do with the majority rule. The answer is tl@b'ifis
a maximal chairC Closure(Ch) thenSkeleton(CH') is identical toSkeleton(Ch), i.e.

8
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each maximal connected consistentGen the weak Bruhat of,, has a unique persistent
graph associated with it. This graph encodes the local column maximums (and local row
minimums)of the tableaux associated with any of the maximal chains appeaéingime
corresponding graph represents a global characteristic of the set of rankings which offers
a "novel” approach to understanding voters profiles. As an example, the well known
single peakedness condition for transitivity corresponds to a very special persistent graph.
This line of thinking brings immediately the characterization question, i.e. do persistent
graphs characterize maximal connected consistent sets? In other words(i® thee

of a maximal chainC'h equal to the union of all maximal chairdsh’ which have the

same skeleton aSh?. The answer is not always. For sure we know thatsure(Ch) is
contained in the set of all chains that have the same skeletofh &sit the reverse is not

true. However, we can provide a geometric characterization and this is the purpose of the
next section.

3 Maximal Chainsin the Weak Bruhat Order with the
same Skeleton and Non-degener ate Point Configurations

Let Conf be a non-degenerate configurationnopoints on the plane. Without loss of
generality, assume that not two points have the same x-coordinate and label the points
from 1 throughn in increasing order of their x-coordinates. The points in the configu-
ration determineV = (%) straight lines. We can construct a tablegwf shapeS:S(n)

that encodes the linear order on the slopes of these lines by s&tting = [ if and only

if the rank of the slope of the line throughand in this linear order is. As the reader

may suspect the obtained tableau is a balanced tableau and therefore it encodes a maximal
chain in the weak Bruhat Order. This chain is precisely the first half of the Goodman and
Pollack circular sequence associated with the configuration ([13]). The question is what is
a geometric interpretation of the skeleton of the corresponding tableau?. In other words,
what geometric property is encoded by the corresponding persistent graph?. The answer
lies in the notion of visibility graphs of staircase polygons ( Definition 3.2 ). This is the
subject of the remaining part of this paper. It contains a proof sketch of one of the main
results of this work (Theorem 3.4)

Definition 3.1 Consider a configuration Coonf of n points {p1, ..., p,} with coordinates
(x;,y;) for point p;. Conf iscalled a staircase configuration if for every i < j, z; < z;
and y; > y;. A staircase path consists of a staircase configuration plusthen — 1 straight
line segments joining p; and p; .1, fori = 1,...,9 = n — 1. A staircase polygon P isa
staircase path together with the segments from the origin to p; and fromthe origin to p,,,
(Figure 4 illustrates a staircase polygon).
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Figure 4: A staircase polygon. Since vertéxthat is the origin, sees everybody it is
removed from consideration.

Definition 3.2 Two vertices p and ¢ of a simple polygon P are said to be visible if the
open line segment (p, ¢) joining themis completely contained in theinterior of P or if the
closed segment [p, ] joining themis a segment of P’s boundary. The visibility graph of a
simple polygon P isdenoted by Vis(P) = (V, E) where V' isthe set of vertices of P and
E isthe set of polygon vertex pairsthat are visible.

Proposition 3.3 The visibility graph of a staircase polygon P with ordered vertex set
(p1,-..,pn) iSapersistent graph with respect to the hamiltonian path H = (py, ..., pn).

Proof Sketch:The first half period of the Goodman and Pollack circular sequence ([13])
associated with the point configuration, defined by the vertexes of a staircase pélygon
is a maximal chain in the weak Bruhat order. Therefore its associated tablednich
completely encodes the ordering of the slopes is balanced and its associated skeleton is
persistent by Theorem 2.8. To see that this graph is identical to the visibility graph of
let m;;,, denote the magnitude of the slope between pginedp, wherek > i + 1. p;

is visible frompy if and only if the open line segment joining them lies in the interior of
P. For the case of staircase polygons this implies that there jshec j < i such that

mir < my;. Thereforem;, > mj, forj =i —1,i—2,... k + 1. SinceT encodes this
ordering this means that is visible fromuy iff T'(4, k) is larger than all entries that lie
above it, i.eT'(i, k) is a restricted local maximuna.

From the majority rule view point the previous proposition says that when the voters
rankings have a corresponding staircase point configuration the candidates can be placed
on a staircase path and each voter’s ranking correspond to his/her view, of the candidates

10
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in the configuration, when the voter is located outside the convex hull of the point set.
The local maximum statistics obtained from the slopes ranking are encoded by geometric
visibility among the candidates within the corresponding staircase polygon. What about a
converse, i.e. Is it clear when is it that the voters rankings have a corresponding staircase
configuration?. The next result states that if the set of voters rankingsdgtkere(Ch)

for someCh € (S,, < W B) then there exists a staircase polygéron n points so that

its Visibility graph is isomorphic t&keleton(Ch).

Theorem 3.4 Let M,, denote a maximal consistent set and let C'h be a maximal chain in
(Sp, < WB). M,, = Closure(Ch) iff Skeleton(Ch) isthe visibility graph of a staircase
polygon P on n points.

Proof Sketch:[3] (<) The visibility graph of a staircase polygdnis identical toske-
leton(T') whereT' encodes the ranking of th€ = (g) slopes determined by thepoly-
gon vertices as in the previous proposition. By lettirVg denote the corresponding max-
imal chain in(.S,,, < W B) and using Theorem 2.2 the result follows

Proof Sketch: (—) M, = Closure(Ch) implies thatSkeleton(Ch) is H-persistent
whereH = (1,2,...,n) by Theorem 2.8 . The difficult part is to prove that there exists

a staircase polygo® such thafl’is(P) is identical toSkeleton(Ch). The tricky aspect

is thatCh may not be realizable at all as a non-degenerate configuration of points. In
fact, deciding if a giverC'h is realizable in the sense described in this paper is NP-hard.
However, what we are able to prove constructively is that there exists a maximal chain
Ch"in (S,, < WB) such thatSkeleton(Ch') is identical toSkeleton(Ch) even though

C'h may not be realizable. This means that there is a geometric staircase ordering of
the candidates whose corresponding set of local maximum is the same as those of any
chain inClosure(Ch). In other words by lifting the hard question of direct realizability

of maximal chains to persistent graphs we get out of a difficult mathematical stumbling
block. The essential tool is an inductive geometric simulation of the main steps followed
in the proof of Theorem 2.8. Namely, talk&eleton(Ch) and create corresponding ge-
ometric steps that produce from a convex staircase configuration, realizing the complete
graph kK, staircase configurations whose visibility graphs are precisely the intermediate
persistent graph&; = G — {e;, eq,...,e;} Where thee!s are reversible edges. In this
way a staircase realization 6f, = Skeleton(Ch) is eventually produced. Full details

are deferred to the full paper version

4 Conclusions

Maximal chains in the weak Bruhat order of the symmetric group are consistent sets that
determine structurally maximally connected consistent sets. With each such maximal
consistent set we associate a persistent graph that turns out to be a visibility graph of

11
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a simple polygon. An interpretation of these results is that these classes of voters pro-
files can be represented by non-degenerate staircase configuration of points(one point per
candidate) where each ranking in the set corresponds to a voter’s view of the point con-
figuration. This offers a wide generalization of conditions for transitivity of the majority
rule. Among the many interesting questions remaining to be answered we mention the
following.

1. Are there any maximal consistent subsetsSpfof larger cardinality than those
which are characterized é§osure(Ch) with Ch a maximal chainin.S,,, < WB) ?

2. GivenC C S,, what is the complexity of determining & C Closure(Ch) for
someCh a maximal chain i(.S,,, < WB) ?

3. How to generalize the results obtained here to weak orders instead of linear orders?
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Characterizing Neutral Aggregation
on Restricted Domains

Eya Beigman*

Abstract

Sen [6] proved that by confining voters to value restricted (acyclic) domains vot-
ing paradoxes (intransitive relations) can be avoided in aggregation by majority. We
generalizethisresult to any neutral monotone aggregation. In addition, we show that
acyclicity is neither necessary nor sufficient for transitivity for neutral non monotone
aggregation: we construct a cyclic transitive domain and introduce strong acyclicity
as asufficient condition for transitivity. We also show that strong acyclicity is neces-
sary if repeated transitivity is sought. Finally, we present a cyclic domain repeatedly
transitively aggregatable by a non neutral function.

1 Introduction

The concept of restricted preference domains was first introduced by Black [2]. In the pa-
per from 1948, he showed that 'single peaked’ domains are transitive for majority, namely,
by restricting the voters to these domains aggregation by majority will always produce
a trangitive binary relation. The importance of this concept became more eminent two
years later with the publication of Arrow’s seminal work [1]. Arrow specified the basic
reguirements from a social welfare function (SWF): the Pareto condition, independence
of irrelevant alternatives (I11A) and unrestricted domain. He showed that an aggregation
satisfying these requirements generates an intransitive relation for at least one profile of
voter preferences. Later work by Sen and Pattanaik [6], [7] showed that for any odd
number of voters a necessary and sufficient condition for mgjority to produce atransitive
relation is a condition on the domain they called 'value restriction’ or *acyclicity’ .

*The Einstein Institute of Mathematics, The Hebrew University of Jerusalem, Jerusalem, 91904, Isragl.
eyal 42@mat h. huji.ac.il
For an extensive discussion see Sen’s book [5]; for an historical perspective see Gaertner [3].
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How important isdomain acyclicity for SWFs other than majority? Maskin [4] proved
that domain acyclicity is a necessary but insufficient condition for transitivity under a
neutral and symmetric SWF that is not majority. Maskin conjectured that acyclicity is
necessary but insufficient for transitivity under a neutral SWF without dummies, i.e. the
symmetry requirement can be substituted with a weaker requirement that every voter has
some influence. In this paper we show that acyclicity is necessary and sufficient for
trangitivity under any neutral monotone SWF and that acyclicity is preserved in the image
and therefore the domain is transitive for repeated aggregation. We construct a class of
cyclic domains and present a general criteria for transitivity on these domains and give
some examples of a non monotone neutral SWFs that satisfy these criteria thus refuting
the conjecture. We show that transitivity does not imply repeated transitivity on these
domains. For non monotone SWFsthat do not satisfy the criteriawe show that transitivity
requires a condition called strong acyclicity and that this condition suffices for repeated
aggregation for al neutral SWFs.

2 Prediminaries

We begin by briefly describing the model we will be using. A voting game G is atuple
([n], W) where [n] = [1,...,n] isaset of voters and WV is a set of coalitions (subsets
of [n]) such that @ ¢ W, [n] € W. The set W designates the winning coalitions. G is
asimple voting game if either S € W or [n] — S € W for every codlition S C [n]. A
game is monotone if S € Wand S C T imply T € . A simple monotone voting
game is equivalent to a strong simple game as defined in [8]. Note that we do not require
monoatonicity in the definition of voting game, indeed non monotonicity is essential for
the construction of the example refuting Maskin’s conjecture.

A voter is influential or effective if his or her vote may have some impact on the
outcome. In avoting game G this would mean that the voter is a pivot for at least one
coalition, namely S ¢ WWand S U {i} € W for some codlition S C [n] — {i}.

Definition 1 Let G = ([n], W) and G’ = ([n'], W') be simple voting games. e say that
G embeds G’ if there exists a surjective function ¢ : [n] — [n/] such that S € W' iff
¢ 1(S) € Wfor every S C [n/].

We denote embedding by G’ = G o ¢~!. For apartition By, By, B; of [n] (B; N B; = 0
i,j =1,2,3and B; U By U By = [n]) define (i) = jiff i € B; j = 1,2,3 and denote
G(By, By, B3) = Gop™!. Thusfor any partition of [n] into three setsthere correspondsan
embedding of asimplethree voter game. There arefour such games:. dictator D3, majority
Majs, parity Prtys and anti dictator AntiD5 (seetable 1). If By, B,, Bs arethreeloosing
coalitions then G embeds M aj; since the union of any two iswinning. If By, By, B3 are
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vy vy w3 | Mayjs | Prtys | D) | D3 | D3 | AntiD3 | AntiD3 | AntiD3
0O 0 O 0 0 O] 0| O 0 0 0

0O 0 1 0 1 0|01 1 1 0

0O 1 O 0 1 O] 1,0 1 0 1

0 1 1 1 0 O 1|1 1 0 0

1 0 O 0 1 1, 0|0 0 1 1

1 0 1 1 0 1,0 1 0 1 0

1 1 0 1 0 1 1,0 0 0 1

1 1 1 1 1 1 1 1 1 1 1

Table 1. Thethree place voting games. 1 for vq, vo, v3 meansthe variableisin acoalition;
1 in the other columns means the coalition is awinning one

winning coalitions then G embeds Prty5 since any one coalition iswinning but the union
of any two isloosing. If By isaloosing coalition and B,, B3 are winning coalitions then
G embeds AntiDs and if By iswinning and B,, B3 are loosing then G embeds Ds.

Lemmal Let G beasimplevoting gameonn > 3 effective voters.

1. If G ismonotone then it embeds Majs.

2. If G isnon monotone then it embeds at least one of Prtys and AntiDs.

Proof: (1) Monotonicity and simplicity imply that no two winning coalitions are digjoint.
We show that the intersection of all winning coalitions K = N{S : S € W} isempty. If
|K| > 1thenlet K, and K, beapartition of K andlet K| and K, beapartition of [n] — K
hence K, U K| = [n] — K> U K. Neither of K; U K| or K, U K/ isawinning coalition
(since K is asubset of any winning coalition) contradicting simplicity. If |K| = 1 then
G isdictatorial, hence the assumption of at least three effective votersimplies K = (). A
coalition A C [n] isaminimal winning coalitionif A€ Wand B ¢ Wif B G A. Every
winning coalition is a superset of aminimal wining coalition hence the intersection of all
minimal winning coalitions is a subset of K and therefore empty. This shows that there
exist two distinct minimal coalitions A; # As. If [n] — A; A Ay isawinning coalition
then B = Aj N Ay, By = Ay A Ay and B; = [n] — A; U Ay (Bs # () since otherwise
A1 N Ay iswinning coalition contrary to the minimality assumption) is a partition to three
loosing coalitions therefore G embeds Majs. If [n] — A; A Ay isaloosing coalition then
the same follows for B; = [TL] — Al A AQ, By = A1 — A2 and B3 = AQ — Al.

(2) If G is non monotone then there exist a winning coalition A; that is a subset of
aloosing codlition A’. This implies there exists a winning coalition A, C [n] — A'.
Thus we have two digoint winning coalitions A; and A,. By = A;, B, = A, and
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Bs = [n] — A; U A, isapartition with two winning coalitions. Consequentialy if B; isa
winning coalition then G embeds Prtys; and if it isloosing G embeds AntiDs o

Let [m] beaset of m > 2 aternatives. Designate the set of all complete antisymmetric
binary relations on [m] by A and the set of al linear orders 2 C A. In our model a
preference isalinear order (we disregard indifference) and adomain is a subset of 2. An
n voter social welfare function (SWF) on domain € C Q isafunction f : €* — A such
that any P = f(P,..., P,) satisfies independence of irrelevant alternatives (11A) : the
preference of P on dternatives a, b € [m] depends only on the individual preferences of
each voter between these two alternatives, and the Pareto condition: if all voters prefer a
to b then so does P. It isimplied by these conditions that afunction f isa SWF iff there
exists a collection of voting games {G s }q pem) SUCh that a PO iff {j € [n] : aP;b} isa
winning coalition in G,,. Notice that such a collection must satisfy W, = {[n] — S :
S € Wa — {[n]}} U{[n]}. A SWFisneutral if G,, = G foradl a,b € [m]and G isa
simple voting game, in this case we shall occasionally identify f with G. A voter k € [n]
isinfluential in f if itisinfluential in G, for at least one pair of alternatives.

Let P € Q bealinear order on m aternatives, we denote by P(ay, ..., a) the order
induced by P on alternativesay, . .., a, € [m], thus P(a, b) = [ab] if aPband P(a,b,c) =
[abc] if aPb,bPcand aPc. Let €(ay, ..., a;) denotethe domain of orderson {a, ..., ax}
induced by €. A domain is called cyclic if there exist three aternatives a, b, ¢ € [m] such
that &(a, b, c) contains acycle, namely, a set of the form {[abc], [cab], [bca] }.

Let € C Q be apreference domain with a SWF f. Theimage Im(f) isthe set of all
binary relations generated from preferences in the domain. The Pareto principle implies
¢ C Im(f). We say that ¢ is transitive for f if the image is a domain of transitive
relations, i.e. Im(f) C .

Let f and f’ be neutral SWF defined by GG and G’, respectively, such that there is an
embedding G’ = Gop™!. Forany P = f'(Py, ..., P,) by definition f(P,qy, . .., Ppm)) =
f'(P,...,P,) = P and, consequently, Im(f") C Im(f). Thus, trangitivity for an n-
place neutral monotone non dictatorial aggregation impliestransitivity for M aj; and tran-
sitivity for a neutral non monotone aggregation implies transitivity for Prtys or AntiDs.

3 Neutral Monotone Aggregation

Sen [6] showed that acyclic domains are transitive for majority; we generalize this result
to any neutral monotone SWF.

Theorem 1 Let f be a neutral monotone non dictatorial SAVF, and let ¢ be a domain of
linear orders.

1. ¢istransitivefor f iff itisacyclic.
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2. ¢ acyclicimplies I'm(f) acyclic.

Proof: (1) It follows from lemma 1 that € is transitive for f if it is transitive for Majs.
Condorcet’s paradox shows M aj; aggregates a cycle to an intransitive relation, hence €
must be acyclic. In the other direction, suppose f is a neutral monotone non dictatorial
SWEF such that € is not transitive for f, thus there exists a profile P,,..., P, € € and
P = f(P,...,P,) such that aPbPcPa. Let Ay = {i : aPb}, Ay = {i : bP;c} and
A3z = {i : cP,a} these sets are winning coalitions by definition. Monotinicity implies
A NAy # 0. If j € Ay N A, then aP;bPje, from transitivity follows aP;c therefore
labc] € €(a,b,c). Likewise A; N Az # () and Ay N Az # 0 imply [cab], [bea] € €(a, b, c)
consequently € iscyclic.

(2) It suffices to show that [abc], [cab] € €(a,b,c) C Im(f)(a,b,c) implies [bca] &
Im(f)(a,b,c). Assuming the contrary, let P = f(P,..., P,) such that P(a,b,c) =
[bea). Let Ay = {j : bPjc} and Ay = {j : cP;a}, both are winning coalitions since
bPcPa. If j € Ay N Ay then bP;cP;a, trangitivity gives bP;a implying Pj(a, b, ¢) = [bca)
which by assumptionisnot inthe domain, hence A;NA, = () contradicting monotinicity

This shows that acyclicity guarantees transitivity not only for majority but for any
monotone neutral SWF and shows that the image remains acyclic. Thus, in a complex
multi-tier voting process we know that as long as the voters in the lowest level are re-
stricted to an acyclic preference domain and on each tier the local committees vote viaa
neutral monotone SWF the repeated aggregation will be transitive.

4 A Cyclic Transitive Domain

We define a cyclic domain € = {[7/(1)...7/(m)] : j = 0,...m — 1} where 7/ (i) =
i + 7 mod m, called the unicyclic domain.

Theorem 2 The unicyclic domain is transitive for any neutral SAVF f defined by a game
G not embedding Majs; and Prtys.

Proof: Suppose f isaneutral monotone non dictatorial SWF such that ¢ is not transitive
for f. If thereexistsaprofile P,..., P, € €and P = f(Py,..., P,) suchthat aPbPcPa
then the coalitions A; = {i : aP;b}, Ay = {i : bPic} and A3 = {i : ¢P,a} are winning
coditions. If j € A; — Ay N Az then Pj(a, b, ¢) = [acb] & €(a,b,c) hence A; C Ay N As.
Likewise Ay C AjUAsand A3 C AN Ay thus Ay N Ay, Ay N Az and A, N Asisa
partition of [n] into three loosing coalitions implying G embeds Majs.

If there existsa profile P,,..., P, € €and P = f(P,..., P,) such that aPcPbPa
then the coalitions A; = {i : bP,a}, Ay = {i : cPb} and A3 = {i : aP,c} are winning
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codlitions. If j € A; N Ay then P; = [cba] & €(a,b,c) hence A; N Ay = (). Likewise
AyN Az =0and Ay N A3 = D thus A;, Ay and A; isapartition of [n] into three winning
coalitions implying G embeds Prtys o

We observe that if f is defined by a game G such that G(By, B, B3) = AntiDs
for a partition By, B, Bs then for a profile P, ..., P, such that P;(a,b,c) = [abc] if
i € By, Pja,b,c) = [cab] if i € By and P;(a,b,c) = [bca] if i € Bj it follows that
f(Pr,...,P))(a,b,c) = [cba] & €(a,b,c). Thus, € isnot closed to aggregation by f.
Furthermore for aprofile P, ..., P, such that P,(a,b,c) = [cba| if i € By, P;(a,b,c) =
[cab] if i € By and Pi(a, b, c) = [bca] if i € By itfollowsthat P = f(Py,...,P,)(a,b,c)
is intransitive since aPbPcPa. Consequently, I'm(f) is intransitive for f. This shows
that if voters in a committee are restricted to the unicyclic domain then a voting process
defined by a game that does not embed Maj; or Pritys does not produce paradoxes.
However, if this process is repeated on a multi-tiered voting system the restriction is
insufficient, since paradoxes may appear in second tier committees.

To refute Maskin's conjecture, it suffices to show there exists a family of games with
an unbounded number of effective voters such that games in the family do not embed
neither Majs nor Prtys. We shall give two examples of such games. The anti dictator
game on n voters AntiD,, is defined by W = 2["={1} U {[n]} the proper subsets of [n]
that do not include voter 1 (the 'anti dictator’) and [n]. Every voter apart form 1 is a
pivot for the coalition [n] and 1 is a pivot for any other non empty coalition therefore
no voter is adummy. For any partition By, By, B3 such that 1 € By it follows that B,
isaloosing coalition and B, and Bs are winning coalitions hence AntiD,, embeds only
AntiDs. For n odd let Q; C [n] be the odd indices and (2, the even. The balance game
G = ([n],W) isdefined by W = {A : |[AN Q| > |ANQ,|}. Every voter j isapivotin
A; = {i € [m] : i < j} therefore no voter isadummy. For a partition By, B, B there
is at least one winning coalition and one loosing coalition hence balance game cannot
embed Majz or Prtys.

5 Neutral Non Monotone Aggregation

In the previous section we saw that the image of atransitive domain may be intransitive.
We introduce a condition that strengthens the acyclicity requirement and ensures repeated
transitivity.

Definition 2 A domain is called strongly acyclic if [abc], [cab] € €(a, b, c) implies [acb],
[bea) & €(a, b, c).

Obviously strong acyclicity implies acyclicity, thus monotone SWF are repeatedly tran-
sitive for such domains. A domain is mixed unicyclic and strongly acyclic if €(a, b, ¢) is
either unicyclic or strongly acyclic for every a, b, c € [m)].
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Theorem 3 Let f be a neutral non monotone SWVF defined by a game G and let € be a
domain of linear orders.

1. If G embeds Prtys or Majs then:

(a) ¢istrangtiveiffitisstrongly acyclic.
(b) ¢ strongly acyclic implies I'm(f) strongly acyclic.

2. If G does not embed Prtys; or Majs then:

(a) Cistrangtiveiffitis mixed unicyclic and strongly acyclic.
(b) Im(f)istransitiveiff € isstrongly acyclic.

Proof: (1a) |If € is strongly acyclic and there exists a profile P;,..., P, and P =
f(Py,...,P,) suchthat aPbPcPa thenthe coditions A; = {j : aP;b}, Ay = {j : bP;c}
and As = {j : cPja} arewinning. If j € A, N A3 then bP;cP;a therefore Pj(a,b,c) =
lbea), j € Ay — Ay U Az implies aP;cP;b hence Pj(a,b,c) = [acb]. Strong acyclicity
implies A, N A3 = () and A, U A3 = [n] thus A3 = [n] — A, contradicting simplicity.

If ¢ isnot strongly acyclic and [abc|, [cab] € €(a, b, c) for aternatives a,b,c € [m)]
then either [acb] € €(a, b, c) or [bca] € €(a,b,c). If the former case let P, P», P; such
that P (a,b,c) = [abc], Py(a,b,c) = [cab] and Ps(a,b,c) = [acb]. If G embeds Prtys
then there existsapartition By, B,, B3 of winning coalitions. Let P, ..., P, aprofilesuch
that P, = P;ifi € B; j = 1,2,3. Since al three coalitions are winning it follows that
P = f(P,...,P,) saisfiesaPbPcPa and therefore intransitive. If G embeds AntiDs
then there exists a partition where B; is a loosing coalition and By, B; are winning.
Let P,,..., P, aprofilesuchthat P, = P;if i € B; j = 1,2,3. Again by definition
P = f(P,...,P,) isintransitive. Lemma 1 shows that any non monotone G embeds
either Prty; or AntiD3 hence f isnot transitive for €. A similar argument shows that f
isnot trangitive if [bca] € €(a, b, ¢) and f embeds Prtys. Theorem 1 showsthe sameif f
embeds Majs.

(1b) Let € be astrong acyclic domain such that [abc], [cab] € €(a, b, c) C Im(f)(a,b,
¢). If thereexists P = f(Py,...,P,) suchtha P,,..., P, € € and P(a,b,c) = [beal
then A, = {j : bPja}, Ay = {j : bPjc} and A3 = {j : cP;a} are winning coalitions.
Jj € AN Ay N As implies Pj(a,b,c) = [bcal and j € [n] — A; U Ay U A3 implies
Pj(a,b, c) = Jacb] hence strong acyclicity implies A; N As N A; =P and A; U Ay U Ay =
[n]. j € Ay N As implies bPjcPjaP;b thus Ay N A = 0. Also A; — A; U A; implies
bP;aP;cP;b therefore A; C As U A;z. Consequently, Ay U As = [n] and Ay N Az = 0 or
rather A; = [n] — A, which contradicts simplicity, thus [bca] & Im(f)(a,b,c).

If there existsaprofile P, ..., P, € €suchthat P = f(P,,..., P,) and P(a,b,c) =
lach], then A; = {j : aP;b}, Ay = {j : cP;b} and A3 = {j : aP;c} are winning
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coditions. Strong acyclicity implies A;NA;N A3 = @ and A;UA;U A3 = [n]. Asbefore,
transitivity of voter preferences implies A, N A3 = @ and A; C Ay U Az contradicting
simplicity, hence [acb] & Im(f)(a,b,c).

(2a) If &(a,b,c) isunicyclic for alternatives a, b, ¢ € [m] then it follows from theo-
rem2that P = f(P,..., P,) istransitiveon a, b, c for any profile P, . . ., P,,.. The proof
of (1a) impliesthe sameif €(a, b, ¢) isstrongly acyclic.

(2b) It follows from the proof of (1b) that if € is strongly acyclic then Im(f) istran-
sitive. In the other direction, it follows from lemma 1 that f embeds AntiDs, the remark
following theorem 2 shows that in this case Im(f)(a, b, c) is intransitive if €(a,b,c) is
unicyclic o

To summarize: dictatorial SWFs are transitive on any domain, non dictatorial mono-
tone SWFs are transitive only on acyclic domains. Non monotone SWFs embedding
Prtys or Majs are transitive only on strongly acyclic domains. SWFs embedding only
AntiD5 and D5 are transitive on mixed unicyclic/strongly acyclic domains but repeatedly
transitive only on strongly acyclic domains.

6 Non Neutral Aggregation

The relation between the domain and aggregation function becomes more complex for
transitive SWF when the neutrality condition is relaxed. We give an example of a non
neutral monotone SWF that is repeatedly transitive on a cyclic domain. Thus we see that
the dichotomy in the neutral case does not hold in the non neutral case.

A domainiscaledaP-domainfor P € Qif P(a,b, c) = [abc] implies{[acb], [bac]} ¢
&(a,b,c). It follows from this definition that every acyclic domain is a proper subset of
some cyclic P-domain for an appropriate P € 2. We defineafunction fp : € — ) such
that fp(Py,...,P,) = AntiD,1(P, Py,..., P,), itiseasy to seethat fp isanon neutral
SWEF, notice also that it is monotone and symmetric (voters are interchangeable).

Theorem 4 A P-domain istransitive for fp.

Proof: Assume aQbQcQa for Q = fp(Pi,...,P,) = AntiD, (P, Py,..., P,), let
(Q1,-- ., Quy1) = (P, Pr,...,P,) and take Ay = {j : aQ;b}, Ay = {j : bQ;c} and
As = {j : cQja} which by assumption are winning coalitions. From the transitivity of
Q1,...Qny it followsthat Ay N Ay N A3 = D and Ay U Ay U A3 = [n + 1]. Since
aPb = a@ b it followsthat 1 € A, and by definition of AntiD,, ., it followsthat A; =
Ay = [n+1], but thisimpliesa@;c for al j hence from the Pareto principleit follows that
aQc contradicting the assumption on Q). Since P(a, b, c) = |abc| these three aternatives
arenot arbitrary asbefore hence we must rule out the other cycleaswell. Assumethistime
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aQcQbQa for Q,Qq,...,Qn+1 asaboveand take A, = {j : bQja}, As = {j : cQ;b}
and A; = {j : aQ;c}. Since aPc = aQc it followsthat 1 € A3 hence A3 = [n + 1].
Consequentially Ay, Ay C A, butj € AjNAzimplies Pj(a,b, c) = [bacjand j € A;NA;
implies P;(a, b, ¢) = [acb]. It followsfromthe P-domain assumptionthat A; = A;NA; =
) or Ay = Ay, N A3 = () and in either case this contradicts A; and A, being winning
coalitions o

Theorem 5 A P-domain isrepeatedly transitive for fp.

Proof: It suffices to show that Im(f,) is a P-domain. If Q(a,b,c) = [ach] for @ =
fp(P1,...,Pn> = AntiDn+1(P,P1,...,Pn> as above let (Ql,...,Qn+1) = (P,Pl,...,
P,)andtake A, = {j : aQ;b}, Ay = {j : cQ;b} and A3 = {j : aQjc}. AN AsNA3 =10
since [ach] & €(a, b, c). From aQc it followsthat 1 € A3 thus A3 = [n + 1] and therefore
Ay C Az If j € Ay N Ag then aQ;cQ;0Q ;a contradicting the transitivity of P; hence
Ay = (). The same argument shows [bac] & Im(fp)(a,b,c) o
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Preference aggregation with multiple criteria of
ordinal significance

Raymond Bisdorff

Abstract

In this paper we address the problem of aggregating outranking situations in the
presence of multiple preference criteria of ordinal signibcance. The concept of ordi-
nal concordance of the global outranking relation is debPned and an operational test
for its presence is developed. Finally, we propose a new kind of robustness analysis
for global outranking relations taking into account classical dominance, ordinal and
classical majority concordance in a same ordinal valued logical framework.

Key words: Multicriteria aid for decision, ordinal signibcance weights, robust out-
ranking

1 Introduction

Commonly the problem of aggregating preference situations along multiple points of view

is solved with the help of cardinal weights translating the signipcance the decision maker
gives each criteria (Roy and Bouyssou, 1993). However, determining the exact numerical
values of these cardinal weights remains one of the most obvious practical difPculty in

applying multiple criteria aid for decision (Roy and Mousseau, 1996).

To address precisely this problem, we generalize in a brst section the classical con-
cordance principle, as implemented in the Electre methods (Roy, 1985), to the context
where merely ordinal information concerning these signibcance of criteria is available.
Basic data and notation is introduced and the classical cardinal concordance principle is
reviewed. The ordinal concordance principle is formally introduced and illustrated on a
simple car selection problem.

*Operations Research Unit, University of Luxembourg, Campus Limpertsberg, Avenue éeteEae,
L-1511, Luxembourgr aynond. bi sdorff @ni . lu
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Preference aggregation with multiple criteria of ordinal signibcance

In a second section, we address theoretical foundations and justibcation of the dep-
nition of ordinal concordance. By the way, an operational test for assessing the presence
or not of the ordinal concordance situation is developed. The core approach involves
the construction of a distributional dominance test similar in its design to the stochastic
dominance approach.

In a last section we Pnally address the robustness problem of multricriteria decision
aid recommendations in the context of the choice problematics. Classical dominance, i.e.
unanimous concordance, ordinal as well as cardinal majority concordance are considered
altogether in a common logical framework in order to achieve robust optimal choice rec-
ommendation. We rely in this approach on previous work on good choices from ordinal
valued outranking relations (see Bisdorff and Roubens, 2003).

2 Theordinal concordance principle

We start with setting up the necessary notation and debnitions. We follow more or less
the notation used in the French multicriteria decision aid community.

2.1 Basic data and notation

As starting point, we require a sdtof potential decision actions. To assess binary out-
ranking situations between these actions we consider a coherent familyg,, ..., g, }
of n preference criteria (Roy and Bouyssou, 1993, Chapter 2).

The performance tableau gives us for each couple of decisions aatibrs A their
corresponding performance vectgta) = (gi(a), ..., gn(a)) andg(b) = (g1(b), .., gu(b)).

A Prst illustration, shown in Table 1, concerns a simple car selection problem taken
from Vincke (1992, pp. 61D62)). We consider here atset {m,, ..., m;} of potential
car models which are evaluated on four criteRaice, Comfort SpeedandDesign In this

Table 1: Car selection problem: performance tableau

Cars g pj mo msg Mg M5 Mg my w

1: Price 10 50 -300 -270 -250 -210 -200 -180 -150 5/15
2:Comfort 0 1 3 3 2 2 2 1 1 4/15
3: Speed 0 1 3 2 3 3 2 3 2 3/15
4: Design 0 1 3 3 3 2 3 2 2 3/15

SourceVincke, Ph. 1992, pp. 6162
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supposedly coherent family of criteria, tReice criterion works in the negative direction
of the numerical amounts. The evaluations on the qualitative criteria suClorasort
Speedand Designare numerically coded as follows: 3 meamsellentor superior, 2
meansaverageor ordinary, 1 meansweak

In general, we may observe on each critegore F' an indifference thresholgi > 0
and a strict preference threshgld> ¢; (see Roy and Bouyssou, 1993, pp. 55B59). We
suppose for instance that the decision-maker admits oRrike criterion an indifference
threshold ofl 0 and a preference threshold &f units.

To simplify the exposition, we consider in the sequel that all criteria support the deci-
sion makerOs preferences along a positive directionA (et b) = g;(a) — g;(b) denote
the difference between the performances of the decision actianslb on criteriong;.
For each criteriory; € F, we denote &5;bO the semiotic restriction of assertion O
outrankshO to the individual criterio;.

Definition 1. Va, b, € A, the level of credibilityr(a S; b) of assertion &5, bO is dePned
as:

1 it Aj(a,b) > —g;
r(aS;b) = { BRI if —p; < Aj(a,b) < —g (1)

The level of credibilityr(a S; b) associated with the truthfulness of the negation of the
assertion &5, bO is dePned as follows:

r(m) =1—r(aS;b). (2)

Following these debnitions, we Pnd in Table 1 that medetlearly outranks model
my on thePrice criterion (A;(mg, ms) = 90 andr(mg S; my) = 1) as well as on the
Speedriterion (As(mg, me) = 1 andr(mg Sz ma) = 1).

Inversely, modelm, clearly outranks modetis on the Comfort criterion as well
as on theDesigncriterion. IndeedA,(mq, mg) = 2 andr(ms Sy mg) = 1 as well as
Ay(ma, mg) = 1 andr(msq Symeg) = 1.

A given performance tableau, if constructed as required by the corresponding decision
aid methodology (see Roy, 1985), is warrant for the truthfulness of thesal®, i.e. the
individual criterion based preferences of the decision maker. To assess however global
preference statements integrating all available criteria, we need to aggregate these local
warrants by considering the relative signibcance the decision-maker attributes to each
individual criterion with respect to his global preference system.
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2.2 Theclassical concordance principle

In the Electre based methods, this issue is addressed by evaluating if, yes or no, a more
or less signibcant majority of criteria effectively concord on supporting a given global
outranking assertion (see Roy and Bouyssou, 1993; Bisdorff, 2002). This classical major-
ity concordance principle for assessing aggregated preferences from multiple criteria was
originally introduced by Roy (1968).

Definition 2. Letw = (wy, ..., w,) be a set of signiPcance weights corresponding to the
n criteria such that0 < w; < land) 7, w; = 1. Fora,b € A, letaSb denote the
assertion thatglobally outranksh@. We denote-,(a Sb) the credibility of assertion

a S b considering given signibcance weights

n

ro(aSh) = Z (wj -r(as; b)) (3)

i=1

Assertion @S b0 is consideretither true than falseas soon as the weighted sum of
criterial signibcance in favour of the global outranking situation obtains a strict major-
ity, i.e. the weighted sum of criterial signiPcance is greater #td6. To clearly show
the truth-functional denotation implied by our credibility functiapn we shall introduce
some further notations.

Definition 3. Let @ S bO denote the fact thaglobally outranks. We denote|a S b||,, the
logical denotation of the credibility calculus taking its truth values in a three valued truth
domainLs = {f,,u,t,} wheref, meangather false than trueonsidering importance
weightsw, t,, meangather true than falseonsidering importance weightsandu means
logically undetermined

ty if 7,(aSbh)>0.5;
laSblly = $ fu if 7,(aSb) <0.5; (4)
u  otherwise

In our example, let us suppose that the decision-maker admits the signibcance weights
w shown in Table 1. Thérice criterion is the most signibcant with a weight Bf15.
Then comes th€omfortcriterion with4/15 and Pnally, both th&peedand theDesign

1Readers familiar with the outranking concept will notice the absence ofefoéssue in our debnition
of the outranking situation. The veto principle, also called discordance principle by Roy, requires some
measurable distance on the criteria scales. For robustness purposes we prefer to keep with solely the sound
ordinal properties of the criterion function concept. And the concordance principle already naturally inte-
grates a balancing reasons principle by weighting concordant against discordant arguments (see Bisdorff
and Roubens, 2003)
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criteria have identical weight$/15. By assuming that the underlying family of criteria
is indeed coherent, we may thus state that the asseriigsOm,0O with aggregated sig-

nibcance 063.3% is rather true than falsevith respect to the given importance weights
w.

The majority concordance approach obviously requires a precise numerical knowl-
edge of the signibPcance of the criteria, a situation which appears to be difbcult to achieve
in practical applications of multicriteria decision aid.

Substantial efforts have been concentrated on developing analysis and methods for
assessing these cardinal signibcance weights (see Roy and Mousseau, 1992, 1996). Fol-
lowing this discussion, Dias and &haco (2002) propose to cope with imprecise signip-
cance weights by delimiting sets of potential signibcance weights and enrich the proposed
decision recommendations with a tolerance in order to achieve robust recommendations.

In this paper we shall not contribute directly to this issue but rely on the fact that in
practical application the ordinal weighting of the signibcance of the criteria are generally
easier to assess and more robust than any precise numerical weights.

2.3 Ordinal concordanceprinciple

Let us assume that instead of a given cardinal weight vectare observe a complete
pre-orderr on the family of criteriaF’ which represents the signibcance rank each crite-
rion takes in the evaluation of the concordance of the global outranking refatoibe
constructed or.

In our previous car selection example, we may notice for instance that the proposed
signibcance weights model the following ranking Price > Comfort> { Speed, De-

sign}.
A precise setv of numerical weights may now be compatible or not with such a given
signibpcance ranking of the criteria.

Definition 4. w is ar-compatible set of weights if and only if:

w; = w; for all couples(y;, g;) of criteria which are of the same signibPcance with
respect tar;

w; > w,; for all couples(g;, g;) of criteria such that criteriop; is certainly more
signibcant than criterio; in the sense of.

We denotdV () the set of allr-compatible weight vectors.
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Definition 5. Fora,b € A, let @S, bO denote the fact that globally outranksh with a
significant majority for everyt-compatible weight vector”

aS:b < (ry(aSb)>05, Vwe W(n)). (5)
For short, we say that globally outranks in the sense of the ordinal concordance
principle.
2.4 Theoretical justification

In other words, the: S, b situation is given if for allr-compatible weight vectors, the
aggregated signibPcance of the asseriiSp b outranks the aggregated signibcance of the
negatiora S,, b of the same assertion.

Proposition 1.
aS;b < (ry(aSb) > ry,(aSh); Yw € W(r)). (6)

Proof. Implication 6 results immediately from the observation that:

ij-r(asjb) > ij-r(asjb) & ij-r(asjb) >

gi€F giEeF 9;€F

DN =

Indeed g, € F we observe that(aS; b) + r(aS; b) = 1. This fact implies that:

ij-r(aSjb) + ijwr(Fjb) = 1.

ngF ngF

O]

Coming back to our previous car selection problem, we shall later on verify that model
mg effectively outranks all other 6 car models following the ordinal concordance princi-
ple, With anyr-compatible set of cardinal weights, mode} will always outrank all
other car models with asi@nifican® majority of criteria.

We still need now a constructive approach for computing such ordinal concordance
results.

3 Testing for ordinal concordance

In this section, we elaborate general conditions that must be fulblled in order to be sure
that there exists an ordinal concordance in favour of the global outranking situation. By
the way we formulate an operational procedure for constructing a relation A from

a given performance tableau.
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3.1 Positive and negative significance

The following condition is identical to the condition of the ordinal concordance principle
(see DebPnition 5).

Proposition 2. Ya,b € AandVw € W (r):
Tw(aSh) > r,(aSb) & r,(aSb) — r,(aSb) > r,(aSb) — r,(aSbh). (7)

Proof. The equivalence between the right hand side of Equivalence 7 and the right hand
side of Implication 6 is obtained with simple algebraic manipulations. O

The inequality in the right hand side of Equivalence 7 gives us the operational key for
implementing a test for ordinal concordance of an outranking situation. The same weights
w; and—w;, denoting the @nfirming, respectively then€yating, signibcance of each
criterion, appear on each side of the inequality.

Furthermore, the sum of the coefbcienta S; b) andr(aS; b) on each side of the
inequality is a constant equal tq i.e. the number of criteria iF". Therefore these
coefbcients may appear as some kind of credibility distribution on the set of positive and
negative signibcance weights.

3.2 Significancedistributions

Suppose that the given pre-ordenf signibcance of the criteria contaihsquivalence

classes which we are going to denatg,,), ..., 721 in increasing sequence. The same
equivalence classes, but in in reversed order, appearing on the OnegatingO signibcance
side, are denotet ), ..., m()-

Definition 6. For each equivalence clasg;, we denotew(; the cumulated negating,
respectively conbrming, signibPcance of all equi-signibcant criteria gathered in this equiv-
alence class:

i=1 . kiwey =Y —w; i=k+1.2kiwy= Y w (8)

95 €T (3) 95 €T (3)

We denote; for i = 1,..., k the sum of all coefpcientsa S; b) such thay; € ;) and
cu fori =k +1, ..., 2k the sum of all coefbcientga S; b) such thay; € m(;. Similarly,
we denoter; for i = 1,..., k the sum of all coefbcientga S; b) such thayy; € w(; and
¢ fori =k +1,..., 2k the sum of all coefbcientsa S; b) such thaty; € 7.

With the help of this notation, we may rewrite Equivalence 7 as follows:
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Proposition 3. Va,b € Aandw € W(n):
ro(@aSh) > r,(aSh) < Zc Z%-w(i). 9

Coefbcients;;) andc;) represent two distributions, one the negation of the other, on
an ordinal scale determlned by the increasing signiPcang¢ef the equivalence classes
in ()

3.3 Ordinal distributional dominance

We may thus test the right hand side inequality of Equivalence 7 with the classical stochas-
tic dominance principle originally introduced in the context of efPcient portfolio selection
(see Hadar and Russel, 1969; Hanoch and Levy, 1969).

We denotel;), respectivelyC|;), the increasing cumulative sums of coefbcients
C(2)y == C(i)s respectivelm, C(2)s +++r C(3) -

Lemma 1.

2k 2k

_ Cuy < Cpuy,i=1,...,2k;
(D cwrwe > Y Twwy), Ywe W(n) & {32' €1,.2k:Cy<Cq. O

i=1 i=1

Proof. Demonstration of this lemma (see for instance Fishburn, 1974) goes by rewriting
the right hand inequality of Equivalence 9 with the help of the repartition functigns
andC|;. It readily appears then that the term by term difference of the cumulative sums
is conveniently oriented by the right hand conditions of Equivalence 10. O

This concludes the proof of our main result.

Theorem 1. Va,b € A, let C;)(a, b) represent the increasing cumulative sums of credi-
bilities associated with a given significance ordering of the criteria:

A < —
0S. b« C’@(@ b) Ci ( b),i=1,...,2k; (11)
Jiel, .., 2k:Chula,b) <C (a b).

We observe an ordinal concordant outranking situation between two decision aations

and b as soon as the repartition of credibility on the significance ordering of aaiion
dominates the same of actién

32



Annales du LAMSADE A3

Table 2: Assessing the assertion(5, ms;O
m(;) -Price -Comfort -Speed, Design Speed,Design Comfort Price

C(z) 0 O 1 1 1 1
o 1 1 1 1 0 0
Ciy O 0 1 2 3 4
Co 1 2 3 4 4 4

The preceding result gives us the operational key for testing for the presence of an
ordinal concordance situation. Lét = { f.,u,t,}, wheref, meansrather false than
true with any r-compatible weightsv, © meanslogically undeterminecénd¢, means
rather true than falsevith any m-compatible weightsv. For each pair of decision ac-
tions evaluated in the performance tableau, we may compute such a logical denotation
representing truthfulness or falseness of the presence of ordinal concordance in favour of
a given outranking situation.

Definition 7. Let = be a signibPcance ordering of the critetia, b € A, letC(;(a, b) and

C (a,b) denote the corresponding cumulative sums of increasing sums of credibilities
associated with the the relaticty. We debne a logical denotatidja S b||. in L3 as
follows:

C(i)(a,b) < %(a,b),i =1,...,2k and

Ji€1,...,2k : Cipy(a,b) < Cu(a,b);

la S b, = it Ciiy(a,b) > Cpiy(a,b),i=1,...,2k and (12)
" Ji €1,...,2k : Cipy(a,b) > Cpyy(a, b);

u  otherwise

\

Coming back to our simple example, we may now apply this test to car medels
andms for instance. In Table 2 we have represented the six increasing equi-signibcance
classes we may observe. From Table 1 we may compute the credibilifi¢espectively
C(;) associated with the assertion that moagloutranks (respectively does not outrank)
ms as well as the corresponding cumulative distributi6psandC(;, as shown in Table 2.

Applying our test, we may notice that indegeky S ms||. = t., i.e. itis true that the
assertion Omodel, outranks modet;O will be supported by a more or less signibcant
majority of criteria for allr-compatible sets of signibcance weights.

For information, we may reproduce in Table 3, the complete ordinal outranking rela-
tion on A. It is worthwhile noticing that, faithful with the general concordance principle,
the outranking situations S, b appearing with value, are warranted to be true. Simi-
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Table 3: The ordinal concordance of the pairwise outranking

HxSZ/Hw mp m2 Mm3 My M5 Mg My

mi - tr U U U U U
mao tr - tr Ix Uu Jr u
ms U tr - U U U U
my 2 tr 2 - 2 T (4
ms tr tr tr tr - T U
me 2 tr 2 ™ 2 - 2
my U tr U - tr tr -

larly, the situations showing credibilit;, are warranted to be false. The other situations,
appearing with credibility: are to be considered undetermined (see Bisdorff, 2000).

As previously mentioned, modelg gives the unique dominant kernel, i.e. a stable
and dominant subset, of tHe',, u, ¢, }-valuedS, relation. Therefore this decision ac-
tion represents a robust good choice decision candidate in the sense that it appears to be
a rather true than false good choice with all possibleompatible sets of signibcance
weights (see Bisdorff and Roubens, 2003). Indeed, if we apply the given cardinal signif-
icance weights, we obtain in this particular numerical setting that mages not only
among the potential good choices but also, and this might not necessarily always be the
case, the most signibcant ona¥).

Let us now address the robustness issue.

4 Analyzing therobustness of global outrankings

Let us suppose that the decision maker has indeed given a preciseogstgnibcance
weights. The classical majority concordance will thus deliver a mean weighted outranking
relationS,, on A.

In our car selection problem the result is shown in Table 4. We may notice here that
for instancer(my S, ms) = 80%. But we know also from our previuos investigation
that||m4 Sms||» = t.. The outranking situation is thus conbrmed with aryompatible
weight setw.

Going a step further we could imaginedeeam modethat is the cheapest, the most
comfortable, very fast and superior designed model, denoted gslt is not difPcult to
see that this model will indeed dominate all the dewith r(m,,, S z) = 100%, i.e. with
unanimous concordang&: € A. It will naturally also outrank all: € A in the sense of
the ordinal concordance.
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Table 4: The cardinal majority concordance of the outranking of the car models

rw(S) m1 me msz mg ms mg my

my - .83 .67 .67 .67 .67 .67
ma 80 - 72 47 .67 AT .67
ma 73 .73 - 75 .67 .67 .67
mMa b3 53 80 - .80 .63 .67
ms b3 73 80 80 - 72 .67
me 730073 3 73 .73 - .83

my 33 .83 33 .53 B3 .60 -

4.1 Unanimous concordance

Definition 8. Va,b € A we say that @outranksb in the sense of the unanimous con-
cordance principl®, denoteds\ b0, if the outranking assertion considered restricted to
each individual criterion igather true than false

We capture once more the potential truthfulness of this dominance assertion with the
help of a logical robustness denotatipmS b||» taking its values inLs = {fa,u,ta},
where fo meansunanimously falset, meansunanimously trueand« meansundeter-
minedas usual.

ta if Vg, € F: r(aS;b) >
Va,be A: ||aSblla = fa it Vg; € F: r(aS;b) <
v otherwise

(13)

In our example, neither of the seven models imposes itself on the level of the unani-
mous concordance principle and the relatitomemains uniformly undetermined oh

We are now going to integrate all three outranking relations, i.e. the unanimous, the
ordinal and the majority concordance in a common logical framework.

4.2 Integrating unanimous, ordinal and classical majority concor-
dance

Let w represent given numerical signibcance weightsaiige underlying signibcance
preorder. We debne the following ordinal sequence (increasing from falsity to truth) of
logical robustness degreega meansunanimous concordantly fals¢, meansordinal
concordantly false with any-compatible weightsf,, meanamajority concordantly false
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Table 5. Robustness of the outranking on the car models

HSH ma mo ms my ms me my

m1 - tr L tw L 2% tw
ma lr - lr Ix tw Jr 2%
ms tw tr - tw tw tw  Tw
myq lr 12 lr - lr ™ tw
ms tw tr tr tr - tw
me 125 tr tr ™ 125 - tr
mr  fow tr fu  tx tr tr -

with weightsw, © meansundeterminegt,, meansnajority concordantly true with weights
w, t, meanrdinal concordantly true with any-compatible weightand:, meansinan-
imous concordantly true

On the basis of a given performance tableau, we may thus evaluate the global outrank-
ing relationS on A as follows:

Definition 9. Let Ly = {fa, fx, fuw, U, tw, tr, ta}. Ya,b € A, we dePne an ordinal robust-
ness denotatiofa S b|| € L, as follows:

ta if J[aSb||a =ta ;

te it (laSblla #ta) A(laSb|lx =tx) ;

tw 1 ([laSbllx # tx) A (laSbllw = tw) ;

laSbl| = fa it JlaSblla = fa: (14)
f= i ([laSblla # fa) A ([laSbllx = fx) ;

fo 1 (llaSollz # fz) A(laSbllw = fu) ;

v  otherwise

On the seven car models, we obtain for instance the results shown in Table 5. If we
apply our methodology for constructing good choices from such an ordinal valued out-
ranking relation we obtain a single ordinal concordant good choice: moglednd four
classical majority concordance based good choiges:ms, m4 andms. The brst good
choice remains an admissible good choice with any possigdempatible set of signif-
icance weights, whereas the others are more or less dependent on the precise numerical
weights given. Similarly, we discover two potentially bad choices:at the level, and
ms at the level,,. The Prst represents therefore a bad choice on the ordinal concordance
level2

2Conducting a similar analysis with taking into account the veto principle and thresholds given in Vincke
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Table 6: Criteria for selecting a parcel sorting installation

criterion title signibcance
weights
g1 quality of the working place 3/39
92 quality of operating environment ~ 2/39
g3 operating costs 5/39
94 throughput 3/39
Js ease of operation 3/39
96 quality of maintenance 5/39
g7 ease of installation 2/39
g8 number of sorting bins 2/39
99 investment costs 5/39
gio bar-code addressing 1/39
g11 service quality 5/39
g12 development stage 3/39

Source:Roy and Bouyssou (1993, p. 527)

4.3 Practical applications

In order to illustrate the practical application of the ordinal concordance principle we
present two case studies: the brst, a classical historical case, well discussed in the lit-
erature and a second, very recent real application at the occasion of the EURO 2004
Conference in Rhodes.

4.3.1 Choosingthebest postal parcels sorting machine

Let us brst reconsider the problem of choosing a postal parcels sorting machine thor-
oughly discussed in Roy and Bouyssou (1993, pp 501D541).

We observe aset = {a4, ..., a9} Of 9 potential installations evaluated on the coher-
ent family ' = {g, ..., g12} of 12 criteria shown in Table 6. The provided signipcance
weights (see last column) determines the following signibcance ordering< wy =
wr = wg < W = Wy = wy = wip < W3 = wg = Wy = wi1. 1hus we observe on the pro-

(1992), we bnd that no ordinal concordance is observed anymore. Applying the given numerical signib-
cance weights, one gets however that modeisandm, appear both as potential good choice. Indeed,
modelmg has a weak evaluation on themfortcriterion compared to the excellent evaluation of model

for instance, and the same mode| is the most expensive one, therefore a veto appears on this criterion
in comparison with the prize of model; for instance. Modelsns andm, represent therefore plausible
compromises with respect to the numerical signibcance weights of the criteria. By the way, our example is
a nice justibcation of the usefulness of the veto principle in suitable practical applications.
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Table 7: Qualifying outranking situatian S; a; anda, S; as

9 1 2 3 4 5 6 7 8 9 10 11 12
4 5 5 5 5 5 10 8 0 1 10 5 10
g;(a1) 75 69 68 70 82 72 86 74 -1523 83 76 29
9;(aq) 73 57 82 90 75 61 93 60 -1555 83 71 29
g;(as) 76 46 55 90 48 46 93 60 -30.68 83 50 14
r(@Sae) 1 1 1 0 1 1 1 1 1 1 1 1
r(asSjas) 1 1 1 1 1 1 1 1 1 1 1 1
rmS;as) 0 0 O 1 0 O O O O O 0 O
r(@Sja;) 0 0 0 0O O O O O O 0 0 O

Source:Roy and Bouyssou (1993, p. 527)

Table 8: cumulative signibcance distribution of outranking as

(@) T T2 T T Te) e (M T(E®)
C(z) (al, a5) 0 1 1 1 2 5 8 12
Cu(ar,a5) 4 7 10 11 11 12 12 12

posed family of criteria 4 positive equivalence classes;: = {gi0}, 76) = {92, 97, 93}
77y = {91, 94, 95, 12}, @andm(sy = {gs, 96, 9o, 911} and 4 mirrored negative equivalence

classesr() = {93, 96, 99, 911} T2) = {91, 94, 95, g12} m(3) = {92, 97, 98}, T(4) = {910}

A previous decision aid analysis has eventually produced a performance tableau of
which we show an extract in Table 7. The evaluations on each criterion, exceusts
of investmenin millions of French francs), are normalized such that g;(a;) < 100. If
we consider for instance the installationsandas;, we may deduce the local outranking
credibility coefbcients(a; S; as) shown in Table 7. There is no unanimous concordance
in favour ofa; S a5. Indeed we observe on criterigi (throughpuj a signibcant negative
difference in performance. We may nevertheless observe an ordinal concordance situ-
ationa, S, as as distributionC(;) (a1, as) is entirely situated to the right of distribution

C (a1, as) (see Table 8).

On the complete set of pairwise outrankings of potential installations, we observe the
robustness denotation shown in Table 9. We may notice the presence of one unanimous
concordance situatiom;Aas qualifying the outranking ofi, overas (see Table 7). Com-
puting from this ordinally valued robust outranking relation all robust good choices, i.e.
minimal dominant sets in the sense of the robust concordance, we obtain that installations
ay, az, az anday each one gives a robust good choice at leyelvhereas the installations
as andag give each one a robust bad choice again at levdf we apply in particular the
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Table 9: Robustness degrees of outranking situations

HCLZ'SGjH ay a2 a3 a4 a; Aag a7y ag ag

ay - te tn x tn Tx tx tp tr
az lr - ln o tr tr tx tx In
as [ 2 - te tr tn tx tr 1n
a4 e tr 1n - ta tp tp tx 1n
as fr fxe fx froo- e fr Ju iz
ae tw fu tw tr tx - tlw tw In
a7 tr tnx tw tx tx 1Ix - [ 2,
as 2% 12 2 tr lr lr - 125
as f w tr lx Iz i f w f w  lr -

given numerical signibPcance weights (see Table 6), we furthermore obtaim, thaes

among the four potential good choices the most credible (67%) one whereas among the
admissible bad choices it is installatiap which gives the most credible (67%) worst
one. This result precisely conbrms and even formally validates the robustness discussion
reported in Roy and Bouyssou (1993, p. 538).

4.3.2 TheEuroBest Poster Award 2004: finding a robust consensual ranking

The Programme Committee of the 20th European Conference on Operational Research,
Rhodes 2004 has introduced a new type of EURO K conference participation consisting
in a daily poster session linked with an oral 30 minutes presentation in front of the poster,
a presentation style similar to poster sessions in traditional natural sciences congresses.
In order to promote these new discussion presentations,the organizers of the conference
proposed a EURO Best Poster Award (EBPA) consisting of a diploma and a prize of
1000€. Each contributor accepted in the category of the discussion presentations was
invited to submit a pdf image of his poster to a Pve member jury.

The Programme Committee retained the following evaluation critedi@ntific qual-
ity (sq), contribution to OR theory and/or practidetp), originality (orig) andpresenta-
tion quality (pg) in decreasing order of importance. 13 candidates actually submitted a
poster in due time and the bve jury members were asked to evaluate the 13 posters on each
criteria with the help of an ordinal scale : 0 (very weak) to 10 (excellent) and to propose
a global ranking of the posters.
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Table 10: Global outranking of the posters

Tw(S)

4! b2 p3 P4 P5 P DP7 P8 P9 P10 P11 P12 P13
P1 - bS58 24 12 46 68 34 76 65 .04 .63 .08 .28
D2 42 - .34 34 34 42 42 40 61 .24 45 34 .26
P3 82 74 - 54 66 98 86 .96 .69 .16 .81 .58 .46
P4 98 68 62 - 76 98 82 98 69 28 .75 .70 .54
s 64 68 .72 48 - 10 .78 98 69 .26 .75 52 .0
D6 54 58 10 10 34 - 42 86 65 0 63 .04 O
p7 68 .72 32 46 30 86 - .82 .65 .10 .69 .50 .36
s S50 60 .16 20 30 66 40 - 71 .02 .67 .16 .0
P9 43 49 35 35 41 49 37 49 - .0 .39 .37 .35
P10 10 8 10 84 10 10 90 10 .72 - .81 .88 .80
P11 71 61 37 29 29 43 39 59 69 .0 - 31 .43
P12 98 66 .70 62 64 96 .78 .94 .69 .32 .75 - .56
P13 10 76 .70 60 .80 .80 .70 96 .69 .48 .81 .64 -

As all bve jury members were ofbcially equal in signibcance, we may consider to
be in the presence of a family &f x 4 = 20 criteria gathered into four equivalence
classes listed hereafter in decreasing order of signibPcanges {sqi, sq2, 53, 594, 55},

T2y = {pct1, pcta, pets, pety, pets}, m) = {origy, orige, origs, origy, origs} andmyy =
{ra1, a2, Pas, a4, Pas } -

The cardinal signibcance weights associated with the four classes of equi-signipcant
criteria were eventually the followingu,,, = 4, Wy, = 3, Worig, = 2 andw,,, = 1, for
1 =1t04.

The decision problem we are faced with is to aggregate the 20 rankings of the 13
posters on the basis of the given performance tableau. To do so we brst computed the
credibility indexr,, of the global outranking relatio shown in Table 10 using the given
signibcance weights.

Considering the ordinal character of the criterial scales involved, indifference and
preference thresholds were considered to be identically zero, respectively one, on all cri-
teria and no veto thresholds were to be considered.

Applying our bipolar ranking approach (see Bisdorff, 1999) to this classical outrank-
ing relation gives the following ranking of the posters:
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Table 11: Robust outranking of the posters
IS p1 p2 P3s pa Ps D6 Pr P8 P9 Pl P11 P12 P13

Y41 o2 E S P CFRE ZE CE ZE S PO 2 R
p2 fTI' - fﬂ' fﬂ' fﬂ' fﬂ' fﬂ' fTI' tr fﬂ' fw fﬂ' fﬂ'
P3 te tn -ty tw tpi tx tx tx fx tx tw  fw
y2 125 lr lr - 125 ™ tr 2 2 fw lr lr tr
D5 te tx tx fu - tA tx trx tx fx ot tw  fA
Pe tw tr fr fr [fx S P ZE 2 VN S P N
b7 tr tr fr fu fr tx - tr tr  Jfr lr U fx
ps u tr fr fr fr ot fr - tr fr o fx fa
P9 fTI' fﬂ‘ f7r f7r f7r f7r f7r f7r - fA f7r f7T f7T
P10 A tx tA tx tA A tx tA ig - 125 125 125
pii tr bt fr fr fr fr fr o tx tx fa - f= [
pr2 tr tr tp oty tp tr tp tx tx fu  tx - tr
b13 A tr tr ity tr tr tr tx i fw lr tr -

Bipolar ranking of the 13 postersfrom relation S

Best choice P1o

2nd best choice D13
3rd best choice P4, P12

4th best choice D3

5th best choice Ds

6th best choice 7
6th worst choice  p;

5th worst choice De

4th worst choice s

3rd worst choice D11

2nd worst choice D2
Worst choice Do

Posterp,, appears majoritarian as the best candidate as it globally outranks all other
poster with a comfortable weighted signibPcance of 80%, followed in a second position by
posterp;3 and posterg, andp;, ex eaquo in a third position. On the other side, poster
py appears to be the least appreciated by the judges (overall signibcance: 60%), preceded
by posterp, in the second worst position. But is this precise consensual ordering not an
artifact induced by our more or less arbitrarily chosen cardinal importance weights: 4, 3,
2, 1 ? To check this point, we compute the robustness degrees of the previous outranking
relation as shown in Table 11. Directly applying the same bipolar ranking approach to the
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ordinal valued|S|| outranking relation, we obtain the following ordering:

Bipolar ranking of the 13 postersfrom relation ||S||

Best choice P1o

2nd best choice D4
3rd best choice D12, D13

4th best choice Ds

5th best choice D3

6th best choice 7
6th worst choice  p;

5th worst choice D1
4th worst choice D6
3rd worst choice P8, P11
2nd worst choice D2
Worst choice P9

Previous results get well conbrmed on the whole. Indeed with a robustness detyree of
i.e. rather true than false with amycompatible weights, postex, is conPrmed in the
prst and postepy in the last positiort.

Attributing the EBPA 2004 to poster;, was therefore indeed independent of the
choice of any precise numerical signibcance weights verifying the signibPcance ordering
of the four criteria as imposed by the Programme Committee.

5 Conclusion

In this paper we have presented a formal approach for assessing binary outranking situa-
tions on the basis of a performance tableau involving criteria of solely ordinal signibcance.
The concept of ordinal concordance has been introduced and a formal testing procedure
based on distributional dominance is developed. Thus we solve a major practical problem
concerning the precise numerical knowledge of the individual signipcance weights that
is required by the classical majority concordance principle as implemented for instance
in the Electre methods. Applicability of the concordance based aggregation of prefer-
ence is extended to the case where only ordinal signibcance of the criteria is available.

3Posterp,o, which obtained the EBPA 2004, was submitted by Federica RICCA, Bruno SIMEONE
and Isabella LARI orPolitical Districting via Weighted VororidRegionsrom the University of Rome OLa
SapienzaO.

41t is worthwhile noticing that our bipolar ranking method was not designed to be necessarily stable
with respect to the above robustness analysis. And indeed, we may notice a slight order reversal concerning
respective positions of postess andp,3. But otherwise there appears no major divergence between both
orderings.
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Furthermore, even if precise numerical signibcance is available, we provide a robustness
analysis of the observed preferences by integrating unanimous, ordinal and majority based
concordance in a same logical framework.
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On some ordinal models for decison making

under uncertainty
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Abstract

Inthefield of Artificial Intelligence many models for decision making under un-
certainty have been proposed that deviate from the traditional models used in Deci-
sion Theory, i.e. the Subjective Expected Utility (SEU) model and its many variants.
These models aim at obtaining simple decision rules that can be implemented by
efficient algorithms while based on inputs that are less rich than what is required in
traditional models. One of these models, called the likely dominance (LD) model,
consistsin declaring that an act is preferred to another as soon as the set of states on
which the first act gives a better outcome than the second act is judged more likely
than the set of states on which the second act is preferable. The LD model isat much
variance with the SEU model. Indeed, it has a definite ordina flavor and it may
lead to preference relations between acts that are not transitive. This paper proposes
ageneral model for decision making under uncertainty tolerating intransitive and/or
incomplete preferences that will contain both the SEU and the LD models as particu-
lar cases. Within the framework of this general model, we propose a characterization
of the preference relations that can be obtained with the LD model. This characteri-
zation shows that the main distinctive feature of such relations lies in the very poor
relation comparing preference differences that they induce on the set of outcomes.

Key words: Decision under uncertainty, Subjective Expected Utility, Conjoint mea
surement, Nontransitive preferences, Likely Dominance model.
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1 Introduction

The specific needs of Artificial Intelligence techniques have led many Computer Scien-
tists to propose models for decision under uncertainty that are at variance with the classi-
cal modelsused in Decision Theory, i.e. the Subjective Expected Utility (SEU) model and
its many variants (see Fishburn, 1988; Wakker, 1989, for overviews). This givesrise to
what is often called “ qualitative decision theory” (see Boutilier, 1994; Brafman and Ten-
nenholtz, 1997, 2000; Doyle and Thomason, 1999; Dubois et al., 1997, 2001; Lehmann,
1996; Tan and Pearl, 1994, for overviews). These modelsaim at obtaining simple decision
rules that can be implemented by efficient algorithms while based on inputs that are less
rich than what isrequired in traditional models. This can be achieved, e.g. comparing acts
only on the basis of their consequences in the most plausible states (Boutilier, 1994; Tan
and Pearl, 1994) or refining the classical criteria (Luce and Raiffa, 1957; Milnor, 1954) for
decision making under complete ignorance (see Brafman and Tennenholtz, 2000; Dubois
et a., 2001).

One such model, called the “likely dominance” (LD) model, was recently proposed
by Dubois et a. (1997) and later studied in Dubois et al. (20033, 2002) and Fargier and
Perny (1999). It consists in declaring that an act a is preferred to an act b as soon as the
set of states for which a gives a better outcome than b is judged “more likely” than the
set of states for which b gives a better outcome than a. Such away of comparing acts has
a definite ordina flavor. It rests on a ssimple “voting” analogy and can be implemented
as soon as a preference relation on the set of outcomes and a likelihood relation between
subsets of states (i.e. events) are known. Contrary to the other models mentioned above,
simple examples inspired from Condorcet’s paradox (see Sen, 1986) show that the LD
model does not always lead to preference relations between acts that are complete or
transitive. Such relations are therefore quite different from the ones usually dealt with in
Decision Theory.

Previous characterizations (see Dubois et a., 20033, 2002; Fargier and Perny, 1999)
of the relations that can be obtained using the LD model (of, for short, LD relations)
have emphasized their “ordinal” character viathe use of variants of a*“noncompensation”
condition introduced in Fishburn (1975, 1976, 1978) that have been thoroughly studied in
the area of multiple criteria decision making (see Bouyssou, 1986, 1992; Bouyssou and
Vansnick, 1986; Dubois et a., 2003b; Fargier and Perny, 2001; Vansnick, 1986). Since
this condition iswholly specific to such relations, these characterizations are not perfectly
suited to capture their essential distinctive features within a more general framework that
would also include more traditional preference relations.

The purpose of this paper is twofold. We first introduce a general axiomatic frame-
work for decision under uncertainty that will contain both the SEU and LD models as
particular cases. This general framework tolerating incomplete and/or intransitive pref-
erences is based on related work in the area of conjoint measurement (see Bouyssou and
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Pirlot, 2002). The second aim of this paper isto propose an alternative characterization of
the preference relations that can be obtained using the likely dominance rule within this
genera framework. This characterization will allow us to emphasize the main distinctive
feature of such relations, i.e. the poor relation comparing preference differences that they
induce on the set of outcomes. This analysis specializes the one in Bouyssou and Pirlot
(2004b) to the case of decision making under uncertainty.

It should be noticed that the interest of studying models tolerating intransitive pref-
erences was forcefully argued by Fishburn (1991). It has already generated much work
(see, e.g. Fishburn, 1982, 1984, 1988, 1989, 1990, 1991, Fishburn and Lavalle, 1987a,b,
1988; Lavalle and Fishburn, 1987; Loomes and Sugden, 1982; Nakamura, 1998; Sugden,
1993). These models all use some form of an additive nontransitive model. The orig-
inality of our approach is to replace additivity by a mere decomposability requirement
which, at the cost of much weaker unigueness results, allows for a very simple axiomatic
treatment.

This paper is organized as follows. Section 2 introduces our setting and notation. The
LD model isintroduced in section 3. Our general framework for decision making under
uncertainty is presented and analyzed in section 4. Section 5 characterize the relations
that can be obtained using the LD model within our general framework. A final section
discusses our results and presents several extensions of our analysis. An appendix con-
tains examples showing the independence of the conditions used in the paper. The rest of
this section is devoted to our, classical, vocabulary concerning binary relations.

A binary relation R on aset X isasubset of X x X; we write a R b instead of
(a,b) € R. A binary relation R on X issaid to be:

reflexiveif [a R al,

completeif [a R borb R al,

symmetric if [a R b] = [b R al,

asymmetric if [a R b] = [Not[b R al],

transitiveif a R bandb R ¢] = [a R ¢],
Ferrers if (a Rbandc R d) = (a R dor ¢ R b)),
semi-transitiveif [(a R bandb R ¢) = (a R dord R ¢)]

foral a,b,c,d € X.

A weak order (resp. an equivalence) is acomplete and transitive (resp. reflexive, sym-
metric and transitive) binary relation. If R isan equivalence on X, X/ R will denote the
set of equivalence classes of R on X. Aninterval order isacomplete and Ferrers binary
relation. A semiorder isasemi-transitive interval order.
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2 Thesetting

We adopt a classical setting for decision under uncertainty with afinite number of states.
LetT' = {a,f,7,...} betheset of outcomesand N = {1,2,...,n} bethe set of states.
It is understood that the elements of N are exhaustive and mutually exclusive: one and
only one state will turn out to be true. An act is afunction from N to I". The set of all
actsis denoted by A = I'V. Acts will be denoted by lowercase letters a, b, ¢, d, . ... An
act a € A therefore associates to each state i € N an outcome a(i) € I'. We often abuse
notation and write a; instead of (7).

Among the elements of A are constant acts, i.e. acts giving the same outcome in all
states. We denote @ the constant act giving the outcome o € I' in al states: € N. Let
E C Nanda,b € A. Wedenote apb theact ¢c € A suchthat ¢; = a;, foral i € E and
¢; = b, foralie N\ E. Smilarly agb will denote the act d € A such that d; = «, for
dlie Fandd; =b;,forali e N\ E. When E = {i} wewrite a;b and «;b instead of
a{i}b and a{i}b.

In this paper >~ will always denote a binary relation on the set .A. The binary relation
>~ isinterpreted as an “at least as good as’ preference relation between acts. We note -
(resp. ~) the asymmetric (resp. symmetric) part of 2—. A similar convention holds when
> is starred, superscripted and/or subscripted. The relation - induces a relation >— on
the set I" of outcomes via the comparison of constant acts letting:

azrﬁﬁaijﬁ

Let £ be a nonempty subset of V. We define the relation =~z on A letting, for all
a,be A,

aZpbs lape Z bge, fordl c € A

When £ = {i} wewrite =7, instead of ;.
If, for al a,b € A, agc = bgc, forsomec € A, impliesa —g b, we say that =~ is

independent for E. If =~ isindependent for all nonempty subsets of states we say that -
isindependent. It is not difficult to see that a binary relation isindependent if and only if
itisindependent for V \ {i}, for all i € N (see Wakker, 1989). Independence as defined
here is therefore nothing else than the Sure Thing Principle (postulate P2) introduced by

Savage (1954).

We say that state: € N isinfluent (for 20) if thereare a, 5,v,0 € 'and a, b € A such
that c;a 22 3;b and Not[y;a 7Z ;0] and degenerate otherwise. It is clear that a degenerate
state has no influence whatsoever on the comparison of the elements of .4 and may be
suppressed from N. In order to avoid unnecessary minor complications, we suppose
henceforth that all statesin N are influent. Note that this does not rule out the existence
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of null events £ C N, i.e. suchthat agc ~ bgc, for dl a,b,c € A. Thisis exemplified
below.

Example 1
Let N ={1,2,3,4} andT" = R. Let p; = p» = p3 = ps = 1/4. Define Z on A letting

arzbs Z D > Z p; — 1/4.

i € S(ab) j € S(bya)

foral a,b € A, where S(a,b) = {i € N : a; > b;}. With such arelation, it is easy to
seethat all states are influent while they are al null. Observe that - is complete but is not
transitive. We shall shortly see that this relation can be obtained withthe LD model. <

3 Thelikely dominance model

The following definition, building on Dubois et a. (1997) and Fargier and Perny (1999),
formalizes the idea of a LD relation, i.e., of a preference relation that has been obtained
comparing acts by pairson the basis of the“likelihood” of the states favoring each element
of the pair.

Definition 1 (LD relations)
Let — be areflexive binary relation on .A. We say that 7~ isa LD relation if there are:

e acomplete binary relation S on T,

e a binary relation > between subsets of NV having N for union that is monotonic
w.r.t. inclusion, i.e. such that for all A, B,C, D C N,

[A>B,C2AB2D,CUD=N|]=CBD, (1)

such that, for all a,b € A,
aZb<s 8(a,b) > 8(b,a), 2

where 8(a,b) = {i € N : a; 8 b;}. Wesay that (>, §) is a representation of .

Hence, when - is a LD relation, the preference between a and b only depends on the
subsets of states favoring a or b in terms of the complete relation S. It does not depend
on “preference differences’ between outcomes besides what is indicated by 8. A mgor
advantage of the LD model is that it can be applied to compare acts as soon as thereis a
binary relation allowing to compare outcomes and a relation alowing to compare events
in terms of likelihood.
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Let >~ be a LD relation with a representation (>, S). We denote by J (resp. P) the
symmetric part (resp. asymmetric part) of S. Forall A, B C N, wedefinetherelations £,
> and > between subsets of N having N for union letting: A £ B < [A > Band B >
Al,A> B< [A> Band Not[B > Al]], A B < [Not[A > B] and Not[B > A]].

The following lemma takes note of some elementary properties of LD relations; it
uses the hypothesis that all states are influent.

Lemmal
If - isa LD relation with a representation (>, §), then:

1. P isnonempty,

2. forall A, B C N suchthat AU B = N exactlyoneof A> B, B> A, A £ B and
A B holdsand wehave N £ N,

forall AC N, N> A,
N> @,

>~ isindependent,

o o &~ w

>~ ismarginally complete, i.e, for all i € N,all o, € 'andall a € A, o;a = Bia
or fa 7 wa,

7. 8="rr,
8. foralli € Nandall a,b € A, eithera 7-; b < a; S b; or a ~; b,

9. ~ hasa unigue representation.

PROOF
Part 1. If P isempty, then, since S is complete, S(a,b) = N, for al a,b € A. Hence, for
dlie N,dla,3,v,0 e T',andal a,b € A,

S(aia, ﬂﬂ)) = S(’}/Z'CL, (5zb) and
8(Bib, aza) = 8(d:b, via).

Thisimplies, using (2), that state i € N is degenerate, contrarily to our hypothesis.

Part 2. Since the relation P is nonempty and S is complete, for all A, B C N such
that AU B = N, therearea,b € A such that 8(a,b) = A and 8(b,a) = B. We have,
by construction, exactly one of @ > b, b > a, a ~ b and [Not[a 77 b] and Not[b - al].
Hence, using (2), we have exactly oneof A > B, B> A, A 2 B and A > B. Sincethe
relation 8 is complete, we have §(a,a) = N. Using the reflexivity of ~—, we know that
a ~ a,sothat (2) impliesN £ N.
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Parts3and 4. Let A C N. Because N £ N, the monotonicity of > implies N > A.
Suppose that @ > N. Then the monotonicity of > would imply that A > B, for all
A, B C N suchthat AU B = N. Thiswould contradict the fact that each state isinfluent.

Part 5. Using the completeness of S, we have, for al «, 3,v,0 € "'and dl a,b € A,

S(Oéia, azb) = S(ﬁia, sz) and
S(Oéib, ozia) = S(BZb, ﬁla)

Using (2), thisimpliesthat, for all i € N, dl o, € T'and dl a,b € A, aya 7 a;b &
Bia 2 B;b. Therefore, 7~ isindependent for N \ {i} and, hence, independent.

Part 6 follows from the fact that § is complete, N = N and N > N \ {i}, for all
1€ N.
Part 7. Suppose that o« >-r 3 sothat @ =, 3 and Not|a 8§ 3]. Since § is complete, we

have 3 P a. Using (2) and N > @, we have 3 >~ @, acontradiction. Conversely, if ' 8 3
we obtain, using (2) and thefact that vV > A, foral A C N,a - f sothat o 7 (.

Part 8. Leti € N. Weknowthat N = Nand N > N\ {i}. If N £ N\ {i}, then (2)
impliesa =—; b for dl a,b € A. Otherwisewehave N > N \ {i} and N = N. It follows
thata S f=>a =, fanda P 3= a >, (5. Since $ and >—; are complete, it follows that
S=r

Part 9. Suppose that ~~ isa LD relation with arepresentation (&>, §). Suppose that -
has another representation (&', 8). Using part 7, we know that § = 8§’ = 7. Using (2),
it follows that > = >’. O

4 A general framework for decision under uncertainty
tolerating intransitive preferences

We consider in this section binary relations 7~ on .4 that can be represented as:
a2 b F(p(ar,b),plaz, bs), ..., plan,bn)) >0 (UM)

where p is a real-valued function on I'? that is skew symmetric (i.e. such that p(«, 3) =
—p(B,a), fordl a, 8 € T') and F is areal-valued function on [}, p(I'"*) being nonde-
creasing in all its arguments and such that, abusing notation, F'(0) > 0.

It isuseful to interpret p as afunction measuring preference differences between out-
comes. The fact that p is supposed to be skew symmetric means that the preference
difference between « and (3 is the opposite of the preference difference between 5 and «,
which seems a reasonable hypothesis for preference differences. With this interpretation
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in mind, the acts a and b are compared as follows. In each state i € N, the preference
difference between a,; and b; is computed. The synthesis of these preference differencesis
performed applying the function F'. If this synthesisis positive, we conclude that a - b.
Given this interpretation, it seems reasonable to suppose that £ is nondecreasing in each
of its arguments. The fact that £(0) > 0 simply means that the synthesis of null prefer-
ence differencesin each state should be nonnegative; this ensuresthat >~ will be reflexive.
Model (UM) is the speciaization to the case of decision making under uncertainty of
conjoint measurement models studied in Bouyssou and Pirlot (2002).

It is not difficult to see that model (UM) encompasses preference relations ~—~ on A
that are neither transitive nor complete. It is worth noting that this model is sufficiently
flexible to contain many others as particular cases including:

e the SEU model (see, e.g. Wakker, 1989) in which:
azbs Z wiu(a;) > Zwiu(bi) (SEU)
=1 =1

where w; are nonnegative real numbers that add up to one and « is a real-valued
functionon T,

e the Skew Symmetric Additive model (SSA) (see Fishburn, 1988, 1990) in which
azbe Y wdlanb) >0 (SSA)
=1

where w; are nonnegative real numbersthat add up to one and ¢ is a skew symmet-
ric (®(a, 8) = —®(3, a)) real-valued function on I'2.

We will show in the next section that model (UM) aso contains all LD relations. As
shown below, model (UM) implies that - is independent. It is therefore not suited to
cope with violations of the Sure Thing Principle that have been widely documented in
the literature (Allais, 1953; Ellsberg, 1961; Kahneman and Tversky, 1979), which can be
done, e.g. using Choquet Expected Utility or Cumulative Prospect Theory (see Chew and
Karni, 1994; Gilboa, 1987; Karni and Schmeidler, 1991; Luce, 2000; Nakamura, 1990;
Schmeidler, 1989; Wakker, 1989, 1994, 1996; Wakker and Tversky, 1993).

The flexibility of model (UM) may obscure some of its properties. We summarize
what appears to be the most important ones in the following.

Lemma 2
Let >~ beabinary relation on A that has a representation in model (UM). Then:

1. = isreflexive, independent and marginally complete,
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2. [a>;bforallie JC N|=[a>;0],

3. ~r iscomplete.

~Y

PROOF

Part 1. The reflexivity of =~ follows from the skew symmetry of p and £ (0) > 0. In-
dependence follows from the fact that p(a, ) = 0, for all « € T'. Not[wa 7 ;a] and
Not[f;a 7 ca) imply, abusing notation, F([p(a, 8)];, [0]-) < 0 and F([p(3, )]s, [0]-,)
< 0. Since F(0) > 0 and F' is nondecreasing, we have p(a, ) < 0 and p(3,a) < 0,
which contradicts the skew symmetry of p. Hence, 7~ is marginally complete.

Part 2. Observethat o >-; g isequivalentto F'([p(«, 3)]:, [0]-;) > 0 and F([p(5, )],
[0]_;) < 0. Since F'(0) > 0 we know that p(3, a) < 0 using the nondecreasingness of £
The skew symmetry of p implies p(a, 3) > 0 > p(3, «) and the desired property easily
follows using the nondecreasingness of F.

Part 3. Because p is skew symmetric, we have, for al o, 3 € T, p(a,3) > 0 or
p(B,«) > 0. Since F'(0) > 0, the completeness of >~ follows from the nondecreasing-
ness of F. O

The analysis of model (UM) heavily rests on the study of induced relations comparing
preference differences on the set of outcomes. The interest of such relations was already
powerfully stressed by Wakker (1988, 1989) (note however that, although we use similar
notation, our definitions differs from his).

Definition 2 (Relations comparing preference differences)
Let =~ be a binary relation on .A. We define the binary relations >—* and = ** on I'? letting,
foral a,3,v,6 €T,

(o, B) ZZ* (,0) < [forall a,b € Aandall i € N,v;a = 6;b = aa = 5;b],

(@, 3) T (7,0) & [(a, B) Z7 (v, 0) and (6,7) =" (5, )]

The asymmetric and symmetric parts of —* are respectively denoted by >-* and ~*, a
similar convention holding for 7~**. By construction, ~~* and 7-** are reflexive and transi-
tive. Therefore, ~* and ~** are equivalence relations. Note that, by construction, —** is
reversible, i.e. (o, 5) 72" (7,0) < (0,7) =™ (B, a).

We note a few useful connections between —* and - in the following lemma.

Lemma3
1. 7 isindependent if and only if (iff) (a, o) ~* (3, 5),foral o, 5 € T
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2. Forall a,b,c,de A,alli € Nandall o, € T
[CL i_j b and (CZ‘, dz> >~ (Cbi, bz)] = c;a ?\: dzb, (3)

~Y

[(Cj,dj) ~* (aj,bj), for a.lleN]:> [aib@cid} (4)

PROOF

Part 1. It isclear that [ isindependent] < [~ isindependent for NV \ {i}, foral i € N].
Observe that |- isindependent for N \ {i}, for al i € N| < [a,a 72 ;b < Gia 72 Bib,
forala,f el dlic Nanddla,be A] & [(a,a) ~* (,0) fordl o, 5 €T'].

Part 2. (3) is clear from the definition of —*, (4) follows. O

The following conditions are an adaptation to the case of decision making under uncer-
tainty of conditions used in Bouyssou and Pirlot (2002) in the context of conjoint mea-
surement. They will prove will prove central in what follows.

Definition 3 (Conditions URC1 and URC2)
Let - beabinary relation on A. Thisrelation is said to satisfy:

o;a i Bib it i ;b
URC1 if and = or

’)/jC r>\: 5jd OéjC i: ﬁjd,

aza 7 Bib yia 7 6;b
URC2if and = or

Bic Z a;d djc Z v;d,

forali,j € N,ala,b,c,d e Aandall o, 3,7,0 € T.

Condition URCL1 suggests that, independently of the state i € N, either the difference
(o, ) is @t least aslarge asthe difference (v, 0) of vice versa. Indeed, suppose that v;a -
B;b and Not[y;a 7Z 0;b]. Thisisthe sign that the preference difference between o and
appears to be larger than the preference difference between v and §. Therefore if v;c
d;d, we should have a;c 7 3;d, whichis URCL. Similarly, condition URC2 suggests that
the preference difference (o, 3) is linked to the “opposite” preference difference (3, «).
Indeed if «;a 7 ;b and Not|v;a = 6;b], so that the difference between + and § is not
larger than the difference between o and 3, URC2 implies that 3;c =2 «;d should imply
d;c 7 7;d, so that the difference between ¢ and v is not smaller than the difference
between 5 and «. The following lemma summarizes the main consequences of URC1
and URC2.

Lemma4
1. URC1 < [Z* iscomplete],

2. URC2 &
[for all o, 3,v,0 € T', Not[(a, B) ZZ* (7,0)] = (B, ) =* (6,7)],
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3. [URC1 and URC2| < [Z** is complete].
4. Inthe class of reflexive relations, URC1 and URC2 are independent conditions.

5. URC2 = [~ isindependent].

PROOF
Part 1. Suppose that URCL1 is violated so that «;a 75 5;b, vj¢ 22 0;d, Not|v;a 77 6;b] and
Not|ajc 77 B;d]. Thisiseguivalent to Not[(«, 5) z2* (v,9)] and Not[(~, ) Z* («, §)].
Part 2. Suppose that URC2 is violated so that «i;a 22 3;b, B¢ 7o ad, Not[v,a 7 ;0]
and Not[d;c - v;d]. Thisisequivalent to Not[(v, ) =* (o, B)] and Not[(d,v) Z* (6, a)].
Part 3 easily follows from parts 1 and 2.
Part 4: see examples 2 and 3 in appendix.

Part 5. Supposethat a;a 7~ a;b. Using URC2 implies G;a =~ 3;b, foral 5 € T'. Hence,
> isindependent. O

The following lemma shows that all relations satisfying model (UM) satisfy URC1 and
URC?2; this should be no surprise since within model (UM) the skew symmetric function
p induces on I'? areversible weak order.

Lemma5
Let —~ beabinaryrelation on A. If >~ hasarepresentation in model (UM) then - satisfies
URC1 and URC2.

PROOF
[URC1]. Suppose that «;a 27 ;b and ;¢ 27 §;d. Using model (UM) we have:
E([p(e, B)]i, [p(ak, bi)]kzi) = 0 @nd F([p(7,)];, [p(ce, de)lers) = 0,

with [-]; denoting the ith argument of F. If p(«,3) > p(v,d) then using the nonde-
creasingness of F, we have F([p(a, 5);, [p(ce, dr)]exj) > 0 so that a;e 22 f;d. |If
p(e, B) < p(v,6) we have F([p(y,0)l:, [p(ak, bk)]wz:) = 0 so that y;a 5 6;b. Hence
URC1 holds.

[URC?2]. Similarly, supposethat a;a 27 3;b and ;¢ 77 a;d. We thus have:
If p(a, B) > p(7,0), the skew symmetry of p impliesp(d,~) > p(5, o). Using the nonde-
creasingness of F', we have F'([p(6,7)];, [p(ce, de)]exj) > 0, sothat §;¢ 2 v;d. Similarly,

if p(cv, B) < p(7, ), wehave, using the nondecreasingness of £, F'([p(7, 6):, [p(ak, bk)|kzi)
> 0 sothat v;a - §;b. Hence URC2 holds. O
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It turns out that conditions URC1 and URC2 alow to completely characterize model
(UM) when T'/ ~** isfinite or countably infinite.

Theorem 1
Let 7~ be a binary relation on A. If '/ ~** is finite or countably infinite, then =~ has a
representation (UM) iff it isreflexive and satisfies URC1 and URC2.

PROOF
Necessity follows from lemmas 2 and 5. We establish sufficiency.

Since URC1 and URC2 hold, we know from lemma 4 that ~~** is complete so that it
isaweak order. Thisimpliesthat >—* isawesk order. SinceI'/ ~** isfinite or countably
infinite, itisclear that I'/ ~* isfinite or countably infinite. Therefore, thereisareal-valued
function ¢ on I'? such that, for al o, 5,7,6 € T, (o, B) =* (7,6) < q(a, B) > q(7,0).
Given a particular numerical representation ¢ of 2=*, let p(«a, 8) = q(«, 8) — q(5, ). Itis
obvious that p is skew symmetric and represents =~ **.

Define F' asfollows:

n b if @ >
Flptan b plas b, plenb)) = { _S2ZPesl)) e b
The well-definedness of £ follows from (4). To show that F' is nondecreasing, suppose
that p(a, B) > p(7,9), i.e that (o, 3) =™ (v,0). If y,a 7 §;b, we know from (3) that
a;a 77 (3;b and the conclusion follows from the definition of £. If Not|v,a 77 0;b], we
have either Not|w;a 7 ;0] or a;a 77 5;b. In either case, the conclusion follows from the
definition of F'. Since 77 isreflexive, we have F'(0) > 0, asrequired. This completes the
proof. O

Remark 1

Following Bouyssou and Pirlot (2002), it is not difficult to extend theorem 1 to sets of
arbitrary cardinality adding a, necessary, condition implying that the weak order >—* (and,
hence, 7~**) has a numerical representation. Thiswill not be useful here and we leave the
details to the interested reader.

We refer to Bouyssou and Pirlot (2002) for an analysis of the, obviously quite weak,
uniqueness properties of the numerical representation of model (UM). Observe that, if -
has a representation in model (UM), we must have that:

(a,3) = (7,0) = p(e, B) > p(7,0). (5)
Hence, the number of distinct values taken by p in arepresentation in model (UM) isan
upper bound of the number of distinct equivalence classes of 7—**. °

Remark 2
Following the analysisin Bouyssou and Pirlot (2002), it is not difficult to analyze variants
of model (UM). For instance, when I" isfinite or countably infinite:
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¢ the weakening of model (UM) obtained considering a function p that may not be
skew symmetric but is such that p(a, o) = 0, for all o € T', isequivalent to suppos-
ing that - is reflexive, independent and satisfies URCL,

¢ the weakening of model (UM) obtained considering a function F' that may not be
nondecreasing is equivalent to supposing that - is reflexive and independent,

e the strengthening of model (UM) obtained considering a function F' that is odd
(F(x) = —F(x)) isequivalent to supposing that - is complete and satisfies URC1
and URC2.

In Bouyssou and Pirlot (2004c), we study the strengthening of model (UM) obtained
requiring that F' that is odd and strictly increasing in each of its arguments. In the finite
or countably infinite case, this model is shown to be characterized by the completeness
of 7~ and the“Cardina Coordinate Independence” condition introduced in Wakker (1984,
1988, 1989) in order to derive the SEU model. This condition implies both URC1 and
URC2 for complete relations.

All the above results are easily generalized to cover the case of an arbitrary set of
consequences adding appropriate conditions guaranteeing that ~~* has a numerical repre-
sentation (on these conditions, see Fishburn, 1970; Krantz et al., 1971) °

5 A new characterization of LD relations

We have analyzed in Bouyssou and Pirlot (2004c) the relations between model (UM)
and models (SEU) and (SSA). We show here what has to be added to the conditions of
theorem 1 in order to characterize LD relations. The basic intuition behind this analysis
is quite simple. Consider a binary relation = that has a representation in model (UM)
in which the function p takes at most three distinct values, i.e. a positive value, a null
value and a negative value. In such a case, it is tempting to define the relation S letting
aPp s plap) >0andal < pla,) = 0. Since p takes only three distinct
values, the relation 8 summarizes without any |oss the information contained in the skew
symmetric function p. This brings us quite close to a LD relation. We formalize this
intuition below. Thiswill require the introduction of conditions that will limit the number
of equivalence classes of ~* and, therefore, ~**.
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Definition 4 (Conditions UM 1 and UM 2)
Let - beabinary relation on a set A. Thisrelation is said to satisfy:

Bia i a;b

a;a 7 Bib or

Y5€ i 5jd or
ajc 7 Bid,
ﬁi(l f>\: Ozib

a,;a i__, 6117 or
Bjc z ayd or
i¢ % 05d,

forall i, € N,al a,b,c,d e Aandall o, 3,7v,0 € T.

In order to analyze these two conditions, it will be useful to introduce the following two

conditions:
a;a i', Bib ﬁz‘a ?\3 a;b
and = or (6)
’)/jC i__, 5jd O./jC r>\_’ ﬁjd,
a;a f, ;b Bia ,?, a;b
and = or (7)
Bic Z a;d ¢ % 05d,

forali,j € N,dl a,bc,d e Aandal «,5,v,6 € I'. Condition (6) has a smple
interpretation. Suppose that «;a 77 ;b and Not[5;a 7 o;b]. This is the sign that the
preference difference between « and j3 is strictly larger than the preference difference
between 3 and .. Because with LD relations there can be only three types of preference
differences (positive, null and negative) and preference differences are compared in a
reversible way, this implies that the preference difference between o and 5 must be at
least aslarge as any other preference difference. In particular, if v;c 2 6;d, it must follow
that ojc 27 B;d. Thisiswhat condition (6) implies. Condition (7) has an obvious dual
interpretation: if adifferenceisstrictly smaller than its opposite then any other preference
must be at least as large as this difference. Conditions UM1 and UM?2 are respectively
deduced from (6) and (7) by adding a conclusion to these conditions. This additional
conclusion ensures that these new conditions are independent from URC1 and URC2.
Thisisformalized below.

Lemmab6
1. (6) & [Not[(B8,a) Z* (o, B)] = (o, B) 2" (7, 6)],

2. (7) < [Not[(8,0) 2 (a, B)] = (7,0) =" (B, a)],
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(6) = UML,
(7) = UM2,
URC2 and UM1 = (6),
URC1 and UM2 = (7),

N o g M ®w

[URC1, URC2,UM1 and UM2] = [-** isa weak order having at most three equiv-
alence classes|.

8. In the class of reflexive relations, URC1, URC2, UM1 and UM2 are independent
conditions.

PROOF

Part 1. We clearly have Not[(6)] < [Not[(8,a) Z* (o, B)] and Not[(«, 5) 7* (7,0)]].
The proof of part 2 issimilar. Parts 3 and 4 are obvious since UM 1 (resp. UM 2) amounts
to adding a possible conclusion to (6) (resp. (7)).

Part 5. Suppose that «;a 22 ;b and ;¢ 7 6;d. If Not[d;a - v;0], UML implies
ﬁia i a;b or o c i ﬁ]d Suppose now that (5]'61 i ")/Jb USIﬂg URC2 5ia i ’}/,Lb and
v;a Z 6;bimply ;a7 a;b or aja 27 5;b. Hence, (6) holds.

Part 6. Suppose that a;a 77 G;b and Sic 77 ayd. If Not[v,a 27 ;b], UM2 implies
Bia 7 ;b or yic 7 0;d. Suppose now that v,a 7 9;b. Using URC1 ~;a 2 §;b and
Bjc Z a;dimply Bia 22 a;b or ¢ 7 6;d. Hence, (7) holds.

Part 7. Since URC1 and URC2 hold, we know that -~** is complete. Since ~** is
reversible, the conclusion will be false iff there are a, 3,~,0 € T such that (a, 3) =**

(7,0) =™ (o, ).

1. Suppose that (o, 3) =* (v,0) and (v,d) =* (a, ). Using URC2, we know that
(o, ) zZ* (0,7). Using the transitivity of —* we have (y,0) >=* (J,7v). Since
(cr, B) >* (v, 6), this contradicts (6).

2. Suppose that (a, 3) =* (v,0) and (a, ) >=* (6,7). Using URC2, we know that
(7,0) Z* (a,a). Using the trangitivity of —* we have (v,d) =* (J,7). Since
(o, B) =* (7, 0), this contradicts (6).

3. Suppose that (4,v) ~* (8,«) and (v,9) >=* (o, ). Using URC2, we know that
(v, c0) 7 (6,7y) sothat (v,d) =* (4,7). Since (d,v) >=* (8, «), this contradicts (7).

4. Supposethat (d,7) > ( a) and (a, ) >=* (9,7). Using URC2 we have (v, d) -
(o, ) sothat (,9) =* (9,7). Since (d,v) =* (5, «), this contradicts (7).

Part 8: see examples 4, 5, 6 and 7 in appendix. O
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In view of the above lemma, conditions UM1 and UM2 seem to adequately capture the
ordinal character of the aggregation at work in a LD relation within the framework of
model (UM). Indeed, the following lemma shows that all LD relations satisfy UM1 and
UM2 while having arepresentation in model (UM).

Lemma7
Let - beabinary relation on A. If 77 isa LD relation then,

1. - satisfies URC1 and URC2,

2. - satisfies UM1 and UM2.
PROOF
Let (>, 8) bethe representation of -.

Part 1. Let us show that URC1 holds, i.e. that «a 5 ;0 and ¢ 2 0,;d imply
i ?\: 0;b or e71¢ t 5jd

There are 9 cases to envisage:

yPO ~4T6 §P~y
aPp () @iy (i)
aldp  (iv) (v (W)
BPa (i) (viii) (iX)

Cases (i), (v) and (ix) clearly follow from (2). All other cases easily follow from (2) and
the monotonicity of >. The proof for URC2 is similar.

Part 2. Let usshow that UM1 holds, i.e. that oi;a 7 ;b and v;c 22 6;dimply Sa 22 a;b
or v;a i: 5,() or (671& ?\: ﬁ]d

If o P 3 then, using (2) and the monotonicity of >, v,c = 0,d implies ajc 2 B;d.
If 5 P « then, using (2) and the monotonicity of >, a;a = 5;b implies G;a = «;b. If
aJ B, then 8 J « so that, using (2), aa = 5;b implies B;a =~ «;b. The proof for UM2 is
similar. O

We are now in position to present the main result of this section.

Theorem 2
Let ~~ be a binary relation on .A. Then - isa LD relation iff it is reflexive and satisfies
URC1, URC2, UM1 and UM2.

PROOF

Necessity follows from lemma 7 and the definition of a LD relation. We show that if
> satisfies URC1 and URC2 and is such that ~** has at most three distinct equivalence
classesthen 7~ isa LD relation. In view of lemma 6, thiswill establish sufficiency.
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Define 8 letting, for all o, 8 € ', o 8§ B < (o, ) 2™ (B, 5). By hypothesis, we
know that ~—~** is complete and - isindependent. It easily follows that S is complete.

Therelation ~—* being complete, theinfluenceof i € N impliesthat thereare~, J, «, 3 €

I such that (o, 8) =* (v,d). Since Z—** is complete, thisimplies (a, ) =** (v,4). If
(0, ) =™ (5, 8) then . P B. If not, then (5,5) =* (a, §) so that (8, 8) =** (7,0)
and, using the reversibility of 2-** and the independence of -, 6 P ~. This shows that P
is not empty. Thisimplies that ~—** has exactly three distinct equivalence classes, since
aP s (a,f0) = (8,8) < (B,5) = (B,«a). Therefore, a P Fiff («, 3) belongs
to the first equivalence class of ~** and (3, o) to its last equivalence class. Consider any
two subsets A, B C N suchthat AU B = N and let:

AD> B & [a b forsomea,b € Asuchthat 8(a,b) = Aand8(b,a) = B].

If @ = b then, by construction, we have S(a,b) > 8(b,a). Suppose now that $(a,b) >
8(b,a), so that thereare ¢,b € A suchthat ¢ - d and (¢;, d;) ~** (a;,b;), forali € N.
Using (4), we have a =~ b. Hence (2) holds. The monotonicity of > easily follows from
(3). This completes the proof. O

We have therefore obtained a complete characterization of LD relation within the
genera framework of model (UM). Conditions UM1 and UM2 implying that ~~** has at
most three distinct equivalence classes appear as the main distinctive characteristic of LD
relations. Clearly abinary relation - having a representation in models (SEU) or (SSA)
will, in general, have amuch richer relation —**.

6 Discussion and extensions

The purpose of this paper was twofold. We have first introduced a general axiomatic
framework for decision under uncertainty that contains both the SEU and the LD models
as particular cases. This model, while tolerating intransitive and/or incomplete prefer-
ences, has a simple and intuitive interpretation in terms of preference differences. It
is nontrivia unlike, e.g., the general model introduced in Chu and Halpern (2003). We
showed that it can be characterized using simple conditions, while avoiding the use of any
unnecessary structural assumptions. The second aim of this paper was to put our genera
framework to work, using it to propose an alternative characterization of the preference
relations that can be obtained using the likely dominance rule. This characterization has
emphasized the main specific feature of LD relations, i.e. the fact that they use a very
poor information concerning preference differences admitting only “ positive”, “null” and
“negative” differences.
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6.1 Comparison with Fargier and Perny (1999) and Dubois et al.
(2003a)

We compare below our characterization of LD relations with the one proposed in Fargier
and Perny (1999); closely related results are found in Dubois et a. (2003a, 2002). Their
characterization is based on acondition called “ qualitative independence” (and later called
“ordinal invariance” in Dubois et a. (20033, 2002)) that isa dlight variant (using a reflex-
iverelation instead of an asymmetric one) of the “noncompensation” condition introduced
in Fishburn (1975, 1976, 1978) which, in turn, isa “single profile’ analogue of the inde-
pendence condition used in Arrow’s theorem (see Sen, 1986).

Since our definition of LD relations differs from the one used in Fargier and Perny
(1999) (they do not impose that &> is necessarily monotonic w.r.t. inclusion) we reformu-
late their result below. For any a,b € A, let R(a,b) ={i € N :a; Zr b;}.

Definition 5
Let >~ be a binary relation on 4. This relation is said to satisfy monotonic qualitative
independence (MQI) if,

R(a,b) O R(c,d)
and = [cmd=azbl]
R(b,a) C R(d,c)

for all a,b,c,d € A.

Condition MQI is strengthens the “qualitative independence”’ condition used in Fargier
and Perny (1999) (this condition is obtained replacing inclusions by equalities in the ex-
pression of MQI; as observed in Dubois et a. (2003a, 2002), it is also possible to use
instead of MQI the original qualitative independence condition together with a condition
imposing that >~ is monotonic w.r.t. >—r) to include an idea of monotonicity. Condition
MQI is a“single profile” analogue of the NIM (i.e., Neutrality, Independence, Mono-
tonicity) condition that is classical in Socia Choice Theory (see Sen, 1986, p. 1086).

As shown below, in what is an adaptation of Fargier and Perny (1999, proposition 5),
this condition allows for avery simple characterization of LD relations.

Proposition 1
Let ~~ beabinary relation on 4. Therelation 77 isa LD relation iff

o - isreflexive,
e ~r iscomplete,

e - satisfiesMQI.
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PROOF

Necessity. Reflexivity holds by definition of a LD relation. That >~ must be complete
follows from part 3 of lemma 2. The necessity of MQI follows from (2), using the mono-
tonicity of > and part 7 of lemma 1.

Sufficiency. Let S = ~—r. By hypothesis, S is complete. If > is empty, we have
R(a,b) = N fordl a,b € A. Using the reflexivity of - and M QI this implies that
a 7, b, foral a,b € Aand, hence, that all statesi € N are degenerate, contrary to our
hypothesis. Hence >~ = P is nonempty.

Let A, B C N suchthat AU B = N. Since P is nonempty there are a, b € A such
that S(a,b) = Aand 8(b,a) = B. Define > letting:

AP> B & [a b forsomea,b € Asuchthat 8(a,b) = Aand§(b,a) = B.

If @ 7 b then, by construction, we have S(a,b) > 8(b,a). Suppose now that $(a,b) >
8(b,a). By construction, there are ¢,d € A such that ¢ 77 d and S(¢,d) = A and
8(d,c) = B. Using MQI, it follows that « = b. That &> is monotonic w.r.t. inclusion
clearly follows from MQI. O

We refer to Dubois et al. (2002); Fargier and Perny (1999) for a thorough analysis of this
result, including a careful comparison of the above conditions with the classical ones used
in Savage (1954).

Although proposition 1 offers a simple characterization of LD relations, condition
MQI appears at the same time quite strong (thiswill be apparent if onetriesto reformulate
MQI interms of ~-) and wholly specific to LD relations. In our view, the characterization
of LD relations within model (UM) proposed above allows to better isolate what appears
to be the specific features of LD relations while showing their links with more classical
preference relations used in the field of decision under uncertainty.

It should also be stressed that the characterization of LD relations is far from be-
ing the only objective of the above-mentioned papers. Rather, their aim is to study the,
drastic, consequences of supposing that >~ isa LD relation and has nice transitivity prop-
erties (e.g. >~ being transitive or without circuits). Thisanalysis, that is closely related to
Arrow-like theoremsin Social Choice Theory (see Campbell and Kelly, 2002; Sen, 1986,
for overviews), illuminates the relations between the LD rule, possibility theory and non-
monotonic reasoning. Such an analysisis clearly independent from the path followed to
characterize LD relations.

6.2 Extensions

As aready mentioned, model (UM) is the specialization to the case of decision making
under uncertainty of the conjoint measurement models proposed in Bouyssou and Pirlot
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(2002). It is not difficult to see that model (UM) not only allows for intransitive relations
>~ between acts but also for intransitive relation >~ between outcomes. This may be
seen as a limitation of model (UM). Indeed, whereas intransitivities are not unlikely
when comparing acts (see Fishburn, 1991), one would expect a much more well behaved
relation when it turns to comparing outcomes. We show in this section how to extend
our results to cover this case. Before doing so, let us stress that it is quite remarkable
that any transitivity hypothesis is unnecessary to obtain a complete characterization of
LD relations. Asforcefully argued in Saari (1998), this seems to be an essential feature
of “ordina” models.

Adapting the analysis in Bouyssou and Pirlot (20044) to the case of decision under
uncertainty, let usfirst show that it is possible to specialize model (UM) in order introduce
alinear arrangement of the elements of I'. We consider binary relations >~ on A that can
be represented as:

aZ b Fe(u(ar),ulbr)), .., e(ulan), u(bn))) = 0 (UM¥)

where v is areal-valued function on T, ¢ is areal-valued function on u(T")? that is skew
symmetric, nondecreasing initsfirst argument (and, therefore, nonincreasing in its second
argument) and F is areal-valued function on ", ©(u(T")?) being nondecreasing in all
its arguments and such that £'(0) > 0.

Comparing models (UM*) and (UM), it is clear that (UM?*) is the special case of
model (UM) in which the function p measuring preference differences between outcomes
may be factorised using a function « measuring the “utility” of the outcomes and a skew
symmetric function ¢ measuring preference differences between outcomes on the basis of
u. Itiseasy to seethat model (UM*) impliesthat =~ iscomplete and that > istransitive.
The analysis below will, in fact, show that model (UM*) impliesthat - isasemiorder.

The analysis of model (UM*) will require the introduction of three new conditions
inspired from Bouyssou and Pirlot (2004a).

Definition 6 (Conditions UAC1, UAC2 and UAC3)

W\e say that - satisfies:
aza b Bia = b
UAC1lif and = or

a;c i: d,

a 7 o;b a - 3:b
UAC2if and = or

¢z Bid ¢ 2 a;d,

a7 a;b a = Bib
UACS if and = or

e d Bjc 2z d,
forall a,b,c,d € A,alli,j € Nandall o, €T.
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Condition UAC1 suggests that the elements of I" can be linearly ordered considering “up-
ward dominance”: if « “upward dominates’ 5 then (;a - b entails c;a = b, for al
a,b € Aandal i € N. Condition UAC2 has a similar interpretation considering now
“downward dominance’. Condition UAC3 ensuresthat the linear arrangements of the ele-
ments of I" obtained considering upward and downward dominance are not incompatible.
The study of theimpact of these new conditions on model (UM) will require an additional
definition borrowed from Doignon et al. (1988).

Definition 7 (Linearity)
Let R be a binary relation on a set X2. We say that:
e R isright-linear iff [Not[(y,z) R (z,2)] = (z,w) R (y,w)],
e R isleft-linear iff [Not[(z,z) R (z,v)] = (w,y) R (w,x)],
e R isstrongly linear iff [Not[(y, z) R (z,2)] or Not[(z,z) R (z,v)]] = [(z,w) R
(y,w) and (w,y) R (w,z)],

foral z,y,z,w € X.

The impact of our new conditions on the relations ~—* and ~~** comparing preference
differences between outcomes are noted bel ow.

Lemmas8
1. UAC1 & Z* isright-linear,

2. UAC2 < =" isleft-linear,

3. UAC3 < [[Not[(a,v) =" (B,7)] for some~ € T = [(6,«) ZZ* (9, 5), for all
§ e 1],

4. [UACL, UAC2 and UAC3] < —*isstrongly linear < —** isstrongly linear.

5. In the class of reflexive relations satisfying URC1 and URC2, UAC1, UAC2 and
UAC3 are independent conditions.

PROOF
Part 1. ~—* is not right-linear iff for some «, 3,7,0 € T, we have Not[(v, 3) 72" (a, B)]
and Not[(a, 0) 7Z* (7, 9)]. Thisequivalent to

[aa 7, B;b] and Not[v;a 7 3;b] and
[vie Z 6;d] and Not[aje ZZ 6;d],

for somea,b,c,d € Aand somei,j € N. Thisisexactly Not|UAC1|. Parts2 and 3 are
established similarly.
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Part 4. The first equivalence isimmediate from parts 1 to 3. The second equivalence
directly results from the definitions of —* and 7~**.

Part 5. see examples 8, 9 and 10 in appendix. O

We summarize some useful consequences of model (UM*) in the following:

Lemma9
Let - beabinary relation on A. If - hasa representation in (UM*) then:

1. it satisfies URC1 and URC2,
2. it satisfies UAC1, UAC2 and UACS3,

3. thebinaryrelation T on I' defined by o T' 8 < (o, ) 75** (o, o) iS @ semiordey.

PROOF
Part 1 follows from the definition of model (UM*) and theorem 1.

Part 2. Suppose that o;a 7 b and 3;c 7 d. Thisimplies, abusing notation,

(i)l [o(u(ar), w(be))]rz)
F(lpu(B), uld)))];: [p(ulee), ulde))]ezs)

If u(3) < u(«), Since p isnondecreasing in its first argument and £’ is nondecreasing in
all its arguments, we obtain

F(lp(u(a), u(d;))];, [e(ulee), ulde))lez;) = 0,

0 and
0.

=
6
=
S
IS

>
>

so that ajc 77 d. If u(3) > u(a), Since ¢ is nondecreasing in its first argument and F' is
nondecreasing in all its arguments, we obtain

F([p(u(B), u(bi))]i, [p(ular), u(be))lkzi) = 0,

so that 3;a 77 b. Hence, UAC1 holds. The proof is similar for UAC2 and UAC3.

Part 3. Since URC1 and URC2 hold, we know from lemma 4 that —** is complete. It
is reversible by construction. From lemma 8, we know that ~** is strongly linear. From
the proof of theorem 2, we know that 7" is complete. It remains to show that it is Ferrers
and semi-transitive.

[Ferrers]. Supposethat o« 7" fand v T § so that (o, B) =** (3,5) and (v, d) =™
(0,9). In contradiction with the thesis, suppose that Not[a T" 6] and Not[y T' 3] so that
(0,0) =** («,0) and (5,3) = (v,0). Using the fact that -** is a weak order, this

implies (o, 8) =** (v, ) and (v, ) =** (a, d). Thisviolates the strong linearity of 7~**.
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[Semi-transitivity]. Suppose that o 7" 5 and 5 T ~ so that (o, 5) =™ (8,5)
and (3,v) =** (v,7). In contradiction with the thesis, suppose that Not[« T 4] and
Not[d T' ~] so that (9,5) =** (a,d) and (y,7) =** (4,7). Using the fact that 7-** isa
reversible weak order, we obtain («, 5) = (o, d) and (5,~y) =** (J,7). Thisviolates
the strong linearity of ~**. Hence, T is semi-transitive. O

The conditions introduced so far allow us to characterize model (UM*) when I" and,
hence, A, is at most denumerable.

Theorem 3
Suppose that T isfinite or countably infinite and let >~ be a binary relation on A. Then
> has a representation (UM*) iff it is reflexive and satisfies URC1, URC2, UAC1, UAC2
and UAC3.

PROOF
Necessity results from lemmas 2, 5 and 9. The proof of sufficiency rests on the following
claim proved in Bouyssou and Pirlot (2004a, Proposition 2).

CLAIM Let R be aweak order on afinite or countably infinite set X2. Thereis areal-
valued function « on X and area-valued function ¢ on u(X)? being nondecreasing in its
first argument and nonincreasing in its second argument, such that, for all =, y, z, w € X,

(z,9) R (2,0) & p(u(z),uly)) = p(u(z), u(w))

iff R isstrongly linear. In addition, the function  can be chosen to be skew-symmetric
iff R isreversible.

Sufficiency follows from combining theorem 1 with lemma 8 and the above claim. O

Remark 3

The above result can be extended without much difficulty to sets of arbitrary cardinality.
Note however that, contrary to theorem 1, theorem 3 isonly stated herefor finite or count-
ably infinite sets 4. Thisis no mistake. In fact, as shown in Fishburn (1973, Theorem
A(ii)), it may well happen that R is a strongly linear weak order on X2, that the set of
equivalence classes induced by R is finite or countably infinite while the above claim
fails. o

We now use the framework of model (UM*) to analyze LD relations in which 8 is a
semiorder. Let usfirst show that all such relations have arepresentation in model (UM*).

Lemma 10
Let 2~ be a binary relation on A. If - isa LD relation with a representation (>, S) in
which § isa semiorder then - satisfies UAC1, UAC2 and UACS.
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PROOF
[UAC1]. Suppose that o;a 27 b and §c 7 d. We want to show that either ;a = b or
a;e 2z d.

If b, P a or d; P 3, the conclusion follows from the monotonicity of >.

If a P b, and 3 P d;, we have, using the fact that P is Ferrers, o« P d; or 5 P b;. In
either case the desired conclusion follows using the fact that — isa LD relation.

Thisleaves three exclusive cases: [aJ b; and 3 P d;] or [ P b; and 3 J d;], or [ T b;
and $ J d;]. Using Ferrers, either case impliesa § d; or 8 8 b;. If either o P d; or
B3 P b;, the desired conclusion follows from monotonicity. Suppose therefore that o J d;
and 3 J b;. Since we have either o J b; or 8 J d;, the conclusion follows using the fact
that — isaLD relation.

Hence UAC1 holds. The proof for UAC2 is similar, using Ferrers.

[UACS3]. Supposethat a - a;b and a;c 77 d. We want to show that either a 77 3;b or
Bjc ?\: d.

If either a P a; or d; P «, the conclusion follows from monotonicity.

If a; P aand o P d;, then semi-transitivity impliesa;, P 3 or 3 P d;. In either case,
the conclusion follows from monotonicity.

This leaves three exclusive cases: [a; J aanda P d;] or [a; P canda I d;] or
la; J aand a I d;]. In either case, semi-transitivity impliesa; § g or 3 § d;. If either
a; P por 3P d;. thedesired conclusion follows from monotonicity. Suppose therefore
that a; J 5 or 3 J d;. Sincein each of the remaining cases we have either a; J acor o J d,
the conclusion follows because >~ isa LD relation. O

Although lemma 8 shows that in the class of reflexive binary relations satisfying URC1
and URC2, UAC1, UAC2 and UAC3 are independent conditions, the situation is more
delicate when we bring conditions UM1 and UM2 into the picture since they impose
strong requirements on >—* and ~**. We have:

Lemma 11
1. Let 7 be areflexive binary relation on A satisfying URC1, URC2, UM1 and UM2.
Then - satisfies UAC1 iff it satisfies UAC2.

2. In the class of reflexive binary relations satisfying URC1, URC2, UM1 and UM2,
conditions UAC1 and UAC3 are independent.

PROOF
Part 1. The proof uses the following claim.

CLAIM When URC1, URC2, UM 1 and UM2 hold then we have one of the following:
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1. (a,8) =" (8,8) =* (B,a),fordl o, 3 € T such that («, 3) =** (3, ),
2. (a,0) =* (8,0) and (8, 3) ~* (B, ), foradl o, 3 € T suchthat («, ) =** (8, 3),
3. (o, 3) ~* (8,08)and (5, 5) =* (B,«), foradl o, 5 € T such that (o, 5) =** (5, ),

PROOF OF THE CLAIM

Using part 3 of lemma4 and part 8 of lemma 8, we know that 7~** isaweak order having
at most three distinct equivalence classes. Let «, 5 € T" be such that (o, 5) =** (8, 3).
By construction, we have either («, 3) >=* (5,05) or (5,5) »=* (5,«). There are three
cases to examine.

1. Suppose first that (o, 5) =* (5,5) and (5, 3) >=* (3, «). Consider v, € I' such
that (v,d) =** (0,9). If either (v,d) ~* (§,0) or (5,) ~* (9,9), itiseasy to see,
using the independence of - and the definition of >-**, that we must have:

(a, B) =7 (7,0) =" (B, 8) =™ (6,7) =™ (B, ),

violating the fact that ~** has at most three distinct equivalence classes. Hence we
have, for al v, 6 € I" suchthat (v, §) =** (9, 9), (v,d) =* (§,d) and (6,0) =* (J, 7).

2. Supposethat (o, 3) =* (5, 5) and (3, 5) ~* (5, «) and consider any -, § € I' such
that (v,0) = (4,0). If (v,9) =* (5,0) and (4,6) =* (0,7), we have, using the
independence of >~ and the definition of ~—**,

(7,6) =" (o, B) =7 (B, 8) =™ (B, ) =7 (6,7),

violating the fact that ~** has at most three distinct equivalence classes. If (v, §) ~*
(0,0) and (0,9) =* (0,7), then URC2 is violated since we have (a, 3) >=* (7, 9)
and (3, ) =* (4,7). Hence, it must be true that (v, d) =** (,0) |mpll%(7,5) —*

(0,9) and (9,6) ~* (5,7).

3. Supposethat (o, 5) ~* (8,3) and (3, 3) =* (8, «) and consider any v, 6 € I' such
that (v,0) >=** (9,9). If (v,9) =* (4,9) and (0,9) =* (9,7), we have, using the
independence of - and the definition of ~~**,

(7,0) =" (o, B) =7 (B, 8) =™ (B, ) =7 (8,7),

violating the fact that ~** has at most three distinct equivalence classes. If (v
(0,0) and (0,9) ~* (9,7), then URC2 is violated since we have (vy,d) >*
and (6,7) =* (B, «). Hence, it must be true that (v, ) >=** (4, ) implies (v, )
(0,0) and (4,5) =* (0,7).

-
)

This provesthe claim.
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We prove that UAC1 = UAC?2, the proof of the reverse implication being similar.
Suppose UAC2 is violated so that, for some a,b,c,d € A and some «, 3 € T', we have
a 7 ;b e 7 Bid, Notla 77 B;b], Notlc 72 a;d.

This implies (o, 3) =* («,6) and (v,9) =* (v,03), so that (a, 3) =** (a,0) and
(7,0) =" (7, 3)-

Because, URC1, URC2, UM1 and UM2 hold, we know that we must be in one of the
cases of the above claim.

If either of the last two cases hold, ~~* has at most two distinct equivalence classes, so
that (o, ) ~* (,0) and («r,0) ~* (v, 3). Thisimplies (v,d) >=* («,9) and («, 5) >*
(v, 3). Since UAC1 implies the right-linearity of ==*, (v,d) =* («,d) implies (v, 3) =*
(«, 8), acontradiction.

Suppose that the first case holds true. We distinguish several subcases.

1. If both (a, 3) and (v, d) belong to the middle equivalence class of -*, we have
[(a, B) ~* (7,0)] =* [(e, 8) ~* (7, B)]. Asshown above, this|eads to a contradic-
tion.

2. Suppose that both («, 5) and (v, ) belong to the first equivalence class of 7-*. We
therefore have (a, B) ~* (v,9), (a, B) =* (v, 0) and (v, 0) =* (=, 3). Thisimplies
(o, B) =* (7, 8). Using UAC1, we have («, d) 7* (7, 0), acontradiction.

3. Supposethat («, 3) belongsto thefirst equivalence classof 7—* and (-, ) belongsto
the central class of ~—*. Thisimplies, using the reversibility of ~~** and the fact that
it has at most three equivalence classes, [(«, ) ~* (5,7)] =" [(7,0) ~* (6,7)] >~
[(7,8) ~* (B,«a)]. Hence, we have (5,7) >=* (J,v) and using UAC1, we have
(6, ) zZ* (9, ), acontradiction.

Part 2: see examples 11 and 12 in appendix O

This leads to a characterization of LD relationsin which 8 is a semiorder.

Theorem 4

Let ~ beabinary relation on .A. Then - isa LD relation having a representation (>, 8)
in which 8 is a semiorder iff it is reflexive and satisfies URC2, UM1, UM2, UAC1 and
UACS.

PROOF
The proof of theorem 4 follows from combining lemmas 9, 10 and 11 with the resultsin
section 5. O
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Let usfinaly mention that in our definition of LD relationsin section 3, the only remark-
able property imposed on > is monotonicity w.r.t. inclusion. In most instances, we would
expect > to be transitive aswell. It is easy to devise conditions that imply the transitivity
of >. We leave the details to the interested reader.

Appendices

A Examplesrelated to model (UM)

Example 2 (URC2, Not[URC1])
LetT = {a,8,v}and N = {1,2}. Let = on A identical to .A* except that, using obvious
notation, NOt[Oél’}/Q r>\: ﬁlag] and NOt[’YlCYQ r>\: Oélﬁg].

It is easy to see that ~~ is complete (and, hence, reflexive). It violates URC1 since
arag 7 BB and vz Z arap but neither agy, 27 Bras NOr yias 2 aqfo.

It is not difficult to check that we have:
o [(a,a),(B,8),(7:7), (a,7), (B, ), (B,7), (v, )] =* («, 3) and
o [(a, ), (B,8),(7:7): (@, 7), (B, @), (B,7), (v, B)] =" (7, @),

while («, 3) and (v, «) are incomparable in terms of ~—*. Using part 2 of lemma4, it is
easy to check that 7~ satisfies URC2. &

Example 3 (URC1, Not[URC2))
LetI' = {a, 3} and N = {1,2}. Let - on A be such that:

a b« plag,by) + plag, ba) >0,

where p is areal valued function on I'? defined by the following table (to be read from
line to column):

B
—1
1

™ R |3
— ol

It is easy to see that - is complete (and hence, reflexive) and satisfies URC1 (we have:
[(B,5) ~* (B,a)] =* (a,a) =* (e, B)). Therelation 7 is not independent since 5;ay 7
0132 but Not[ayan) 77 ar B2]. Hence, URC2 isviolated in view of part 5 of lemma4. <
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B Examplesrelated to LD relations

Example 4 (URC1, URC2, UM2, Not[UM1])
LetT' = {a, 3,7} and N = {1,2}. Let 77 on A be such that:

aZb< pi(ay,by) + pa(ag, by) >0,

where p; and p, are real valued functions on I"? defined by the following table:

pla B o p| o B~
al0 4 0 al 0 0 0
310 0 0 3l-3 0 0
vl 0o 0 0 vl =3 =3 0

Therelation - is clearly complete. It is not difficult to see that ~~* is such that:
(Oé, /8> >* [(057 a)? (/87 /8)7 (77 7)7 (Oé’ 7)7 (57 ’7)] }* [(/67 a)? (77 a)? (77 /6)]

This shows, in view of lemma 4, that URC1 and URC2 are satisfied. It is easy to
check that (7) holds, so that the same is true for UM2. We have (a, ) =* (v, «) but
Not[(a,7y) =* («, 3)]. Thisshowsthat (6) isviolated. Since URC2 holds, this shows that
UM1isviolated in view of part 5 of lemma6. &

Example 5 (URC1, URC2, UM 1, Not[UM2])
LetT'={a, 3,7} and N = {1,2}. Let - on A be such that:

a7 b g(pi(ar,b1) + pa(az, b2)) > 0,

where p; and p, are real valued functions on I"? defined by the following table:

]91’04 s

v p| o B 4
al 0 2 2 al 0 0 0
3l—2 0 2 gl—2 0 0
vyl —4 =2 0 vyl =2 =2 0

and g is such that:

g(x):{ zif |z| > 2,

0 otherwise.

Therelation - is clearly complete. It is not difficult to see that ~* is such that:

(e, @), (8, 8), (7,7, (e, B), (e, ), (B,7)] =7 [(8, @), (v, B)] =7 (7, ).
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This shows, in view of lemma 4, that URC1 and URC2 are satisfied. It is easy to
check that (6) holds, so that the same is true for UM1. We have («, 5) >* (5, «) but
Not|[(~y,a) =* (3, «)]. Thisshowsthat (7) isviolated. Since URCL1 holds, this shows that

~

UMZ2 isviolated in view of part 6 of lemma 6. <&

Example 6 (URC1, UM 1, UM2, Not[URC2))

LetT' = {a, 8} and N = {1,2}. Let - on.A beidentical .A? except that Not[3, 32 = a1
and Not (132 77 an32]. Thisrelation is clearly complete. It is not independent, so that
URC2 is violated in view of lemma 4. We have: [(a, ), (o, 3)] =* (3,0) =* (5, «).
Since —* is complete, URCL holds. In view of parts 1 and 2 of lemma 6, we know that
(6) and (7) hold. Hence, UM1 and UM2 hold. &

Example 7 (URC2, UM 1, UM2, Not[URC1))

LetT = {a, 3,7} and N = {1,2,3}. Let = on A be identical to .42 except that the
following 25 relations are missing: ajasas 72 Y1073, Q1asas 7 Y1027Y3, 1anas 2
TY2Y3, caBes T iz, aqfeas T Browys, aifeas T V1w, aifeas Y1523,
Q1203 7 V1V273, Q123 2 V10273, Q120 2 V15273, Q1Yels 7 Y1723y B
aapas, BBaz i o33, Bifaas i 1073, B0 i Braays, Bifaas i Y1G273,
B1B2fB3 7 e, BiBef3 5 B3, 5153 T aranys, Bifeys T canwas, Bifays I

a3, 12y 22 ianys, 11Peas T anqays, Mifeas L Biawys and yifaas Z yi1ans.
It is not difficult to check that - is complete. We have:

(e, @), (B, B), (7,7), (B ), (v, @), (7, B), (v, B)] =" («r,7) and
(o, ), (B,8), (7,7), (B,7), (v, @), (7, B), (7, B)] =~ (B, ),

while (o, ) and (3, «) are nor comparable in terms of ~—*. This shows that URC1 is
violated. Using part 2 of lemma 4, it is easy to check that URC2 holds. Using part 1 of
lemma6, it is easy to check that (6) holds. In view of part 3 of lemma 6, this shows that
UM1 issatisfied. It remains to check that UM2 holds.

It is not difficult to check that Gya 7~ asb implies rwa 77 o9b, for al a,b € A and al
(r,0) € T2 Furthermore, for al (7,0), (x,%) € T?\ (3, @), x2a = ¥ab & Taa 7 o9b.
Similarly, it is easy to check that asa - ~3b implies 13a 7 o3b, for al a,b € A and all
(1,0) € T'2. Furthermore, for al (7,0), (x,v) € T%\ (a,7), x3a 7 ¥3b < 13a 7 o3b.

The two premises of UM2 are that 7,a 7 o;b and ;¢ 7 7;d. The three possible
conclusions of UM2 arethat o;a 27 ;b or x;a 2Z ;b of xjc 2 v;d.

Suppose first that (7, o) isdistinct from (v, ) and («, ). In this case, we know that
(o,7) =% (1,0), so that 7;a 2Z o;b implies o,a - 7;b. Hence, the first conclusion of UM2
will hold.

Suppose henceforth that (7,0) = (v,«). If i = 2, we know that y2a =~ axb <
asa 7, Y2b, so that the first conclusion of UM2 will hold.

73



On some ordinal models for decision making under uncertainty

Suppose that i = 3. If j = 3, the second premise of UM2 becomes asc - y3d. This
implies y3¢ - «sd so that the last conclusion of UM2 will hold. A similar reasoning
shows that the last conclusion of UM2 will hold if j = 1. Suppose that ; = 2. The two
premises of UM2 are that y3a 7~ a3b and asc - v2d. The three desired conclusions are
that either y3a =~ asb or xsa 7 ¥sb OF xac 7 ed. If (x, 1) isdistinct from (5, o), we
know that asc 27— vod < xoc 7 1od SO that the last conclusion of UM2 will hold. Now if
(x, %) = (B, ), we havethat F3a 7 a3b o that the second conclusion of UM2 holds.

Supposethat i = 1. If (x,¢) isdistinct from (3, «), y1a 7 cnbwill imply xqa 22 11D,
so that the second conclusion of UM2 will hold. If (x,v) = (3, «), it is easy to check
that thereisno a, b € A such that vi1a - anb, Not[aqa = v1b] and Not[B1a 7Z aqb]. This
shows that UM2 cannot be violated.

Hence, we have shown that UM2 holds if (7,0) = (v, ). A similar reasoning shows
that UM2 holdsif (7,0) = («, ). &

C Examplesrelated to mode (UM*)

Throughout the remaining examples, we use the following notation:

aZ® B [(a,y) 27 (8,7) and (5,8) Z* (0,a),¥y,0 €17,

azt Be[(a,y) " (B,7),VyeT],
ar” e 0,8) ZF (0,a),¥6 €T

The reader will easily check that:

UAC1 < =t iscomplete,
UAC2 & =~ iscomplete,
UAC3 < [a =T = Not[3 =~ a]].

It isaso interesting to note that:

arnt e [Bicrd= aicmd Ve, de A,
ar” e ldn ae=dr fic,Ve,d € A,
0%t G ot fanda s Al

Example 8 (URC1, URC2, UAC2, UAC3, Not[UAC1))
LetT' = {«a,3,v,0} and N = {1,2}. Let =~ on A be such that:

aZ b g(plar,br) + plaz, be)) > 0,
where p isareal valued function on I'? defined by the following table:
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pl o B v 0
« 0o -3 -1 2
15} 3 0 1 2
yl1 -1 0 2
60| -2 -2 =2 0

and ¢ is such that:
(z) = xif |z > 2,
I\ =9 0 otherwise

The relation - is clearly complete and satisfies URC1 and URC2. It is not difficult to
check that we have:

B="v>="a>=" 0.

Wehave 5 =" v, v =" aand v =T ¢ but neither o =+ § (because o,y 7=, (Gran but
Notlonas 72 fras]) nor § =T « (because ajag 7= a7y, but Not[dian 77 ay7s]). This

~Y

shows that UAC2 and UAC3 hold but that UAC1 isviolated. &

Example 9 (URC1, URC2, UAC1, UAC3, Not[UAC2))
LetI' ={a,3,v,0}and N = {1,2}. Let =~ on A be such that:

azb< gp(ar,by) + plag,be)) >0,

where p isareal valued function on I'? defined by the following table:

p|l a vy ¢
Q 0 3 1 -2
61-3 0 —1 =2
vyl -1 1 0 -2
) 2 2 2 0

and g isasin example 8.

The relation - is clearly complete and satisfies URC1 and URC2. Observe that p is
defined via the transposition of the table used in example 8. This interchanges the roles
of UAC1 and UAC2. Infact it is not difficult to see that we have:

S=Tax=Tvy=Tp5

Wehave: § =~ v, a =" ~,~v >~ [ but neither « 2= d nor § =~~ «. This shows that
UAC1 and UAC3 hold but that UAC2 is violated. &
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Example 10 (URC1, URC2, UAC1, UAC2, Not[UAC3))
LetT' = {«a,3,v,0}and N = {1,2}. Let =~ on A be such that:

a r>\: b& g(p(a’hbl) +p(a27b2)) Z 07

where p isareal valued function on I'? defined by the following table:

pla B v 0
al 0 =5 0 -2
Bl5 0 1 2
vl0 =1 0 0
512 =2 0 0

and g isasin example 8.
Therelation - is clearly complete and satisfies URC1 and URC2. We have:

B=T~y=T§="aand
B="0=" v+ «a.

This shows that UAC1 and UAC2 hold but that UAC3 is violated since v =1 § but
0 =" . &

D ExamplesrelatedtoL D relationsin which 8 isasemiorder

Example 11 (URC1, URC2, UM 1, UM2, UAC1, UAC2, Not[UAC3))
LetI' = {a,3,v,0}and N = {1,2}. Let =~ on A be such that:

a i: b = g(p(ahbl) +p(a27b2)) Z 07

where p isareal valued function on I'? defined by the following table:

pla B v 4
al0 =2 0 =2
gl2 00 2
~10 0 0 0
612 -2 0 O

and g isasin example 8.
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The relation - is clearly complete and satisfies URC1 and URC2. Since p takes 3
distinct values, it is easy to see that UM1 and UM2 holds. We have:

3,7] =% 0 =1 aand
B0 [v,al.

This shows that UAC1 and UAC2 hold but that UAC3 is violated since v =1 4 but
0 =" . &

Example 12 (URC1, URC2, UM 1, UM 2, UAC3, Not[UAC1], Not[UAC2))
LetI' ={a,3,v,0} and N = {1,2}. Let - on A be such that:

a r>\: b& g(p(a’hbl) +p(a27b2)) Z 07

where p isareal valued function on I'? defined by the following table:

pl a B 4 4
al 0 —2 —2 2
gl 2 0 0 0
vyl 2 0 0 2
sl—2 0 -2 0

and g isasin example 8.

The relation - is clearly complete and satisfies URC1 and URC2. Since p takes 3
distinct values, it is easy to see that UM 1 and UM2 holds. It is easy to seethat: 5 ~T ~,
Bt a,B="6,v="av="0,butnethera =% 6 nor & =" «. Similarly we obtain:
vye="a,y =" B,y =" 6, a="0,0 =" 0 butnether « 7z~ G nor 5 =~ «. Hence
UAC3 holds but UAC1 and UAC2 are violated. &
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Multiagent Resour ce Allocation with £-additive
Utility Functions

Yann Chevaleyre*, Ulle Endriss’, Sylvia Estivie*, Nicolas Maudet*

Abstract

We briefly review previous work on the welfare engineering framework where au-
tonomous software agents negotiate on the alocation of a number of discrete re-
sources, and point out connections to combinatorial optimisation problems, includ-
ing combinatorial auctions, that shed light on the computational complexity of the
framework. We give particular consideration to scenarios where the preferences of
agents are modelled in terms of k-additive utility functions, i.e. scenarios where syn-
ergies between different resources are restricted to bundles of at most & items.

Key words: negotiation, representation of utility functions, social welfare, combina
torial optimisation, bidding languages for combinatorial auctions

1 Introduction

Distributed systems in which autonomous software agents interact with each other, in
either cooperative or competitive ways, can often be usefully interpreted as societies of
agents; and we can employ formal tools from microeconomics to analyse such systems.
If we model the interests of individual agents in terms of a notion of individual welfare,
then the overall performance of the system provides us with a measure of social welfare.

Individual welfare may be measured either quantitatively, typically by defining a util-
ity function mapping “ states of affairs’ (outcomes of an election, allocations of resources,
agreements on ajoint plan of action, etc.) to numeric values; or qualitatively, by defining
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a preference relation over alternative states. The concept of social welfare, as studied
in welfare economics, is an attempt to characterise the well-being of a society in rela-
tion to the welfare enjoyed by its individual members [1, 2, 18, 23]. The best known
examples (both relying on quantitative measures of individual welfare) are the utilitarian
programme, according to which social welfare should be interpreted as the sum of indi-
vidual utilities, and the egalitarian programme, which identifies the welfare of society
with the welfare of its “poorest” member.

For instance, in an electronic commerce application where users pay a fee to the
provider of the infrastructure depending on the persona benefits incurred by using the
system, the increase in utilitarian social welfare correctly reflects the profit generated by
the provider. The application discussed by Lemaitre et al. [17], on the other hand, where
agentsrepresenting different stake-holders repeatedly negotiate over the accessto an earth
observation satellite (which has been jointly funded by the stake-holders), requires a fair
treatment of all agents. Here, the respective values of different access schedules may be
better modelled by an egalitarian social welfare ordering.

We are particularly interested in applications where negotiation between autonomous
agents serves as a means of addressing a resource allocation problem. Recent results
in this framework concern the feasibility of reaching an allocation of resources that is
optimal from a socia point of view [8, 21], as well as (certain aspects of) the complex-
ity of doing so, in terms of both computational costs and the amount of communication
required [5, 6, 7].

Multiagent resource allocation is just one of several recent examples for the success-
ful exploitation of ideas from microeconomics in the context of computer science. Other
applications include automatic contracting [21], selfish routing in shared networks [11],
distributed reinforcement learning [24], and datamining [16]. Thisarea of activity, which
we may term computational microeconomics, brings together theoretical computer sci-
ence and microeconomics in new and fruitful ways, benefiting not only these disciplines
themselves but also “hot” research topics such as multiagent systems and electronic com-
merce.

In previous work, we have put forward the framework of welfare engineering [8],
which addresses the design of suitable rationality criteriafor autonomous software agents
participating in negotiations over resourcesin view of different notions of social welfare,
as well as the development of such notions of social welfare themselves. In Section 2,
we briefly review the underlying multiagent resource alocation system and recall two
previous results on the feasibility of reaching a socially optimal allocation of resources
from auutilitarian point of view. Aswe shall see, in cases where the utility functions used
by agents to model their preferences over aternative bundles of resources are additive, it
is sufficient to use very simple negotiation protocols that only cater for deals involving a
single resource at atime.
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Thisresult suggeststo investigate generalisations of the notion of additivity, and hence
we consider the case of k-additive functions, as studied, for instance, in the context of
fuzzy measure theory [14]. The notion of k-additivity suggests an alternative represen-
tation of utility functions, which we introduce in Section 3. We show that this represen-
tation is as expressive as the “standard” representation (which involves listing the utility
valuesfor al possible bundles) and that it often allows for a more succinct representation
of utility functions. Nevertheless, it turns out that the positive result on the complexity
of deals obtained for additive functions cannot be generalised in the expected manner.
Counterexamples are given in Section 4.

In Section 5, we discuss connections between our multiagent resource alloca-
tion framework and some well-known combinatorial optimisation problems (namely,
weighted set packing and the independent set problem). These can be used to prove
NP-hardness results for the decision problem associated with the task of finding a so-
cially optimal resource allocation. We prove complexity results with respect to both the
standard representation of utility functions and the representation based on k-additivity.
In this context, we also discuss connections of our optimisation problem to the winner
determination problem in combinatorial auctions. We are going to point out connections
between different ways of representing utility functions and different bidding languages
for such auctions along the way. Our conclusions are presented in Section 6.

2 Resource Allocation by Negotiation

An instance of our negotiation framework consists of afinite set of (at least two) agents
A and afinite set of non-divisible resources R. A resource allocation A is a partitioning
of the set R amongst the agentsin .A. For instance, given an alocation A with A(i) =
{rs, 7}, agent i would own resources rs and . Given aparticular allocation of resources,
agents may agree on a(multilateral) deal to exchange some of the resourcesthey currently
hold. In general, a single deal may involve any number of resources and any number of
agents. It transforms an allocation of resources A into anew allocation A’; that is, we can
define adeal asapair 6 = (A, A") of alocations (with A # A’).

Each agent i € A is equipped with a utility function «; mapping bundles of resources
(subsets of R) to rational numbers. We abbreviate u;(A) = u;(A(7)) for the utility value
assigned by agent 7 to the set of resources it holds for allocation A. While individual
agents may have their own interests, as a system designer, we are interested in the social
welfare associated with a given allocation. According to the aforementioned utilitarian
programme, the social welfare of an allocation A isgiven by the sum of utilities exhibited
by al the agentsin the system:

sw(A) = ZuZ(A)

€A
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That is, any deal that results in a higher sum of utilities (or equivalently, in higher aver-
age utility) would be considered socially beneficial. One of the main questions we are
interested in in the welfare engineering framework is under what circumstances negotia-
tion between agents will result in an improvement, and eventually an optimisation, with
respect to such anotion of social welfare.

A dea may be coupled with anumber of monetary side paymentsto compensate some
of the agentsinvolved for an otherwise disadvantageous deal. We call adeal rational iff it
resultsin againin utility (or money) that strictly outweighs a possible loss in money (or
utility) for each of the agent involved in that deal.

As shown in previous work [9], a dedl is rationa iff it resultsin an increase in utili-
tarian social welfare. Given this connection between the “local” notion of rationality and
the “global” notion of social welfare, we can prove the following result on the sufficiency
of rational dealsto negotiate socially optimal allocations [9, 21]:

Theorem 1 (Maximal social welfare) Any sequence of rational deals with side pay-
ments will eventually result in an allocation of resources with maximal utilitarian social
welfare.

This means that () there can be no infinite sequence of deals all of which are rational,
and (7i) once no more rational deals are possible the agent society must have reached an
allocation that has maximal social welfare. The crucial aspect of this result is that any
sequence of deals satisfying the rationality condition will cause the system to converge
to an optimal allocation. That is, whatever deals are agreed on in the early stages of the
negotiation, the system will never get stuck in alocal optimum and finding an optimal
allocation remains an option throughout.

A drawback of the general framework is that the above result only holds if deals
involving any number of resources and agents are admissible [9, 21]. In some cases this
problem can be alleviated by putting suitable restrictions on the utility functions agents
may use to model their preferences. Interesting special classes of utility functions to
consider include, for instance, non-negative functions (where an agent may not assign
a negative utility to any bundle) and monotonic functions (where the utility of a set of
resources cannot be lower than the utility assigned to any of its subsets).

A particularly ssimple class is the class of additive functions. A utility function is
called additive iff the value ascribed to a set of resources is always the sum of the values
of its members. As has been shown in an earlier paper [9], in scenarios where utility
functions may be assumed to be additive, it is possible to guarantee optimal outcomes
even when agents only negotiate deals involving a single resource and a pair of agents at
atime (so-called one-resource-at-a-time deals):
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Theorem 2 (Additive scenarios) If all utility functions are additive, then any sequence
of rational one-resource-at-a-time deals with side payments will eventually result in an
allocation of resources with maximal utilitarian social welfare.

This result is of great practical relevance, because it shows that it is sufficient to design
negotiation protocols for pairs of agents (rather than larger groups) and single resources
(rather than sets) for applications in which preferences can be modelled in terms of ad-
ditive utility functions. In the next section, we are going to introduce a generalisation of
this notion of additivity.

3 Representations of Utility Functions

An agent’s utility function may be represented in different ways. This situation is similar,
for instance, to the case of combinatorial auctions, where one can use different bidding
languages to express the preferences of the participating agents[19, 22]. Maybe the most
intuitive representation of autility function isthe bundle form, which amountsto listing all
bundles of resources to which the agent assigns a non-zero value. Clearly, this approach
can soon become problematic, as there may be up to 2™ such bundlesin the worst case.

An alternative representation is based on the notion of £-additive functions, which
have been studied in the context of fuzzy measure theory [14]. Given a natural number
k, autility function is called k-additive iff the utility assigned to a bundle of resources R
can be represented as the sum of basic utilities ascribed to subsets of R with cardinality
< k. Moreformally, a k-additive utility function can be written as follows:

1 fTCR
0 otherwise

w(R) = ) of xIx(T) with I5(T) :{

TCR, |T|<k

That is, the utility function of agent i is characterised by the coefficients o for bundles
of resources 7' C R with at most k& elements. Agent i enjoys an increase in utility of o
when it owns all the items in T together, i.e. o represents the synergetic value of this
bundle. An example for a 2-additive utility function would be u;(R) = 3 x Iz({r}) —
2 X Ir({re,r3}). For the sake of simplicity, we are going to omit the indicator function
Ir as well as the explicit mentioning of the bundle variable R when defining concrete
k-additive utility functions. Using this simplified notation, the above function becomes
u; = 3.1 — 2.79.73.

While the bundle form correspondsto the so-called X OR-language for expressing bids
in combinatorial auctions [19, 22], there appears to be no counterpart to the k-additive
form in the literature on bidding languages. The connections between our framework and
combinatorial auctionswill be explored further in Section 5.
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Utility functions that are k-additive with £ = 1 are like the additive functions dis-
cussed in the previous section (except that they also allow for a non-zero utility value
to be assigned to the empty set). Hence, the notion of k-additivity is a generalisation of
the familiar notion of additivity. In fact, as we are going to show next, k-additive utility
functions cover awhole range of utility function, from the very simple additive functions
to the most general utility functions without any restrictions.

Proposition 1 (Expressive power of k-additive utility functions) Any utility function
can be represented as a k-additive function with & = |R]|.

Proof. Let u; be any utility function mapping subsets of R to rationa numbers. We
recursively define coefficients ol for T C R asfollows:

ozl{} = Uz<{})
of = w(R)- > o foral RCRwithR#{}

TCR

Hence, u;(R) = > rcpadf = > rer i x I(T). Thisisak-additive utility function for
k=R - - O

Clearly, the bundle form is also fully expressive, i.e. our two ways of representing utility
functions are equivalent in the sense that they can both express any utility function over the
set of resources R. Besides expressive power, another important consideration concerns
the succinctness of a representation. It turns out that neither of the two representations
is more succinct in all cases. In fact, as we are going to see next, there are cases where
trandating a utility function given in k-additive form into the bundle form resultsin an
exponential blow-up of the representation, and vice versa.

Proposition 2 (Efficiency of the k-additive form) The bundle form cannot polynomi-
ally simulate the k-additive form of representing utility functions.

Proof. We provethe claim by giving an examplefor autility function with arepresentation
that islinear in the size of R for the k-additive form, but exponential for the bundle form.
Consider a utility function that maps a bundle of resources to the number of elements
in that bundle. Thisis a 1-additive function, which requires the specification of exactly
|R| coefficients in the k-additive form (namely of = 1 for al T with |T'| = 1). For
the bundle form, however, the specification of a utility value for each of the 2%l — 1
non-empty bundlesis required. O

INisan [19] proves a number of similar separation results for different types of bidding languages for
combinatorial auctions.
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Proposition 3 (Efficiency of the bundleform) The k-additive form cannot polynomi-
ally simulate the bundle form of representing utility functions.

Proof. We give an example for a utility function with arepresentation that is linear in the
size of R for the bundle form, but exponential for the k-additive form. Consider a utility
function u; that assigns 1 to any bundle consisting of a single resource and 0 to any other
bundle. In the bundle form, u; requires the specification of a utility value for exactly |R |
bundles (namely those with just a single element). In the k-additive form, on the other
hand, it requires the specification of 27! — 1 coefficients: We certainly have o = 1 for
any bundle 7" with || = 1. To ensurethat w;(R) = 0 for any R with |R| = 2 we require
ol = —2 for any T with two elements. For a bundle with three elements, the sum of
the coefficients for al its subsetsis3 x 1 + 3 x (—2) = -3, i.e wehaveto set af = 3
whenever |T'| = 3, and so on. In general, we haveto choose o = |T| x (—1)/T*! (which
is different from 0 for any of the 2% — 1 subsets T' of R with T' # {}) to be able to
represent u; as a k-additive function. O

The examples given in the proofs of Propositions 2 and 3 are extreme cases, where one
form of representation is exponentially more succinct than the other. While the difference
isnot always going to be this strong, choosing the right representation for agiven problem
domain is still important. Broadly speaking, the k-additive form will typically be more
succinct in cases where there are only limited synergies between different items. Thisis
likely to be the case for many application domains, which makes this a useful language
for expressing utilitiesin practice.

4 Complexity of Dealswith k-additive Utilities

Recall that Theorem 2 has shown that it is aways possible to negotiate a socially optimal
allocation of resources by means of rational deals involving only a single resource at a
time whenever the utilities of all the agents involved are additive (i.e. 1-additive). Intu-
itively, we could have expected a similar result for k-additive utilitieswith £ > 2 (i.e. a
result that states that rational deals involving at most & resources at a time are sufficient
to reach optimal allocations whenever all utility functions are k-additive). However, as
we are going to show next, this turns out not to be the case. The deals required to reach
allocations with maximal social welfare in the k-additive case are much more complex.

Proposition 4 (Necessity of complete deals) Even if all utility functions are k-additive
for some k& > 2, a deal involving the complete set of resources may be necessary to reach
an allocation with maximal utilitarian social welfare by means of a sequence of rational
deals with side payments.
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Proof. To prove the claim, we construct an example with 2-additive utility functions
in which a deal involving al resourcesin R is needed. Consider two agents sharing n

resources R = {ry, s, ..., }, with the following 2-additive utility functions:
Uy = 0
Uy = Tt —T1.T9 —T1.T3 —T1.T4g — ... —T1.Ty

Let A;,;; betheinitial allocation of resources describing which agent ownswhich resource
before negotiation commences, and let A, be the allocation maximising utilitarian social
welfare:

At AOPt
Agent 1 {T‘l} {T27T3,...,7’n}
Agent2 | {ry,73,...,70} {r1}

Here, sw(A;,:) = 0 and sw(A,,) = 1. Infact, the only alocation which has a social
welfare greater than sw(Ainit) is A, Recall that adeal increases social welfareiff it is
rational with side payments (the proof may be found in [9]). Thus, the only rational deal
hereis o = (Ainit, Aopt), Which is a bilateral deal involving all »n resources at the same
time. O

A possible objection to the example used in our proof may be that it is rather artificial.
Utility functions that also have some additional properties, such as being monotonic, be-
sides being k-additive may be more relevant in practice. To show that the problem of
requiring complex deals persists even when we make such additional assumptions, we
give afurther, similarly simple, example that demonstrates that also for &-additive func-
tions that are monotonic, rational dealsinvolving no more than & resources do not aways
suffice to negotiate socialy optimal alocations. Consider the case of three agents and
four resources with the following utility functions:

Uy = 4.7’1.7’3
Uy = 3.’/"1.7“2
Us = 2.7”3.7’4

Let A;,;: be the initial alocation and let A,,: be the optimal alocation with maximal
utilitarian social welfare:

Ainit Aopt
Agent 1 {7’1, 7"3} { }
Agent 2 {TQ, 7’4} {7”1, 7“2}
Agent3 {} {7"3,7‘4}

We have sw(A;n;:) = 4 and sw(A,,) = 5. Clearly, the only rational deal with side
payments (i.e. the only deal increasing social welfare) isd = (A;pnit, Aopt), Whichisadea
involving 3 (rather than just 2) resources at the same time.
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In summary, our results show, differently from what one might have expected, that the
restriction to utility functionsthat are k-additive for agiven value of k£ doesnot, in general,
reduce the complexity of deals required to reach asocially optimal allocation of resources
in an agent society whose members follow a simple rational negotiation strategy.

5 Connectionsto Combinatorial Optimisation

In Section 3, we have already mentioned the connection between different representations
of utility functions (in our case the bundle form and the k-additive form) in our negotiation
framework and different bidding languages in combinatorial auctions. In what follows,
we explore a further connection between the two areas.

If we view the problem of finding an allocation with maximal social welfare as an
algorithmic problem faced by a central authority (rather than as a problem of design-
ing suitable negotiation mechanisms), then we can observe an immediate relation to the
so-called winner determination problemin combinatorial auctions[19, 20, 22]. In acom-
binatoria auction, bidders can put in bids for different bundles of items (rather than just
single items). After all bids have been received, the auctioneer has to find an allocation
for the items on auction amongst the bidders in a way that maximises his revenue. If
we interpret the price offered for a particular bundle of items as the utility the agent in
guestion assigns to that set, then maximising revenue (i.e. the sum of prices associated
with winning bids) is equivalent to finding an allocation with maximal utilitarian social
welfare. This equivalence holds, at least, in cases where the optimal allocation of items
in an auction is such that all of the items on auction are in fact being sold (so-called free
disposal).

Winner determination in combinatorial auctions is known to be NP-complete [20].2
The quoted result applies to the case of the “standard” bidding language, which allows
bidders to specify prices for particular bundles and makes the implicit assumption that
they are prepared to obtain any number of digoint bundles for which they have submitted
a bid (Nisan [19] calls this the “OR language”). Our languages for expressing utilities
are more general than this. Hence, the correspondence to combinatorial auctions suggests
that the problem of finding an alocation with maximal utilitarian social welfare is at
least NP-hard. We can make this observation more precise by showing how our problem
relates to well-known NP-complete “reference problems” [3, 13, 15]. One such problem
iIS MAXIMUM WEIGHTED SET PACKING. We use the schema of Ausiello et al. [3] to

2More precisely, the decision problem underlying the winner determination problem, i.e. the problem
of checking whether it is possible to find an alocation that achieves at least a given minimal revenue K
is NP-complete. The concept of NP-completeness applies to decision problems rather than optimisation
problems [3]. The winner determination problem is still NP-hard in the sense that solving it is at least as
hard as solving any NP-complete decision problem.
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define combinatorial optimisation problems:

MAXIMUM WEIGHTED SET PACKING

Instance: Collection C of finite sets, each associated with a positive weight.
Solution:  Collection of digoint setsC’ C C.

Measure: Sum of the weights associated with the setsin C’.

The optimisation problem known as MAXIMUM WEIGHTED SET PACKING isthe prob-
lem of finding a solution C’ for which the sum of the weights associated with the sets in
C" ismaximal. The underlying decision problemisthe problem of answering the question
whether there exists a solution C’ for which the sum of weights exceeds a given threshold
K. This decision problem is known to be NP-complete (in the size of the instance, i.e.
with respect to the number of setsinC) [3].

Intuitively, we are going to interpret the sets in C as bundles of resources and the
weights associated with them as utility values. To make the correspondence complete,
however, we require the following generalisation of MAXIMUM WEIGHTED SET PACK-
ING:

MAXIMUM COLOURED WEIGHTED SET PACKING WITH FUuLL COVERAGE
Instance: Collection C of coloured finite sets, each associated with aweight.
Solution:  Collection of digoint setsC’ C C, including exactly one set of

each colour, suchthat {x € S|SeC'} ={x € S|S eC}.
Measure: Sum of the weights associated with the setsin C'.

There are three differences between the original weighted set packing problem and our
extended problem: (i) we have dropped the restriction to positive weights; (ii) every set
is associated with a colour and every colour is required to be represented exactly once
in any valid solution; and (7i:) all the items occurring in any of the set in C need to be
covered by the set packing C'.

Lemma 1 (Complexity of extended WSP) The decision problem underlying MAXI-
MUM COLOURED WEIGHTED SET PACKING WITH FULL COVERAGE is NP-complete.

Proof. NP-membership of our problem follows from the fact that all the conditions
imposed on valid solutions can be checked in polynomial time.> NP-hardness follows
from the known NP-hardness result for the decision problem underlying MAXIMUM
WEIGHTED SET PACKING. To see that our extended problem isindeed at least as hard

SRecall that a decision problem isin NP iff any proposed proof for a positive answer can be checked
(although not necessarily found) in polynomial time.
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as the original problem, we need to show how the original problem can be reduced to
the extended one. Consider the following mapping: Given an instance C of MAXIMUM
WEIGHTED SET PACKING, first add the set {z} (with weight 0) for every z € S for
every S € C to the collection (unless that set is already present). Then assign a different
colour to each set in the extended collection. Finally, also introduce an empty set (with
weight 0) for each of the colours. The additional sets ensure that for any solution of the
original problem thereisasolution of the extended problem such that all elements aswell
as colours are covered. O

The following theorem hasfirst been proved by Dunne et al. [6] by means of anon-trivial
reduction from a variant of 3-SAT where the number of clauses in the input formula
is equal to the number of propositional variables occurring in that formula® Having
established the complexity of our extended set packing problem, we are in a position to
give amuch simpler proof.

Theorem 3 (Complexity wrt. bundle form) The decision problem underlying the prob-
lem of finding an allocation with maximal utilitarian social welfare with utilities repre-
sented in bundle formis NP-complete.

Proof. The problem of finding an alocation with maximal utilitarian social welfare is
equivalent to MAXIMUM COLOURED WEIGHTED SET PACKING WITH FuLL COVER-
AGE: setsin the collection correspond to bundles, colours correspond to agents, and the
weight associated with a coloured set corresponds to the utility assigned to the respective
bundle by the respective agent. NP-completeness then follows from Lemma 1. O

Note that we could have proved the same result using a direct reduction from MAXI-
MUM WEIGHTED SET PACKING, even from the version without weights, but having a
combinatorial optimisation problem that is exactly equivalent to our problem of finding
a socially optimal allocation of resources in the language familiar from the literature on
combinatorial optimisation isinteresting in its own right.

Our next aim is to establish the complexity of the same decision problem, but this
time with respect to the k-additive form rather than the bundle form of representing utility
functions. As the k-additive form may be exponentially more succinct than the bundle
form, NP-hardness with respect to the later does not necessarily imply NP-hardness with
respect to the former. Nevertheless, as we are going to see, deciding whether there exists
an alocation of resources with a utilitarian social welfare that exceeds a given threshold

“Fargier et al. [10] also prove a very similar result. In their resource allocation framework agents can,
by default, share individual resources, but if a particular resource can only be owned by one agent at atime
this can be specified by giving additional constraints.
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is also NP-complete. This time, we are going use a reduction from another well-known
combinatorial optimisation problem:

MAXIMUM INDEPENDENT SET

Instance: GraphG = (V, E).

Solution:  Set V' C V s.t. notwo verticesin V' arejoined by and edgein E.
Measure: Cardinality |V'|.

The problem of finding an independent set whose cardinality exceeds agiven threshold is
known to be NP-complete [13] (although some special cases, e,g. when all vertices have
adegree of at most 2, are solvable in polynomial time).

Theorem 4 (Complexity wrt. k-additive form) The decision problem underlying the
problem of finding an allocation with maximal utilitarian social welfare with utilities
represented in k-additive form is NP-compl ete.

Proof. Firstly, the problemis certainly in NP, because checking whether the social welfare
of agiven allocation exceeds a given threshold K can be checked in polynomial time. We
show NP-hardness by reducing the decision problem underlying MAXIMUM INDEPEN-
DENT SET to our problem. Given agraph G = (V, E') and arationa number K, we want
to establish whether the graph has got an independent set 1V with cardinality |V'| > K.
Without loss of generality, we may assume that no vertex in V' isjoined with itself by and
edgein F, because no solution V" would contain such a vertex. We can map thisindepen-
dent set problem to an instance of our decision problem by introducing an agent for every
vertex in V' and a resource for every edge in . We define the utility coefficients in the
k-additive form for every agent i asfollows: Let T" be the set of resources corresponding
to edges in E that are adjacent to the vertex corresponding to ;. We define o/ = 1 and
there are no other utility coefficients for agent i. Now every allocation A corresponds to
an independent set V'’ and the utilitarian social welfare of A equals the cardinality of 1.
Hence, there exists an independent set V” with |V’| > K iff there exists an allocation A
with sw(A) > K. O

Of course, aswith MAXIMUM INDEPENDENT SET, there will be special cases where the
above problem is not NP-hard anymore. A very simple example would be the case of
k = 1: Itiseasy to devise a polynomial algorithm for finding an allocation with maximal
utilitarian social welfare in cases where all agents use 1-additive utility functions (ssmply
assign each resource to the agent that values it the highest).

What about £ = 2 though? In our proof, k directly corresponds to the maximal
degree of verticesin the graph used for the reduction. As pointed out already, the decision
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problem underlying MAXIMUM INDEPENDENT SET isnot NP-hard anymore if no vertex
has got a degree exceeding 2. Hence, our proof of Theorem 4 would not allow us to
conclude that our problem remains NP-hard for £ = 2. Thisis the objective of our next
theorem. It shows that the problem of finding a socially optimal alocation is still NP-
hard for £ = 2. Inthis sense, our problem is harder than MAXIMUM INDEPENDENT SET
(where the transition to NP-hardness only occurs when we move from 2 to 3).

Theorem 5 (Complexity for k£ = 2) The decision problem underlying the problem of
finding an allocation with maximal utilitarian social welfare with utilities represented
in k-additive form remains NP-complete for k£ = 2.

Proof. NP-membership follows from Theorem 4. To prove NP-hardness for £ = 2,
we show how any problem instance with k-additive utility functions for £ > 3 can be
transformed into a problem with 2-additive functions in polynomial time. NP-hardness
then follows, again, from Theorem 4.

We will show that a 3-additive resource allocation problem can be reformulated as a
2-additive one. Thisis an adaptation of an idea by Boros and Hammer [4] to our case.
Consider n agents having 3-additive utility functions. We will show here that each 3-
additive term appearing in the utility functions can be replaced by a set of five 2-additive
ones, in away that leaves the optimal resource alocation unchanged. Let us suppose u;
contains a 3-additive term a.r;.75.73 which we want to get rid of. To make it 2-additive,
we will have to create a new “pseudo-resource” ri, which represents the bundle {ry, 2 }.
Clearly, the integrity constraint 1, = .75 (with both 15, and .7, being equal to either
0 or 1) hasto be fulfilled in order to have a.r.15.75 = a.r15.73.

For this purpose, let us define the following function with M being a big constant
(M =1+23%7, o] issufficient):

integrity(ry,re,r12) = —M.ory.ry + 2M.ryrig + 2M.ryris — 3M.ryo

This integrity function, which is 2-additive, will be added to the term «.r5.73 to penalise
it in case the constraint is viol ated:

int@rity(rl, T2, 7“12) =0 if 12 = T1.T2
integrity(rq, re,r12) < —M  otherwise

Let us now consider the new utility function equal to u; in which the term a.ry.r5.73
has been replaced by the 2-additive formula «.ry5.73 + integrity(ry, 2, 712). This change
does not affect social welfare in case the integrity constraint is fulfilled. If not, then
the social welfare will have a very low value (far from optimal). Up to now, a single
3-additive term was reduced to five 2-additive terms. By iterating this reduction, a set
of 3-additive utilities can be reformulated in 2-additive utilities, without changing the

95



Multiagent Resource Allocation with k-additive Utility Functions

optimal alocation. In addition, note that this can be applied & — 2 times to transform any
k-additive utility function into one that is 2-additive.

It follows that finding a socially optimal resource alocation with 2-additive utility
functionsis as hard as finding it for k-additive functions with £ > 2 (modula the polyno-
mial reduction described). Hence, the problem remains NP-hard for k& = 2. O

As afinal complexity result, we are going to show that the problem of verifying that a
given allocation is socialy optimal is co-NP-complete. This holds for both the bundle
form and the k-additive form of representing utility functions and is a simple corollary to
Theorems 3 and 4.

Corollary 1 (Complexity of verifying optimality) The problem of verifying that a given
allocation has got maximal utilitarian social welfare is co-NP-complete (for both repre-
sentations of utility functions).

Proof. Checking that an alocation A is not optimal involves firstly computing sw(A),
which can be done in polynomial time, and then solving the decision problem “isthere an
alocation A" with sw(A") > sw(A)?". Thelatter is NP-complete according to Theorem 3
(Theorem 4) for the bundle (k-additive) form. Hence, the complementary problem must
be co-NP-complete. O

Related to this result, Dunne et al. [6] have shown that the problem of checking whether
agiven alocation of resourcesis Pareto optimal is also co-NP-complete.®

What is the practical relevance of the connections between our negotiation framework
and the combinatorial optimisation problems discussed in this section? In the proof of
Theorem 4, for instance, we have reduced MAXIMUM INDEPENDENT SET to avery spe-
cific class of instances of the problem of finding asocially optimal alocation of resources,
namely those where the utility functions of all agents can be represented as k-additive
functions with only a single non-zero coefficient. While this reduction has been useful to
establish our NP-hardness result, it does not provide us with much useful information on
how to find an optimal allocation in practice. Here, the opposite direction, i.e. reductions
from resource allocation problems to standard combinatorial optimisation problems may
be more attractive. Such a reduction would alow us to exploit existing algorithms, in-
cluding highly optimised approximation algorithms [3], to find optimal (or near-optimal)
allocations of resources.

SAn allocation of resources is called Pareto optimal iff there is no other allocation that would be better
for at least one of the agents without being worse for any of the others. For further results on negotiating
Pareto optimal allocations we refer to [9].
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In the case of utility functionsin k-additive form, the resource allocation problem can
be reduced to the weighted variant of MAXIMUM INDEPENDENT SET [3], provided all
utility coefficients are positive and all agents value the empty bundle at 0. The mapping
firstly involves introducing a vertex for each coefficient (and using the coefficient itself
as the weight associated with that vertex). Then we introduce an edge for every possible
“conflict”: any two vertices of and o!” withi  j and T N T’ # { } arejoined together
by an edge. The independent set yielding the highest overall weight then corresponds to
the optimal allocation.

In the case of the bundle form, we already have established a on-to-one correspon-
dence to MAXIMUM COLOURED WEIGHTED SET PACKING WITH FuLL COVERAGE.
However, to exploit existing algorithms, we require areduction to the standard problem of
MAXIMUM WEIGHTED SET PACKING. Thisis possible whenever a resource alocation
problem meets the following conditions: () al utility functions are non-negative; (i) all
agents value the empty bundle at 0; and (zi:) we can assume free disposal, i.e. for every
incomplete allocation (not covering all resources) there is always a complete one that is
not worse.® The proposed mapping would involve creating a set for every pair of an agent
i and abundle R with u;(R) # 0. Here, we consider both the resources and the agent as
elements of that set. The weight associated with the set would be «;(R). It is then not
difficult to see that allocations with maximal social welfare correspond to set packings
with maximal overall weight. Hence, we can reuse existing agorithms for MAXIMUM
WEIGHTED SET PACKING to find optimal allocations of resources.

Finally, we should stress that this would be a methodology for a centralised approach
to finding optimal resource allocations. It is not immediately applicable to negotiation,
which is a distributed process. Nevertheless, the techniques used to design optimisa
tion and approximation algorithms may still inspire useful mechanisms for distributed
resource allocation. We hope to address thisissue in our furture work.

6 Conclusion

In this paper, we have given a brief overview of recent work on multiagent resource allo-
cation in the context of the welfare engineering framework, and we have further analysed
the properties of this framework for the case of k-additive utility functions. Our results
presented in Section 4 show that, despite the positive expectations raised by the previous
result on negotiation in additive domains (Theorem 2), the complexity of the negotiation
protocol required to agree on a socially optimal allocation does not necessarily decrease
for problems with k-additive utility functions when % gets smaller (aslong as k > 1).

This may be achieved, for instance, by adding an agent i to the system with u;(R) = 0 forall R C R,
or by having at least one agent with a monotonic utility function.
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On the other hand, as we have seen in Section 3, representing utility functions in the k-
additive form rather than the bundle form can be significantly more succinct, particularly
in cases where a representation with asmall value for £ is possible.

We have also explored connections to well-known combinatorial optimisation prob-
lems, which allowed us to establish complexity results for the problem of finding a so-
cialy optimal allocation with respect to different representations of utility functions (Sec-
tion 5). In this context, we have also briefly discussed the relation of our negotiation
framework to combinatorial auctions for different kinds of bidding languages. While our
negotiation framework is clearly not and auction (it is, for instance, not concerned with
the aspect of agreeing on the price for a set of items), the abstract “centralised” problem
of finding a socially optimal allocation (which is not itself a problem faced by the agents
participating in a negotiation process) directly corresponds to the winner determination
problem in combinatorial auctions. Under this view, the languages used to represent util-
ity functions correspond to bidding languages for such auctions. However, it appears that
the bidding language corresponding to our k-additive form has not yet been exploited by
auction designers.

Finally, we would like to stress that the high complexity of of our negotiation frame-
work does not, at least not necessarily, mean that it cannot be usefully applied in practice.
Thisview issupported by thefact that, in recent years, several algorithmsfor winner deter-
mination in combinatorial auctions (a problem of comparable complexity to the problems
arising in the context of welfare engineering) have been proposed and applied success-
fully [12, 20, 22].

We see the work presented in this paper as part of awider research trend, which brings
together ideas from different areas including microeconomics, game theory, complexity
theory, and algorithm design. Some further examples of this kind of interdisciplinary
research are cited in the introductory section.
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What can we learn from the transitivity parts
of arelation?

Jean-Paul Doignon*, Jean-Claude Falmagne'

Abstract

A transitivity part of arelation on aset X isany subset of X on which the restric-
tion of the relation is transitive. What can be recovered of a relation from the sole
knowledge of its transitivity parts? In general, the relation itself cannot be recov-
ered, because it has the same transitivity parts as its converse. In certain situations,
the unordered pair formed by the relation and its converse can be recovered. This
is the case for relations known to be indecomposable tournaments. The result first
appeared in Boussairi, Ille, Lopez, and Thomassé [2004]. Our proof is simpler, and
at the same time conveys some interesting insight into the structure of tournaments.

Key words : tournament, transitivity, transitively determined

In the applications of combinatorics, the problem of efficiently storing relationsin the
memory of a computer often arises. In the classic case of a partial order, such a storage
can evidently be carried out via its Hasse diagram. The topic of this paper stems from
similar concerns and uses related ideas. For instance, consider the transitivity parts of a
relation, that is, those subsets on which the restriction of the relation is transitive. Asis
easily checked, all thetransitivity parts of arelation can be recovered from the transitivity
parts having two or three elements. Are there situations in which more can be deduced
from such small transitivity parts? In the case of symmetric and reflexive relations, the
guestion can be recast as a problem about simple graphs investigated by Hayward [1996].
We will come back on this case at the end of our paper.

We are mostly concerned here with tournaments, and our main result—in Theorem
21— characterizes the tournaments which can be fully recovered (up to their converse)

*Université Libre de Bruxelles, c.p. 216, Bd du Triomphe, B—1050 Bruxelles. doi gnon@l b. ac. be
fUniversity of Cdlifornia, Irvine. j cf @ri s. ss. uci . edu
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from their transitivity parts. Unbeknownst to us, the same result had been established
independently by Boussairi, Ille, Lopez, and Thomasse [2004]. While the latter authors
proceed, in several instances, by induction on the number of vertices, our method of proof
isdifferent and hasthe interest of providing some new insights on the general structure of
tournaments.

1 Statement of the problem

Definition 1 Let R be arelation defined on a finite set X. We use the abbreviation =y
to denote the (ordered) pair (x,y), and we write, as usua, x Ry to mean zy € R and
R™' = {xy | y Rz} to denote the converse of R. We also sometimes use abbreviations
suchasz Ry Rztomean (xr Ry and y R z). All the relations mentioned in this paper are
implicitly assumed to be on the same finite vertex set X (if not mentioned otherwise). We
often refer to the digraph (X, R), and use the corresponding terminol ogy.

A subset Y of X is called a transitivity part of arelation R on X if the restriction
of R toY istrangitive. The collection of al the transitivity parts of R is denoted by
7 (R). We write 7;3(R) for the subcollection of 7 (R) containing all the transitivity parts
of size 3. Note in passing that 7;(R) is considerably smaller than 7 (R) in some cases.
We denote by 73(R) the collection of al the 3-subsets of X which do not belong to
75(R). Occasionally, when no ambiguity can arise regarding the relation R, we may use
abbreviations such as 7; or 7 3 to mean T3(R) or 7 3(R), respectively.

Definition 2 A tricycle of arelation R isacycle of length 3. A triois a 3-subset of X
consisting of the vertices of some tricycle.

Definition 3 A relation R isatournament on X if R is complete and asymmetric on X;
thus, either x Ry or y R for dl distinct z,y € X, and —~(x Rz) foral z € X. Itisclear
that when R isatournament, 7 (R) can be obtained from 73(R); infact, Y € 7 (R) if and
only if each 3-subset of Y isin 73(R); moreover, Y € 7 5(R) if and only if Y isatrio.

Notice that distinct tournaments can have the same transitivity parts. Indeed, atour-
nament 1 and its converse R~! always have the same trios. Accordingly, our aim in the
sequel is the recovery of the unordered pair { R, R~'}, rather than R itself. As a first
step of such arecovery, we can thus arbitrarily fix a R b for some initial vertices a and b.
(Fixing b R a rather than a R b amounts to exchanging R for R~!.) For other examples of
tournaments with exactly the same transivity parts, take any two strict linear orderson X.
Many other examples are easily manufactured.

Definition 4 A tournament R on X is(transitivity) determined whenever, for any tourna-
ment S on X, the equality 7 (R) = 7(S) impliesR = Sor R = S~ 1.
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Figure 1: In the tournament represented by the graph of Figure 1A, the pair da can be
reversed without altering 73, so this tournament is not determined. Neither is the tour-
nament of Figure 1B, but the argument is sligthly more involved: this case fails the test
derived from Theorem 21.

It is easy to find tournaments which are not determined. Two examples are given in
Figure 1. In Figure 1A, which defines a tournament on the vertex set {a, b, ¢, d}, we can
check that the pair da can be transposed without altering 7; = {{a,c,d}, {a,b,d}} or
Ts = {{a,b,c},{b,c,d}}. The tournament displayed in Figure 1B is not determined
either. (It fails the test derived from Theorem 21.)

There are, however, some tournaments which are determined, such as those repre-
sented in Figures 2A and 2B. Indeed, the tournament of Figure 2A (up to its converse) is
defined by fixing oneinitial pair, and then using the information conveyed by

T3 = {{av b, C}’ {CL, b, 6}7 {av ¢, d}v {b, d, 6}7 {C, d, 6}}7
or equivalently by

Ts={{a,e,d},{a,b,d},{a,ec} {bd,c}, {be,c}}.

Say we fix the pair ae marked 1 in Figure 2A. The other pairs are then automatically
obtained by completing the tricycles, for example in the order 2, 3, ..., 10. The tourna-
ment of Figure 2B is also determined, but the verification is more complicated. Indeed,
two types of inferences can be drawn from 73(R) or T3(R) in the recovery of the pair
{R,R™1}:
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Figure 2: The tournament represented by the graph of Figure 2A is determined by the set
of itstrios, by applying only Type 1 inferences. By contrast, both types of inferences are
required to show that the tournament in Figure 2B is determined (see text).

TYPE 1. If {2,9,2} € T3, thenz Ry entailsy Rz and z R .
TYPE2. If {z,y,2} € T3,thenz Ryandy Rz entails z R .

In the tournament of Figure 2A, only Type 1 inferences were used to reconstruct the
pair { R, R~'}, while both types of inferences are required in the case of the tournament of
Figure 2B. (The numbers 8, 9 and 10 initalicsin Figure 2B refer to inferences of Type 2.)
These considerations suggest the following problem:

Problem 5 Characterize the tournaments which are determined.

Notice an important feature of Definition 4. The quantification “for any tournament S
on X" means that we suppose that the unordered pair { R, R~'} to be uncovered comes
from a tournament R. Thus, the context of tournaments is assumed from the outset. A
similar qualification appliesto our generalization of Problem 5inthelast section, in which
we assume that a family of relations is given (see Problems 23, 24, 25). In the case of
Hayward [1996], for instance, the family of reflexive and symmetric relationson X forms
the context.

2 Tournament concepts

Definition 6 A tournament R on X is strongly connected or strong if for any two vertices
x and y in X, there isadirected path from = to y.
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According to Moon Theorem, a tournament is strong if and only if it is Hamilto-
nian (cf. Bang-Jensen and Gutin [2001, Theorem 1.5.1], Gross and Yellen [2004], Laslier
[1997]). The next characterization is easily checked.

Proposition 7 A tournament R on X is strong if and only if for any proper subset Y of
X, thereexist z,y € Y andu,v € X \ Y suchthat *t Ru andv Ry (we may havex =y
or v = w, but not both).

Definition 8 A tournament R on X is decomposableif there exists some nontrivial par-
tition {C1, Cy, ..., Cx} of X suchthat, for al distinct indicesi, j € {1,...,k},

Va,y € C;, Yu,v e Cj, rRu= yRwv.

Any indecomposable tournament on at least three vertices is strong, but the converse is
false. An example of a strong, decomposable tournament is given in Figure 3.

Figure 3: An example of a strong decomposable tournament. The nontrivial partition of
the vertex set {a, b, ¢, d} is{{a, b}, {c}, {d}}.

The partition of Definition 8 being nontrivial, it contains aclassthat is a proper subset
of X with more than one vertex. Thus the following holds:

Proposition 9 A tournament R on X is indecomposable if and only if for any proper
subset Y of X with more than one vertex, thereexist z,y € Y and = € X \ Y such that
rRzandzRy.

The concepts of a strong and of a decomposable tournament have become classical
ones (see e.g. Bang-Jensen and Gutin [2001], Gross and Yellen [2004], Laslier [1997]).
We now turn to some further tools and facts that will be instrumental in the proof of our
main result.
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Definition 10 If VV and IV are two relations, we write asusual V W = {xy |3z, with
xV z W y} for their products. Let R be atournament on X, and let @) be the set of pairs
belonging to some tricycle of R; thus,

Q=RNR 'R (1)

We call @ the tricyclic relation of the tournament R. The pairs of R which do not belong
to any tricycle of R form the relation

P=R\Q=R\(R'R™). ©

Notice that P is an irreflexive linear order if and only if R = P, thatis, Q = @. In
general, we refer to P as the order of the tournament R, a terminology justified by the
next lemma.

Lemma 11 Supposethat R isatournament on X. Thentherelation P = R\ (R"'R™)
isanirreflexive partial order on X .

PROOF. Because R is irreflexive, so is P by definition. To prove the transitivity
suppose that « Py and y P z with = # z for three vertices x, y and z in X. Since
ry ¢ R~'R~!, we cannot have z R x; as R is atournament, we must have = R 2. In fact,
x Pz istrue because z R~'R~! » cannot hold. Suppose indeed that + R~'R~! z. There
must exists w € X suchthat z Rw and w R z. By the completeness of R, we must have
gither y Rw or w Ry. Thefirst caseleadsto x R~'R~'y (viay Rw and w R z), and the
second onetoy R~'R~! z (viaz Rw and w R ), contradicting our hypothesis that = P y
andy P z. O

We now construct a partition of thetricyclic relation ¢ based on the fact that two pairs
in ) can belong to the same tricycle.

Definition 12 Let () bethetricyclic relation of atournament 2 on X (cf. Definition 10).
Letthen S C @@ x (Q bearelation defined on () by

y=z and zQuQuwQx
xySzw <= or

w=z and zQyuQzQ .

Because S is symmetric, the reflexive and transitive closure S of Sisan equivalence
relation on (). The partition of ) induced by S isthe tricyclic coloring of @) (or of R); its
classes will be called the tricyclic colorsof () or of R. Intuitively, pairs xy and zw of @
arein the same tricyclic color C' when there is a sequence of pairsin (), starting from zy
and ending in zw, such that two successive pairs belong to some common tricycle. Such
a sequence, which lies entirely in C', will be refered to as a color sequence. Notice that
each tricylic color isasubset of (), and thus arelation on X.
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For an example of tricyclic coloring, take the tournament of Figure 1A; thereis only
one tricyclic color, namely {ab, be, ca, cd, db}. In the tournament of Figure 1B, there are
two tricyclic colors, namely {ae, eb, ba} and {ad, dc, ca, cb, bd, ce, ed}.

Definition 13 Given arelation S on X, avertex x is covered by S when thereisx Sy or
y Sz forsomey € X.

Lemmal4 Let C beatricyclic color of the tournament R on X, and let Y be the set of
vertices covered by C. Thenforal z,y € Y andz € X \ Y

xRz — yRz.

Intuitively, all the vertices covered by atricyclic color C' behave the same way with
respect to any vertex not covered by C.

PrROOF. Assume first tCuCovCt for some t,u,v € X (thust,u,v € Y), and
z€ X\Y.IftRz thenv R z. Indeed, z Rv would give thetricycle z Rv Rt R z, and
by the definition of a color, we would have tz € C, contradicting z ¢ Y. Similarly, we
deduceu R z from v R z.

Now take z, y, z as in the statement of the lemma, with x R z. Because z isinY,
there must be some s € Y such that zs € C or sz € C. Similarly, there must be some
t € Y suchthat yt € C orty € C. Suppose that zs,ty € C. (The argument is the
same in the other cases.) By the definition of a color, there isacolor sequence from xs to
ty. The argument of the previous paragraph, applied to each step of that sequence, yields
ultimately y R z. O

Suppose that two tricycles of different colorsjointly cover exactly one vertex w. Thus,
their union cover in al five vertices (see Figure 4) and four further pairs of those vertices
lie in the tournament. The crux of Lemma 15 below is that these four pairs necessarily
form two tricycles sharing a pair of one of the original tricycles and so are of the same
color asthat tricycle.

Lemma 15 Suppose that two trios of a tournament R on X share a single vertex w.
Suppose moreover that the pairs of the two corresponding tricycles belong to distinct
tricyclic colorsC and D, say {wx, zy,yw} C C and {wu, uv,vw} C D. Then, we have

either (i) yu,vx,yv,ux € C,
or (i) yu,vr,vy,xu € D.

PROOF. We must have both y R« and v R x because otherwise the pairs of the two
tricyclesw Ru Ry Rw and w Rx Rv Rw would belong to the same tricyclic color. We

now have two cases: (i) y R v, forming thetricycley Rv Rx Ry in C and entailing v R x
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-
x/ \v

Figure 4: The hypotheses of Lemma 15 and the first step in the proof.

and thetricyleu Rx Ry Ru (because x R v would yield vz € C'N D); (ii) v Ry, forming
thetricyclev Ry Ru Rvin D and entailing x R v and thetricyclex Ru Rv R x (because
u R x wouldyield yu € C'N D). These are the two cases of the lemma. O

Lemma 16 Supposethat R is an indecomposable tournament on X, with @ itstricyclic
relation and Q itstricyclic coloring. Then

(i) Q coversX;

(i) @ ={Q}, that is: there is only one tricyclic color.

PROOF. Pick arbitrarily some tricyclic color C' of ). Indecomposability of R, as
characterized in Proposition 9, together with Lemma 14 imply that C' covers X.

It remainsto show C' = @, that isC' = D for any tricyclic color D. Proceeding by
contradiction, we suppose C' # D. Take any vertex w € X. Because as just shown both
C' and D cover X, there must exist atricycle {wz, xy,yw} C C and another tricycle
{wu,uv,vw} C D. Thisisthe situation described by the hypotheses of Lemma 15. (A
glance at Figure 4 may be helpful.) Thus, either Case (i) or Case (ii) of the Lemma must
be true. Thereisno loss of generality in assuming that Case (i) holds, that is yu, vz, yv,
uzr € C. Because D covers X, wemust have zk € D or kx € D forsomek € X \ {z}.
Thus according to Definition 12, there is some color sequence starting at wu and ending
at xk or kx. Applying Lemma 15 repeatedly, we derive z¢ € C or {x € C for each ¢
covered by the pairsin the sequence. Thenwehavezk € C N D or kx € C' N D, giving
C' = D, acontradiction of our hypothesisC' # D. ThusC = D and thereforeC' = Q. O

Remark 17 The converse of Lemma 16 does not hold, as shown by the decomposable
tournament R in Figure 3 (for which @ = R\ {ab}).

We now strengthen the necessary condition in Lemma 16 for atournament to be inde-
composablein order to get a necessary and sufficient condition. In view of later useinthe

108



Annalesdu LAMSADE n°3

proof of Theorem 21, we formulate the additional requirement in terms of the covering
relation or Hasse diagram H of theorder P = R\ R~' R~! of R. Notice however that
reformulating the quantification in Condition (iii) as“for any pair xy in P” would give an
equally correct result (as seen from the next proof).

Proposition 18 A tournament R on X, with | X| > 3, is indecomposable if and only if
the order P and the tricyclic relation () of R satisfy the following three conditions:

() Q coversX;
(i) @={Q}

(iii) for any pair zy inthe Hasse diagram H of P, thereexistsz in X \ {z,y} satisfying
rRzRy.

PrROOF. If R is indecomposable, Conditions (i) and (ii) hold by Lemma 16. For
Condition (iii), the definition of indecomposability impliesthe existence of z in X\ {z, y}
such that either x R z Ry or y R z R x. The second formula cannot be true, because the
pair xy, which liesin P, does not belong to any tricycle of R.

If R isdecomposable, let us assume that Conditions (i) and (ii) hold, and derive that
Condition (iii) fails. By assumption, there exists a proper subset Y of X with more than
oneelement, and suchthatfor z,y € Y andz € X'\Y wehavex R zimpliesy R z. Notice
that Y cannot contain both vertices of any pair st from ) (otherwise Conditions (i) and
(i) could no be together true: some color sequence must start at st and lead to some pair
covering agiven vertex outside Y. At some step of the sequence, there appears atricycle
with two vertices in Y and one outside Y, contradicting the choice of Y). Thus al pairs
of R formed by two vertices from Y are in P, in other words: P induceson Y alinear
order. Let = be the minimum vertex for this order on Y, and let y be the next vertex in Y.
Then the pair zy invalidates Condition (iii). Indeed, zy liesin the Hasse diagram H of P,
otherwise there would exist t € X \ {z,y} satisfying x Pt P y. By the choice of Y, we
then havet € Y, and this contradicts the choice of y. Finaly, R z Ry cannot hold for
any z € X \ Y because of the choice of Y. O

Remark 19 The three conditions in Proposition 18 are independent. Three (necessarily
decomposable) tournaments failing in turn exactly one of these three conditions are easily
built. For instance, Figure 5 gives a counterexample for Condition (i), Figure 1B for
Condition (ii) and Figure 3 for Condition (iii).

Corollary 20 The problem of deciding whether a given tournament R on X isindecom-
posable is polynomial in the size of X.
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Figure 5: An example showing the independence of Condition (i) in Proposition 18.
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PROOF. An algorithm directly based on Proposition 18 is outlined below. (We do not
claim that this algorithm is the most efficient one.) Assume R is a tournament given on
X, with | X| > 3.

MAIN STEP 1. Search for apair uv belonging to sometricycle. If no such pair exists,
output that R is decomposable and exit.

MAIN STEP 2. Build the tricyled color C' of uwv. If C' does not cover X or does not
contain all pairs belonging to some tricycle, ouptut that R is decomposable and exit.

MAIN STEP 3. Build P = R\ C. For each pair xy in the Hasse diagram of P, check
that Condition (iii) from Proposition 18 holds. If it isthe case, output that R isindecom-
posable, otherwise that R is decomposable.

Each of the three Main Steps above can be performed in time polynomial in | X|. O

3 Themain result
Theorem 21 A tournament is determined if and only if it is indecomposable.

PROOF. Let R be atournament on X and suppose that R is decomposable. Consider
a subset Y invalidating the condition in Proposition 9 (thus |Y'| > 2). Let T" be the
restriction of R to Y. Then R and (R \ T') U T~! are tournaments on X which have
exactly the same trios. However, (R \ T) U T~ differs from both R and R~!. Thus a
decomposabl e tournament is not determined.

Conversely, assume R is an indecomposable tournament on X, with | X| > 3 (for
| X | = 2, the Theorem holds trivialy). By Lemma 16 the tricyclic relation ) of R covers
X, and consequently 75(R) # @. Select two vertices a, b in some trio. We may fix
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a Rb. The goa then is to show that for any other unordered pair {z,y} of vertices, we
can decide which of x Ry and y Rz holds, that is, we can recover zy € R or yx € R.
Applying inferences of Type 1 starting from a ) b, we are able to recover al pairs xy
which belong to ): thisis true because of Lemma 16, which tells us that there is a color
sequence from the pair ab to any other pair in (), and at each step of the sequence we can
apply a Type 1 inference. There remains to show that if neither xy nor yx isin Q, it is
nevertheless possible to decidefor zy € R or yz € R solely onthebasisof Q and 7 5(R).
(Thisis the situation in Figure 2B.) Suppose that xy € P, with P the order of R. (The
argument in the case yz € P issimilar). Denote by P the subset of P consisting of the
pairs zy of P for which it has been proved that recovering of zy € R is possible. Thus,
at the start, P is empty, and we need to show that after all possible, repeated inferences
have been made, P = P. We consider three cases for apair zy € P.

Case (i). There exists some vertex w such that = Pw and y, w are incomparable in P.
Then either y Q w or w ) y, and moreover we have been able to decide which one holds,
see paragraph above. Assuming y Q w, we show that we can derive zy, zw € P by using
inferences of Types 1 and 2; the other case, that isw Q y, issimilar.

Because R isindecomposable and | X'| > 3, there exists some vertex s with s R z. By
Lemma 16, s is covered by the tricyclic color of yw, and this color is equal to the whole
of ). So, there is a color sequence from yw to some pair covering s. The first time a
vertex c outside {t € X |z Pt} appearsin apair of the sequence, we find vertices a, b,
¢ such that ab is a pair of the sequence and = Pa, x Pband a Q b Q) ¢ a hold but not
x Pc. Asc Rz cannot hold (because of x Pb and b R ¢), we have = R ¢ and thus = Q) c.
Using {z,a,c} € 7; together with x Q) ¢ and ¢ Q a, we obtain = R a by an inference of
Type 2, and then x R b aso by such an inferenceon = Ra and a Q b. Now, following the
color sequence backwards from ab to yw and repeatedly applying inferences of Type 2,
we deduce zy, yw € R, thuszy, yw € P.

Case (ii). There exists some vertex w such that w Py and x, w are incomparable in P.
This case can be settled in the same way as Case (i) was (in fact, replacing R with R~
transforms Case (ii) into Case (i)).

Case (iii). We still need to establish zy € P in al situations not covered by Cases (i)
or (ii). Let us first assume that zy is moreover in the Hasse diagram H of the order P.
Because the tournament R is indecomposable and | X'| > 3, Proposition 18 implies the
existence of some vertex z such that zz, zy € R. By the definition of the Hasse diagram
H of R,wehavezz ¢ P orzy ¢ P. If both of these formulas hold, that iszz, zy € @,
we deduce zy € P by aninference of Type2 based on {z, z,y} € T. If 2 Pz and 2 Q ,
wearein Case (i) and so we have z P y. In the last possibility, thatisz @ z and z Py, we
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arein Case (ii) and « P y holds then also.

Now if zy € P\ H, there exists a sequence v; = x, vy, ..., v = y Of vertices such
that v; H vy, fori = 1,2, ..., k — 1. By the preceding paragraph, v;v;,1 € P. Fori =1,
2, ..., k — 2, we deduce v;v; .5 € P from {uv;,v;41,vi42} € T3 by a Type 2 inference.
Applying the same argument as many times as required, we will conclude zy € P, which
completes the proof. O

4 A generalization

Definition 4 can be generalized to other families of relations than tournaments (we mainly
think here of afamily of relations defined by first order axioms on asingle relation, asfor
instance reflexiveness). The identity relation / on the set X consists of al loops xx. As
in many cases adding or suppressing loops do not alter transitivity, we do not require that
the loops of arelation be determined by its transitivity parts.

Definition 22 Let C be afamily of relations on the set X. A relation R from C is (tran-
sitivity) determined when for any relation .S from C the following holds: 7 (R) = 7 (S)
only if RAS C I or RAS™! C I (here, A denotes symmetric difference). The whole
family itself is determined if any of its relations is determined. In general, let C* denote
the subfamily of C consisting of the relationsin C which are determined.

Notice that a relation is determined (or not) only with respect to some given family
(changing the family may change the status of the relation determinateness). We now
formulate awhole scheme of problems (one problem for each family of relations chosen).

Problem 23 For a given family C of rélations, find the subfamily C* of determined rela-
tions, in the sense of Definition 22. Is the problem of deciding whether a relation from C
is determined polynomial in the size of X ?

Particular cases of Problem 23 have been solved already. For instance, Theorem 21
settles the questions for the family C of tournaments (see also Boussairi et al. [2004]);
it states that C* then consists of the indecomposable tournaments. Besides, Corollary 20
asserts that the corresponding decision problem is polynomial.

Next, consider thefamily C of all reflexive and symmetric relationson X. Remark that
for any R € C, the subcollection 75(R) conveys exactly the same information as 7 (R)
because the restriction of R to asubset Y of X istransitive if and only if the restriction
of R to any 3-element subset of Y is transitive. Moreover, any R in C corresponds ex-
actly to one (smple) graph G = (X, E), where {z,y} € E if and only if xRy. Under
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this recasting, finding all the relations R in C which are determined becomes a question
discussed by Hayward [1996] under the following form. Recall that the P; structure of
agraph G consists of the subsets of 3 vertices on which G induces a P; path. Thus, in
this case, Problem 23 becomes: Which graphs G are recoverable from their P; structure?
This question was partially (but elegantly) solved by Hayward [1996, Theorem 4.3 and
Corollary 4.4], which in particular builds a polynomial agorithm for recognition.

For thefamily C of all relationson X, we areintrigued by the difficulty of the resulting
instance of Problem 23. An example of determined relation is the full relation R with no
loop (notice {a, b} ¢ T (R), for any distinct vertices a, b, which in turn implies ab, ba €
R).

Much more ambitious problems are the following general ones.

Problem 24 Find all families of relations which are determined in the sense of Defini-
tion 22.

Problem 25 Characterize those familiesC for which deciding whether a relation from C
is determined is a polynomial problem.
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Differential approximation of MIN SAT,
MAX SAT and related problems

Bruno Escoffier*, Vangelis Th. Paschos*

Abstract

We present differential approximation results (both positive and negative) for
optimal satisfiability, optimal constraint satisfaction, and some of the most popular
restrictive versions of them. As an important corollary, we exhibit an interesting
structural difference between the landscapes of approximability classes in standard
and differential paradigms.

Key words: Satisfiability, Polynomial Approximation, Differential Ratio

1 Introduction and preliminaries

In this paper we deal with the approximation of some of the most famous and classical
problems in the domain of the polynomial time approximation theory, the MIN and MAX
SAT aswell asthe MIN and MAX DNF and some of their restricted versions, namely MAX
and MIN k and EkSAT and MAX and MIN k& and EXDNF. We study their approximability
using the so-called differential approximation ratio which, informally, for an instance =
of acombinatorial optimization problem II, measures the relative position of the value of
an approximated solution in the interval between the worst-value of z, i.e., the value of a
wor st feasible solution of =, and optimal-value of z, i.e., the value of a best solution of x.

Given a set of clauses (i.e., digunctions) C1, ..., C,, onn variables z1, . .., z,,, MAX
SAT (resp., MIN SAT) consists of determining a truth assignment to the variables that
maximizes (minimizes) the number of clauses satisfied. On the other hand, given a set
of cubes (i.e., conjunctions) C', ..., C,, onn variables x4, . . ., x,,, MAX DNF (resp., MIN

*LAMSADE, Université Paris-Dauphine, Place du Maréchal de Lattre de Tassigny, 75775 Paris cedex
16, France. {escof fi er, paschos}@ ansade. dauphi ne. fr
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DNF) consists of determining a truth assignment to the variables that maximizes (min-
imizes) the number of conjunctions satisfied. For an integer £ > 2, MAX kSAT, MAX
EDNF, MIN kSAT, MIN kKDNF (resp., MAX EKSAT, MAX EEDNF, MIN EESAT, MIN EEDNF)
are the versions of MAX SAT, MAX DNF, MIN SAT, MIN DNF where each clause or con-
junction has size at most (resp., exactly) k. Finally, let us quote two particular weighted
satisfiability versions, namely, MAX WSAT and MIN WSAT. In the former, given a set of
clausesCy, ..., C,, onn variablesz4, . . ., z,,, with non-negative integer weights w(x) on
any variable x, we wish to compute a truth assignment to the variables that both satisfies
all the clauses and maximizes the sum of the weights of the variables set to 1. We consider
that the assignment setting all the variablesto O (even if it does not satisfy all the clauses)
is feasible and represents the worst-value solution for the problem. The latter problem is
similar to the former one, up to the fact that we wish to minimize the sum of the weights
of the variables set to 1 and that feasible is now considered the assignment setting all the
variablesto 1.

A problem IT in NPO isaquadruple (Zyy, Soly, my, opt(Il)) where:

e 7y isthe set of instances (and can be recognized in polynomia time);

e given x € Iy, Soly(x) isthe set of feasible solutions of z; the size of afeasible so-
[ution of  ispolynomial inthesize |z| of theinstance; moreover, one can determine
in polynomial time if asolution isfeasible or not;

e givenx € Iy and y € Soly(x), mu(z,y) denotes the value of the solution y of the
instance x; my; is called the objective function, and is computable in polynomial
time; we suppose here that mp(x,y) € N;

e opt(Il) € {min, max}.

Given an instance x of an optimization problem IT and a feasible solution y € Soly (),
we denote by opty(x) the value of an optimal solution of x, and by wy(z) the value
of aworst solution of z. The standard approximation ratio of y is defined as ri(z,y) =
m(z,y)/ opty(x), whilethedifferential approximation ratio of y isdefined asdp (z, y) =
[mu (2, y) — wn(z)|/| optn(z) — wn(z)].

For afunction f of |x|, an algorithm is a standard f-approximation algorithm (resp.,
differential f-approximation algorithm) for a problem II if, for any instance = of II, it
returns a solution y such that r(x,y) < f(|z|), if opt(IT) = min, or r(z,y) > f(|z|), if
opt(Il) = max (resp., 6(z, y) = f(|z])).

With respect to the best approximation ratios known for them, NPO problems can be
classified into approximability classes. The most notorious among them are the following:
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APX or DAPX: the class of problems for which there exists a polynomial algorithm
achieving standard or differential approximation ratio f(|x|) where function f is
constant (it does not depend on any parameter of the instance);

PTAS or DPTAS: the class of problems admitting a polynomial time approximation
schema; such a schemais a family of polynomial agorithms A., £ €]0, 1], any of
them guaranteeing approximation ratio 1 — ¢ (under the differential approximation
paradigm and under the standard one in the case where opt(IT) = max), or 1 + ¢
(under the standard approximation paradigm in the case where opt(I1) = min);

FPTAS and DFPTAS: the class of problems admitting a fully polynomial time ap-
proximation schema; such a schema is a polynomial time approximation schema
(Az)=cj0,1], Where the complexity of any A. is polynomial in both the size of the
instanceandin 1/¢.

We now define a kind of reduction, called affine reduction and denoted by AF, which, as
we will see, isvery natural in the differential approximation paradigm.

Definition 1 Let IT and IT" be two NPO problems. Then, IT AF-reducesto IT' (IT <ag IT'),
if there exist two functions f and ¢ such that:

1. forany x € Iy, f(x) € Iry;
2. forany y € Solyy(z), g(z,y) € Soln(x); moreover, Soly(z) = g(z, Solw (f(z)));

3. forany z € Iyj, thereexist K € Rand k € R* (k > 0 if opt(II) = opt(Il'), &£ < 0,
otherwise) such that, for any y € Solw/(f(x)), mmw (f(x),y) = kmn(z, g(z,y)) +
K.

If II <ap I" and IT" <af II, then IT and IT’ are called affine equivalent. This equivalence
will be denoted by IT =5 IT. K

It is easy to see that differential approximation ratio is stable under affine reduction. For-
mally, if, for I, II" € NPO, R = (f, g) is an AF-reduction from II to IT’, then for any
x € I and for any y € Soly (f(x)), dn(x, g(x,y)) = éw(f(z),y). Indeed, by Condi-
tion 2 of Definition 1, worst and optimal solutionsin = and f(x) coincide. Since the value
of any feasible solution of IT" is an affine transformation of the same solution seen as a
solution of 11, the differential ratios for y and g(z, y) coincide also. Hence, the following
holds.

Proposition 1. If IT =g IT', then, for any constant r, any r-differential approximation
algorithm for one of themis an r-differential approximation algorithm for the other one.
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Optimization satisfiability problems as MIN SAT and MAX SAT are of great interest from
both theoretical and practical points of view. On the one hand, the satisfiability prob-
lem (SAT) is the first complete problem for NP and MAX SAT, MIN SAT have gener-
alizations or restrictions that are the first problems proved complete for numerous ap-
proximation classes under various approximability preserving reductions ([4, 19]). For
instance, MAX 3sAT is APX-complete under the AP-reduction and M ax-SNP-complete
under the L-reduction ([17]), MAX WSAT and MIN WSAT are NPO-complete under the
AP-reduction ([8]), etc. In general, many optimal satisfiability problems have for the
polynomial approximation theory the same status as SAT for NP-completeness theory.
On the other hand, many problems in mathematical logic and in artificial intelligence can
be expressed in terms of versions of SAT; constraints satisfaction isone such version. Also
problemsin database integrity constraints, query optimization, or in knowledge bases can
be seen as optimization satisfiability problems. Finally, some approaches to inductive
inference can be modeled as MAX SAT problems ([13, 14]). The interested reader can
be referred to [5] for a survey on standard approximability of optimization satisfiability
problems.

Let us note that differential approximability of the problems dealt here, has already
been studied in [6]. There, among other results, it was shown that MAX SAT and MIN
DNF, aswell asMIN SAT and MAX DNF are equivalent for the differential approximation,
that all these problems are not solvable by polynomia time differential approximation
schemata, unless P = NP, and, finally, that MIN SAT cannot be approximately solved
within differential approximation ratio 1/m'~¢, for any ¢ > 0 (where m is the number
of the clauses in its instance), unless NP = co-RP. Finaly, let us mention here that
both MAX WSAT and MIN WSAT belong to 0-DAPX, the class of the problems for which
no algorithm can guarantee differential approximation ratio strictly greater than O, unless
P = NP ([16]). This class has been aso introduced in [6].

| Approximationratios | | napproximability bounds
MAX SAT 4.34/(m + 4.34) ¢ DAPX
MAX E2SAT 17.9/(m + 19.3) 1112
MAX 3SAT 4.57/(m +5.73) 1/2
MAX E3SAT 8/(m + 8) 1/2
MAX EkSAT 28 /(m + 2F) 1/p, pthelargest primest. 3(p — 1) < k
MIN SAT 2/(m+2)
MIN (E)kSAT || 28/((2*1 — 1)m + 2%) | 1/p, p thelargest primest. 3(p — 1) < k
MIN 2SAT 4/(m +4) 1112

Table 1: Summary of the main results of the paper.
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In this paper, we further study differential approximability of MAX SAT, MIN SAT,
MIN DNF and MAX DNF, and give approximation results and inapproximability bounds
for several versions of these problems. A summary of the main results obtained is pre-
sented in Table 1. As one can see from the second column of the first line of this table,
MAX SAT isnot approximable within aconstant approximation ratio, unlessP = NP. This
result is very interesting since it indicates that Max-NP ([17]) is not included in DAPX.
Thisisan important difference with the standard approximability classes|andscape where
Max-NP c APX. Another assessment with respect to our resultsis that the gap between
lower and upper approximation bounds for the problems dealt is still large. However, this
paper undertakes a systematic study of satisfiability problemsin the differential paradigm,
it extends the results of [6] and shows that none of the most classical satisfiability prob-
lemsisin 0-DAPX. This approximability class has been introduced in [6] and represents
the worst possible configuration for differential approximation since it includes the prob-
lems for which no polynomial time approximation algorithm can guarantee differential
ratio greater than 0. Inclusion of the problems dealt here in 0-DAPX or not, was a major
guestion we handled since [6].

2 Affine reductions between optimal satisfiability prob-
lems

Let us first note that there does not exist general technique in order to transfer approxi-
mation results from differential (resp., standard) paradigm to standard (resp., differential)
one, except for the case of maximization problems and for transfers between differential
and standard paradigms. Proposition 2 just below deals with this last case.

Proposition 2 If a maximization problem IT can be solved within differential approxima-
tion ratio ¢, then it can be solved within standard approximation ratio 9, also.

Proof. Consider any differential polynomial time approximation algorithm A guarantee-

ing differential-approximation ratio ¢ for any instance x of a maximization problem II.

Denote by A(x), asolution computed by A when running on . Then,
5<1

m(z,A(x)) — w(z) () “E20 m(z, A(z))
opt(z) — w(2) >0 = m(x,A(x)) = dopt(z)+(1-)w(z) = “optl@)

and the claim of the proposition is proved. i

Corollary 1 Any standard inapproximability bound for a maximization problemII isalso
a differential inapproximability bound for I1.
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We give in this section some affine reductions and equivalences between the problems
dealt in the paper. These resultswill allow usto focus ourselves only in the study of MAX
SAT, MIN SAT and their restrictions without studying explicitly MAX and MIN DNF. We
first recall aresult already proved in [6].

Proposition 3 ([6]) MAX SAT =ar MIN DNF and MIN SAT =ar MAX DNF.

The following proposition shows that one can affinely pass from MAX ELSAT to MAX
E(k + 1)SAT. This, allows us to transfer inapproximability bounds from MAX E3SAT to
MAX EkSAT, for any k > 4.

Proposition 4 MAX EESAT <ar MAX E(k + 1)SAT.

Proof. Consider an instance ¢ of MAX EESAT on n variables x4, . .., z, and m clauses
Ci,...,Cy,. Consider also anew variable y and build formula ¢/, instance of MAX E(k +
1)sAT asfollows: for any clause C; = ({;,, ..., {;,) of ¢, where, for j =1,...,k, {;, isa
literal associated with z;,, o' containstwo new clauses (¢;,, . .., £;,,y) and (L, . .., 3, ).
Hence, ¢’ is the conjunction of 2m clauses of size k + 1 on n + 1 variables. Assume
any truth assignment 7" on the variables of ¢ and denote by (7,1) (resp., (7,0)) the
extension of 7" on ¢’ by setting y = 1 (resp., y = 0). Then, it is easy to see that
m(g', (T,1)) = m(, (T,0)) = m+ m(p,T).

In other words, reduction just described, associating to any assignment 7" of ¢’ its
restriction 7" on variables x4, . . ., z,, as assignment for ¢, is affine and the proof of the
proposition is complete. i

We now show that, for k fixed, problems £SAT and kDNF are affine equival ent.

Proposition 5. For any fixed k, MAX kSAT, MIN kSAT, MAX kEDNF, MIN EDNF, MAX
ELSAT, MIN EESAT, MAX EEDNF and MIN EADNF are all affine equivalent.

Proof. We first prove affine equivalence between MAX kSAT and MIN kSAT. Given n
variableszy, . . ., z,,, denote by C; the set of clauses of size k and by C;, the set of clauses
of sizeat most k ontheset {1, ..., x,}. Let usremark that any truth assignment verifies
the same number v;, of clauses on C;, and the same number v, of clauses on C;. Note
aso that, since £ is assumed fixed, sets C;, and C¢;, are of polynomial size.

Let ¢ be an instance of MAX ELSAT on variable-set {z1,...,z,} andonaset C =
{C1,...,Cy} of m clauses. Consider instance ¢’ on the clause-set C' = C;, \ C. Then,
for any truth assignment 7 on {x1, ..., x,}: m(p, S) + m(¢',S) = v; in other words,
reduction just described is an affine reduction from MAX ELSAT to MIN ELSAT. Consid-
ering ¢ as instance of MIN EESAT this time, the above describe an affine reduction from
MIN EkSAT to MAX EESAT.
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Furthermore, if C is an instance of MAX kSAT, then we can seethe clause-set C;, \ C
as an instance of MIN k£SAT and the same arguments conclude an affine reduction from
the former to the latter problem.

We now prove equivalence between versions of SAT and the corresponding versions
of DNF. Givenaclause C' = (¢;, V...V {;, ) on k literals, we build the cube (conjunction)
D = (l;; A...AG;,). Any truth assignment T on ¢;; verifies C, if and only if it does
not verify D, i.e, m(C,T) = m —m(D,T). This specifies an affine reduction between
MAX EESAT and MIN EXDNF, MIN EESAT and MAX EEDNF, MAX kSAT and MIN KDNF
and between MIN £SAT and MAX kDNF.

We finally show equivalence between MAX ESAT and MAX EkSAT. We first notice
that the latter problem being a sub-problem of the former one, direction MAX EASAT <af
MAX kSAT isimmediate. On the other hand, as in Proposition 4, given an instance of
MAX kSAT, one can construct, for any clause of size at most k, a set of clauses of size
exactly k, in such away that this reduction is affine.

Combination of equivalences shown above completes the proof of the proposition. i

It isshown in [12] (see also [4]), that MAX E3SAT isinapproximable within standard
approximation ratio (7/8) + ¢, for any e > 0, and MAX E2SAT is inapproximable within
standard approximation ratio (21/22) + ¢, for any € > 0 (in what follows for such results
we will use, for simplicity, expression “within better than™). Discussion above, together
with these bounds leads to the following result.

Proposition 6. MAX 2SAT, MAX E2SAT, MIN 2SAT, MIN E2SAT, MAX 2DNF, MAX
E2DNF, MIN 2DNF and MIN E2DNF are inapproximable within differential approxima-
tion ratio better than 21/22. Furthermore, for any £ > 3, MAX kSAT, MAX EESAT,
MIN kSAT and MIN EkLSAT, MAX kDNF, MAX EEDNF, MIN kDNF and MIN EkEDNF, are
inapproximable within differential approximation ratio better than 7/8.

Proof. Concerning MAX 2SAT and associates, Corollary 1 extends the result of [12] to
the differential paradigm. Then, Proposition 5 suffices to conclude the proof.

For MAX kSAT and associates, Corollary 1 extends the result of [15] to the differential
paradigm, for MAX 3sSAT and Proposition 5 transfers it to MAX E3SAT. Then, Proposi-
tion 4 extendsit for any £ > 4. Finally, Proposition 5 suffices to conclude the proof. i

Since the satisfiability problems stated in Proposition 6 are particular cases either
of MAX SAT, or of MIN SAT, or of MAX DNF, or, finaly, of MIN DNF, application of
Proposition 6 and of Proposition 3 concludes the following corollary.

Corollary 2. MAX SAT, MIN SAT, MAX DNF and MIN DNF are inapproximable within
differential approximation 7/8.
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Results of Corollary 2 are not the best ones. In Section 4, we strengthen the one for
MAX SAT. On the other hand, asit is proved in [6], MIN SAT is inapproximable within
differential ratio better than m<=*, for any ¢ > 0. Proposition 5 has to be used with
some precautions in order to yield positive or negative approximation results. Indeed, if
one of the problem stated in it is approximable within constant differential approximation
ratio (i.e., within ratio that does not depend on an instance parameter), then this ratio
is naturally transferred to all the other problems. A contrario, one can see in the proof
of Proposition 5 that in many cases the number of the clauses for the derived instance
can be much larger that the one for the initial instance. In such cases, if we deal with
ratios functions of m the form of these ratios is certainly preserved but not their value.
For instance, assume that some problem IT among the ones stated in Proposition 5 is
approximable within ratio f(|p|), where || denotes the number of clauses, or cubes,
inp, and f decreases with ||. Assume also that there exists another problem IT" (among
the ones stated in Proposition 5) such that II' <,¢ II and, furthermore, that this affine
reduction transforms a formula ¢’ of 11" into a formula ¢ for I1. Then, it transforms an
approximation ratio f(|¢|) for the latter into an approximation ratio f(|,|) for the former
but, if the values |¢| and || are very different the one from the other, then f(|p|) #

FeD)-

In fact, one can easily observe that affine reductions of Proposition 5 perform the
following differential ratio transformations:

e reduction from MAX ELSAT to MIN ELSAT transformsratios f (m, n) into f((2n)*—
m,n);

e reduction from MAX kSAT to MIN kSAT transforms ratios f(m,n) into f((2n +
DF —m,n);

e reductions between SAT and DNF are invariant for approximation ratios;
e reduction from MAX kSAT to MAX ELSAT transformsratios f(m,n) into f(2%~1m,

n+k—1).

In other words, dealing with common approximability of the problems stated in Proposi-
tion 5, the following remarks hold:

e if one of these problemsisin DAPX, then all the other ones are so;

e problems MAX kSAT,MAX EkSAT, MIN k& DNF and MIN EXDNF are approximable
within differential ratios of O(f(m)) for a function f strictly decreasing with m
if and only if one of them is O(f(m)) differentially approximable for f(m) =
O(m®), for some « > 0, or f(m) = O(logm); the same holds for the quadruple
MIN kSAT,MIN ELSAT, MAX k DNF and MAX EKDNF;
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e al problems arein Log-DAPX (the class of problems differentially approximable
within ratios of O(1/log |x|)) if and only if one of them is so (observe that reduc-
tionsdealt transform differential ratios of O(log m) into ratios of theform O(log m)
or of O(logn), and ratios of O(log n) into ratios of the same form).

Finally, reduction of Proposition 4 transformsratios f(m, n) into f(2m,n + 1).

3 Postiveresults

3.1 Maximum satisfiability

Consider an instance ¢ of an optimal satisfiability problem, defined on »n boolean vari-
ables x4, ...,x, and m clauses C1,...,C,,; consider also the very classical agorithm
RSAT assigning at any variable value 1 with probability 1/2 and, obvioudly, value 0 with
probability 1/2.Then, denoting by Sol(y), the set of the 2" possible truth assignments
for ¢, and by E(RSAT(¢y)) the expectation of a solution computed by RSAT when running
on ¢, the following holds: E(RSAT(¢)) = > rego,) mle, T) /2"

Algorithm RSAT can be derandomized by the following technique denoted by DSAT.
For:=1,...,n:

e compute E! = E(m(p,T)|z; = 1) and E! = E(m(p,T)|x; = 0), where T' is
a random assignment and the values of the i — 1 first variables have already been
fixed initerations1,...7 — 1;

o setu; =1,if E] > E; otherwise, set z; = 0.
Lemmal m(p,DSAT(yp)) = E(RSAT(yp)).

Proof. It iseasy to seethat E(RSAT(¢)) = (E1/2) + (EY/2); hence max{E}, E/} >
E(RSAT(yp)). Furthermore, at any of the n steps of DSAT, max{E], E/'} = (E/,,/2) +
(E!1/2) < max{E/, , E/,,}. Consequently, we have E(RSAT(y)) < max{E}, B/} <
max{FE! E!} = DSAT(y), that concludes the proof of the lemma. i

Note finally, that DSAT is polynomial since, for any i = 1,...,n, computation of E!
and E! is performed in polynomial time. Indeed, for any such computation it suffices to

determine with what probability any clause of ¢ is satisfied and to sum these probabilities
over al the clauses of .

We are ready now to state and prove positive differential approximation resultsfor the
problems dealt here.

123



Differential approximation of MIN SAT, MAX SAT and related problems

Proposition 7. Algorithm DSAT achievesfor MAX EkSAT differential approximation ratio
2k / (opt (i) + 2%). Thisratio is bounded below by 2% /(m + 2F).

Proof. Note first that we can assume that opt(yp) > w(p) (otherwise, MAX ELSAT would
be polynomial on ¢). Then,

w(p) < E(RSAT(p)) < m(p, DSAT()) )

From (1) and given that feasible values of MAX ELSAT are integer, we get:

m(p,DSAT(¢)) —w(p) > 1 )

Sinceclausesin ¢ are of size k, the expectation that any of them is satisfied equals 1 —2-*.
Hence,

. DST(9) > BT = (1- o) zom(e) (1-5:) @)

Using (2) and (3), we get:

1 opt(p) (1 - 5) - w@)} @

6(¢, DSAT(y)) > max { opt(p) —w(p)”  opt(p) — w(p)

Thefirst termin (4) isincreasing with w(y), while the second oneis decreasing. Equality
holds when w(¢) = (opt(¢)(1 — 27%)) — 1. Inthis case, (4) gives

2k 2k
>
opt(p) +2F 7 m 4 2k

6(1p, DSAT(p)) = (5

Last inequality in (5) holding thanks to the fact that opt(¢) < m, qed. i

Notice that the ratio claimed by Proposition 7 increases with k. Thisis quite natural
since for £ > logm, MAX kSAT is polynomial. Indeed, using (3) with such a k&, we get
m(p, DSAT(p)) = m — (m/2%) > m — 1, i.e, m(p, DSAT(¢)) = m, since the feasible
values of MAX kSAT areinteger.

We now propose areduction transferring approximation resultsfor MAX SAT problems
from standard to differential paradigm. It will be used in order to achieve differential
approximation resultsfor MAX SAT, MAX 3SAT and MAX 2SAT.

Proposition 8. If a maximum satisfiability problem is approximable on an instance ¢,
within standard approximation ratio p, then it is approximable in ¢ within differential
approximation ratio p/((1 — p)w(p) + 1).
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Proof. Fix any maximum satisfiability problem I1, sharing the ones dealt until now, and
assume that there exists a polynomial time algorithm achieving standard approximation
ratio p for II. Consider an instance ¢ of I1, run both A and DSAT on ¢ and retain assign-
ment T satisfying the maximum number of clauses between A(yp) and DSAT(yp). Obvi-
ously, m(p,T) = popt(y). Hence, the differential approximation ratio of 7" is

(p,1) > 2 1) — ) ©
=2 —w(e)

Since, as we have seen in the proof of Proposition 7, m(y, T) > w(y) + 1, (6) becomes

1 _ p
T2 ) T U e+ )

The proof of the proposition is now complete. i

From the result of Proposition 8, we can deduce severa corollaries by specifying
valuesfor w(y) and p. Themain such corollaries are stated in the propositions that follow.
Before stating and proving them, let us remark that, in the case of MAX kSAT

pmsat() < m (1 5 ) ©®)

Then (1) and (8) yield:

s <m(1- ) ©

Proposition @ MAX SAT isapproximablewithin differential approximationratio4.34/(m—+
4.34).

Proof. We can assume w(y) < m — 1, otherwise (w(¢) = m) all feasible solutions of ¢
have the same value. Since 1 — p > 0, the differentia ratio of (7) decreases with w(7).
So, it sufficesto substitute m — 1 for w(yp), to use the fact that MAX SAT is approximable
within standard ratio 1/1.2987 ([3]), and the proof of the proposition is complete. i

Proposition 10.  MAX 2SAT is approximable within differential approximation ratio
17.9/(m + 19.3), and MAX 3SAT within 4.57/(m + 5.73).

Proof. For MAX 2sAT, remark first that, using (3), the expectation of the solution com-
puted by the random algorithm RSAT is, using (9), less than, or equa to, 3m /4. Con-
sequently, w(y) < 3m/4. Next, the fact that MAX SAT is approximable within standard
ratio 1/1.0741 ([10]) suffices to conclude the proof.

For MAX 3SAT, w(p) < 7m/8 and p = 1/1.249 ([18]).1
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3.2 Minimum satisfiability

We finish this section by studying MIN SAT and some of its versions. Before stating our
results, we note that algorithm RSAT can be derandomized in an exactly symmetric way,
in order to provide a solution for MIN £SAT with value smaller than expectation’s value.

Proposition 11. If a minimum satisfiability problem is approximable on an instance ¢,
within standard approximation ratio p, then it is approximable in ¢ within differential

approximation ratio
P

(p=1) (1 —3)m+p

Proof. Asin the proof of Proposition 7, since we dea with a minimization problem, (1)
becomes:

opt () < m(p,DSAT(p)) < E(RSAT(¢)) < w(y) (10)
Consequently, (2) becomes:
w(p) —m(p,DSAT(p)) > 1 (11)

Considering the best among the solutions computed by DSAT and A (the p-standard ap-
proximation algorithm assumed for MIN £SAT in the statement of the theorem), denoting
it by T"and using (10) and (11), we get:

1 w(p) — popt(p) wlp) —m (1—3) } (12)

(¢, T) = max {w(so) —opt(p)” w(p) —opt(p) * wl(p) — opt(y)

where the third term in (12) is due to the fact that 7' has a better value than the value of
algorithm RSAT.

The first term in (12) is decreasing with w(), while the second and third ones are
increasing. We distinguish two cases depending on the relation between these terms.

If the second term is greater than the third one, i.e., if popt(yp) < m(1 — 27%), then
equality of the first two terms of (12) is achieved when w(yp) = 1 + popt(p). In this
case, (12) gives: )

>
If, on the other hand, second term is smaller than the third one, i.e., if popt(p) > m(1 —
27F), then equality of thefirst and the third term in (12) is achieved when w(y) = m(1 —
27%) + 1. In this case also, §(y, T)) verifies (13). The proof of the proposition is now
complete. i

The best standard approximation ratios known for MIN £SAT and MIN SAT are 2(1 —
2%) and 2, respectively ([7]). With the ratio just mentioned for MIN kSAT, the result of
Proposition 11 can be ssimplified as indicated in the following corollary.
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Corollary 3 MIN kSAT is approximable within differential ratio 2% /((2*=! — 1)m + 2).
Proposition 12 MIN SAT is approximable within differential ratio 2/(m + 2).

Proof. Use Proposition 11 with p = 2 ([7]).

Also, using Corollary 3 with £ = 2 and £ = 3, the following corollary holds and
concludes the section.

Corollary 4 MIN 2sSAT and MIN 3SAT are approximable within differential ratios4/(m+
4) and 8/(3m + 8), respectively.

4 Inapproximability

We first recall some basics about MAX E3LINp that will be used for deriving our results.
In this problem, we are given a positive prime p, n variables x4, . . . , x,, INZ/pZ, m linear
equations of type «;,z;, + o, x;, + ay,xr, = [, and our objective is to determine an
assignment on x4, .. ., x,,, in such away that a maximum number among the m equations
is satisfied.

Asitis proved in [12] (see dso [9] for the case where all the coefficients equal 1),
for any p > 2 and for any ¢ > 0, MAX E3LINp cannot be approximated within standard
approximation ratio (1/p) + €, even if coefficients in the left-hand sides of the equations
are adl equal to 1. Note that, due to Corollary 1, this bound is immediately transferred to
the differential paradigm.

Finally, let us quote the following GAP-reduction (see[2] for more about this kind of
reductions), proved in [12], that will be used in order to yield our results.

Proposition 13. ([12]) Given a problem IT € NP and areal § > 0, there exists a poly-
nomial transformation ¢ from any instance I of II into an instance of MAX E3LINZ2 such
that:

e if [ is a yes-instance of IT (we use here classical terminology from [11]), then
opt(g(1)) = (1 = &)m;

e if I isano-instance of I1, then opt(g(1)) < (1 + &)m/2.

Proposition 13 shows, infact, that MAX E3LIN2 ishot approximable within standard ratio
1/2 + ¢, for any € > 0, because an algorithm achieving it would allow us to distinguish
in polynomial time the yes-instances of any problem IT € NP from the no-ones. Devising
of such reductions is one of the most common strategies for proving inapproximability
results in standard approximation.
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4.1 Boundsfor MAX E3SAT

We first prove a GAP-reduction anal ogous to the one of Proposition 13 from any problem
IT € NP to MAX E3sSAT. Note that thisis the first time that a GAP-reduction is used in
the differential approximation paradigm.

Proposition 14. Given a problemII € NP and areal § > 0, there exists a polynomial
transformation f from any instance / of I1 into an instance of MAX E3SAT such that:

e if I isayes-instance of I1, then opt(f (1)) — w(f(1)) = (1 — 25)m/4;
e if I isano-instance of I1, then opt(f (1)) — w(f(I)) < dm/4.

Proof. We first prove that the reduction of Proposition 13 can be trandated into the
differential paradigm also. Consider aninstance I’ = ¢g(I) of MAX E3LIN2 and afeasible
solution 7 = (xy,xo,...,x,) for I (we will use the same notation for both variables
and their assignment) verifying & among the m equations of I’. Then, vector 7 = (1 —
r1,...,1 —x,), verifiesthem — k eguations not verified by Z. In other words, opt(7) +
w(I) = m; hence, function g claimed by Proposition 13 is such that:

e if I isayes-instance of II, then opt(I') — w(I’) > (1 — 20)m;

e if I isano-instance of II, then opt(I’) — w(I’) < om.

We are ready now to continue the proof of the proposition. Consider an instance I of
MAX E3LIN2 onn variables z;, i = 1,...,n and m equations of type x; + =, + z;, =
in Z/2Z, i.e., where variables and second members equal O, or 1. In the same spirit as
in[12], we transform I into an instance ¢ = h(I) of MAX E3SAT in the following way:

e for any equation x; + z; + x;, = 0, we add in h(I) the following four clauses:
(Zf‘i V Z; V ZL‘k), (IZ V fj V [Ek), (ZL’Z V Z; V jk) and (ZZ’Z V j]j V fk),

e for any equation z; + x; + x;, = 1, we add in h(I) the following four clauses:
(.I'Z' V Z; V xk), (i’l V Zj V l’k>, (fl V Z; V i’k) and (331 V Zj vV f'k)
It can immediately be seen that h(1) hasn variables and 4m (distinct) clauses.

Given asolution y for MAX E3SAT on h(1), we construct asolution i/’ for I by setting
x; = 1if z; = 1in h(I) also; otherwise, we set z; = 0.

For instance, consider equation x; + x; + x; = 0in I. Itisverified if either O or 2 of
the variables are equal to 1. The several satisfaction possibilities for the clauses derived
in h(I) for this equation are the following:
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e if zero, or two variables are set to 1 (true), then all the four clauses are satisfied;

e if ong, or three variables are set to 1, then 3 clauses are satisfied.

As a consequence, iterating this argument for any clause set built from an equation, we
conclude that solution y for MAX E3SAT on h(1) verifiesm(h(I),y) = 3m + m(I,y).
Since transformation between ' and y is bijective, we get w(h(I)) = 3m + w(/) and
opt(h(I)) = 3m + opt(I). In other words, the reduction just described is an affine
reduction from MAX E3LIN2 t0O MAX E3SAT.

It suffices now to remark that the composition f = h o g verifies the statement of the
proposition and its proof is concluded. i

Proposition 14 has a very interesting corollary, expressed in the Proposition 15 just
below, that exhibits another point of dissymmetry between standard and differential para-
digms.

Proposition 15 Unless P = NP, no polynomial algorithm can compute, on an instance ¢
of MAX E3SAT avalue that is a constant approximation of the quantity opt(¢) — w(yp).

In view of Proposition 15, what is different between standard and differential paradigms
with respect to the GAP-reduction is that in the former such a reduction immediately
concludes the impossibility for a problem (assume that it is a maximization one) to be
approximable within some ratio, by showing the impossibility for the optimal value to be
approximated within thisratio. For that, it suffices that one reads the value of the solution
returned by the approximation algorithm. In the latter paradigm such a conclusion is not
alwaysimmediate. In fact, areasoning similar to the one of the standard approximation is
possible when computation of the worst solution can be done in polynomial time (thisis,
for instance, the case of maximum independent set and of many other NP-hard problems).
In this case a simple reading of the value of the approximate solution is sufficient to give
an approximation of opt(x) —w(z). A contrario, whenitis NP-hard to computew(z) (this
isthe case of the problems dealt here —simply think that the worst solution for MAX SAT is
the optimal one for MIN SAT and that both of them are NP-hard —, of traveling salesman,
etc.), then reading the value m(z, y) of the approximate solution does not provide uswith
knowledge about m(x,y) — w(z) and, consequently no approximation of opt(x) — w(x)
can beimmediately estimated. So, use of GAP-reduction for achieving inapproximability
results is different from the one paradigm to the other.

However, for the case we deal with, we will take advantage of acombination of Propo-
sitions 5 and 15 in order to achieve the inapproximability bound for MAX E3SAT givenin
Proposition 16 that follows.

Proposition 16. Unless P = NP, MAX E3SAT is inapproximable within differential ap-
proximation ratio greater than 1/2.
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Proof. Assumethat an approximation achievesdifferential ratiod > 1/2, for MAX E3SAT.
Then, by Proposition 5, there exists an algorithm achieving the same differentia ratio
for MIN E3SAT. Denote by 77 and T3, respectively, the solutions computed by these
algorithms on an instance ¢ of these problems. We have:

m (¢, T1) — w(p) = d(opt(p) — w(yp)) (14)

where opt(-) and w(-) are referred to MAX E3SAT. By the relations between al these
parameters for the two problems specified in the proof of Proposition 5, we get:

opt(p) —m (¢, Tz) = 6(opt(p) — w(y)) (15)

Adding (14) and (15) member-by-member, weget m(p, T1)—m(p, Tz) = (26—1)(opt(p)—
w(yp)). So, simple reading of the values of 7} and 75, can provide us a constant approxi-
mation (since ¢ has been assumed to be a fixed constant greater than 1/2) of the quantity
opt(p) — w(p), impossible by Proposition 15. 1

Proposition 16 together with Proposition 5 conclude the following corollary.
Corollary 5. For any k£ > 3, MAX ELKSAT, MIN EESAT, MAX kSAT and MIN kSAT are
differentially inapproximable within ratios better than 1/2.

42 MAXELKSAT,k > 3

In this section, we will generalize the GAP-reduction of Proposition 14 in order to further
strengthen inapproximability results of Corollary 5.

Proposition 17. For any prime p > 0, MAX E3LINp <ar MASE3(p — 1)SAT.

Proof. Consider a positive prime p and an instance I of MAX E3LINp on n variables
and m equations. Consider an equation x; + 2 + x3 = (3 (in Z/pZ) of I and, for any
i=1,2,3,p—1newvariablesz!,... '"' € {0,1}. Consider, finally, equation

[a)

—

p—1 p—1
x{—l—Zxé—%Zxé:ﬁ (16)

j=1 J J

p—

<
Il

Itiseasy to seethat (16) isverified if and only if the number of variablessetto 1iseither 5
or 3+ p, or, finaly, 3 + 2p.

Consider now the set of al the possible clauses on 3(p — 1) literalsissued from vari-
ablesz), ... ,xf‘l,z‘ = 1,2,3. Any truth assignment will satisfy all but one clause. For

example, if any variable is assigned with 1, the only unsatisfied clause is the one where
all variables appear negative.
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Wheat is of interest for usisto specify when the number of variables set to 1 iseither 3
or 5+ p, or, 5 + 2p. For this, denote by C;, the set of clauseson 3(p — 1) literals issued
from variables z}, . .. ,:cffl, 1 = 1,2,3 with exactly k negative literals. Then, a truth
assignment setting k variables to 1, verifies |Cx| — 1 clauses of C, while any other truth
assignment on the variables of C;, verifies all the |C| clauses. So, for an equation x; +
o + x3 = [, we will add in the instance of MAX E3(p — 1)SAT the set Cy, for k& €
{0,...,3(p—1}and k & {5,5+ p, B + 2p}. Hence, if atruth assignment for these
clauseshas 3, or 5+p, or 3+2p variablesset to 1, it will verify all the clauses constructed,

otherwise it will verify all but one of these clauses.

Inal, for any of thevariablesz}, .. ., xffl we will build one new variable and we will
transform any of the m equations of I into an equation asin (16). Then, for any of these
new equations we add in the instance of MAX E3(p — 1)SAT the set of clauses as built just
above. Theinstance ¢ of MAS E3(p — 1)SAT so constructed has n(p — 1) variables and,
since the number of clauses issued from any equation is no more than 23— » will have
a most m,, < m23®~1 clauses.

Given a truth assignment 7" on the variables of o, we set #; = |[{z¥ : 2% = 1inT}|.
Discussion above leads to m(¢,T") = my, — m + m(/,.S). On the other hand, it is
easy to see that our reduction implies that any solution S of [ istransformed into a truth
assignment 7" on the variables of ¢ such that the relation between the values of S and T
given just above is always satisfied. This relation confirms that the reduction specified is
an affine one from MAX E3LINp to MAX E3(p — 1)SAT.

Finally, let us remark that it is possible that formula ¢ contains many times the same
clause. This, for instance, is the case if I simultaneously contains equations say =, +
X9 +x3 = Oy and x1 + x9 + 23 = (o, fOr 1 # (5. In this case, we can modify
the construction described, by building the subset of C;, or £ € {0,...,3(p — 1)} and
k & {51, B1+p, B1+2p, B2, o+, B2+ 2p}. Thisconcludesthe proof of the proposition. i

The result of Proposition 17 together with the result of [12] stated in the beginning of
the section and Proposition 1, lead to the following corollary.

Corollary 6. For any prime p, MAX E3(p — 1)SAT isinapproximable within differential
ratio greater than 1/p.

Furthermore, Propositions 4 and 5 allow usto rewrite Proposition 17 as follows.
Proposition 18. For any &£ > 3, neither MAX EESAT, nor MIN EkESAT can be approx-
imately solved within differential ratio greater than 1/p, where p is the largest positive

primesuchthat 3(p — 1) < k.

Easy consequences of Proposition 18 are the following differential inapproximability
bounds for several instantiations of maximum and minimum k-satisfiability:
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e MAX and MIN 3sSAT 4sAT and 5SAT are differentially inapproximable within ratio

better than 1/2;

e MAX and MIN 6SAT, ..., 11sAT are differentially inapproximable within ratio bet-
ter than 1/3;

e MAX and MIN 12sAT, ..., 17sAT are differentially inapproximable within ratio
than 1/5, ...

Finally, MAX SAT being harder to approximate than any MAX kSAT problem, the follow-
ing result holds and concludes the section.

Proposition 19. MAX SAT ¢ DAPX.

In [17] is defined a logical class of NPO maximization problems called MAX-NP. A
maximization problem IT € NPO belongsto Max-NP if and only if there exist two finite
structures (U, Z) and (U, S), a quantifier-free first order formula ¢ and two constants &
and ¢ such that, the optima of I1 can be logically expressed as:

Igleag(‘{xEUk:ElyEUe,go(I,S,a:,y)}‘ a7

The predicate-set 7 draws the set of instances of II, set S the solutions on Z and ¢ the
feasibility conditions for the solutions of I1. In the same article is proved that MAX SAT €
Max-NP and that MAX-NP C APX.

It is easy to see that (17) can be identically used in both standard and differential
paradigms. So, Proposition 19 draws an important structural differencein the landscape of
approximation classes in the two paradigms, since an immediate corollary of this propo-
sition isthat MAX-NP ¢ DAPX. We conjecture that the same holds for the other one
of the celebrated logical classes of [17], the class MAX-SNP, i.e., we conjecture that
MAX-SNP ¢ DAPX

4.3 MAX E2SAT

We have aready seen in Proposition 6 that MAX E2SAT is differentially inapproximable
within ratio 21/22. In this section, we improve this result by operating an affine reduction
from MAX E2LIN2 t0O MAX E2SAT.

Indeed, consider an instance I of theformer problem (on n variables and m equations)
and an equation z; + xo = 0in I. Add in ¢ (the instance of MAX E2SAT under construc-
tion) clauses 7, V z, and z; V T3. On the other hand, for an equation z; + =z, = 1, add
in o clauses x; V x5 and z; V T,. Performing this transformation for any equation in 1,
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we finally build a formula ¢ of MAX E2SAT on n variables and 2m clauses. Moreover,
for any truth assignment 7" on the variables of ¢, one gets a solution .S for I such that
m(e,T) =m+m(I,S), ged.

Itisshownin[12] that MAX E2LIN2 isinapproximable within standard approximation
ratio better than 11/12. By Proposition 2, this bound is transferred to the differential
paradigm. Then, the affine reduction just described concludes the following result.

Proposition 20 MAX E2LIN2 <ar MAX E2SAT. Consequently, MAX E2SAT is differen-
tially inapproximable within ratio greater than 11/12.

5 Ideasfor further research

We give in this concluding section afew ideas about possible ways for further improving
results of the paper or for yielding new ones.

Consider agraph G(V, E) of order n and with maximum degree A. We construct an
instance p of MAX DNF on n variable x4, ..., z, and n cubes C1, . .., C,, asfollows:. for
any vertex v; € V, with neighbors v, , . . . , Vg, WE addin g clausex; A Z;y A ... A Tis,
Let 7" be a truth assignment satisfying k& cubes, say C},,...,C};, . Then, obviously, the
vertex-set V' = {v;,,...,v;, } isanindependent set for G (of size k). Conversely, given
an independent set of G of size k consisting of verticesv,,, ..., v;,, the truth assignment
setting variables z;,, . . ., z;, to 1 and any other variable of ¢ in O sétisfies £ cubes. Ob-
servefinally that the size of the cubes built for ¢ isbounded by A + 1. In al we have just
exhibited an affine reduction from MAX INDEPENDENT SET-A (i.e.,, MAX INDEPENDENT
SET on graphs with maximum degree bounded by A) to MAX A + 1DNF.

On the other hand, there exists an ¢ > 0 such that, for any A > 3, MAX INDEPEN-
DENT SET-A is not approximable within approximation ratio 1/A¢ ([1]). Since standard
and differential approximation ratios coincide for MAX INDEPENDENT SET (the worst
independent set in a graph is the empty set), the result of [1] holds immediately for dif-
ferential paradigm and can be used in order to conclude that there exists an e > 0 such
that, for any k£ > 4, MAX kDNF is not differentially approximable within ratio greater
than 1/k¢. Thisrecoversthe result of Proposition 19, namely, that MAX SAT ¢ DAPX.

If onewishesto improvethisresult, apossibleissueisthefollowing. Recall that trans-
formation of MAX kDNF to MAX kSAT of Proposition 5, consists of substituting any cube
of size by 2/ —1 clauses of size (. We so can affinely (but not polynomially) reduce MAX
INDEPENDENT SET to MAX SAT by building an instance ¢ of the latter on n variables and
at most n24+! clauses. But, if A is bounded by log n, then this reduction is polynomial.
In other words, if one obtains an inapproximability bound for MAX INDEPENDENT SET-
log n (for example abound of the type 1/ log® n, for some positive ), then one can extend
it immediately to MAX SAT improving so the bound of the paper.

133



Differential approximation of MIN SAT, MAX SAT and related problems

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

134

N. Alon, U. Feige, A. Wigderson, and D. Zuckerman. Derandomized graph prod-
ucts. Computational Complexity, 5:60-75, 1995.

S. Arora and C. Lund. Hardness of approximation. In D. S. Hochbaum, editor,
Approximation algorithms for NP-hard problems, chapter 10, pages 399-446. PWS,
Boston, 1997.

T. Asano, K. Hori, T. Ono, and T. Hirata. A theoretical framework of hybrid ap-
proaches to max sat. In Proc. International Symposium on Algorithms and Com-
putation, 1SAAC’' 97, volume 1350 of Lecture Notes in Computer Science, pages
153-162. Springer, 1997.

G. Ausiello, P. Crescenzi, G. Gambosi, V. Kann, A. Marchetti-Spaccamela, and
M. Protasi. Complexity and approximation. Combinatorial optimization problems
and their approximability properties. Springer, Berlin, 1999.

R. Battiti and M. Protasi. Algorithms and heuristics for max-sat. In D. Z. Du and
P. M. Pardalos, editors, Handbook of Combinatorial Optimization, volume 1, pages
77-148. Kluwer Academic Publishers, 1998.

C. Bazgan and V. Th Paschos. Differential approximation for optimal satisfiability
and related problems. European J. Oper. Res., 147(2):397-404, 2003.

D. Bertsimas, C-P. Teo, and R. Vohra. On dependent randomized rounding algo-
rithms. In Proc. International Conference on Integer Programming and Combinato-
rial Optimization, IPCO, volume 1084 of Lecture Notesin Computer Science, pages
330-344. Springer-Verlag, 1996.

P. Crescenzi, V. Kann, R. Silvestri, and L. Trevisan. Structure in approximation
classes. SAM J. Comput., 28(5):1759-1782, 1999.

L. Engebretsen. Approximate Constraint Satisfaction. Phd thesis, Dept. of Numer-
ica Analysis and Computing Science, Royal Institute of Technology, Stockholm,
Sweden, 2000.

U. Feigeand M. X. Goemans. A pproximating the value of two prover proof systems,
with applications to max 2sat and max dicut. In Proc. Israel Symposium on Theory
of Computing and Systems, ISTCS 95, pages 182-189, 1995.

M. R. Garey and D. S. Johnson. Computers and intractability. A guide to the theory
of NP-completeness. W. H. Freeman, San Francisco, 1979.



Annalesdu LAMSADE n°3

[12] J. Hastad. Some optimal inapproximability results. J. Assoc. Comput. Mach.,
48:798-859, 2001.

[13] J. N. Hooker. Resolution vs. cutting plane solution of inference problems. some
computational experience. Oper. Res. Lett., 7(1):1—7, 1988.

[14] A. P. Kamath, N. K. Karmarkar, K. G. Ramakrishnan, and M. G. Resende. Com-
putational experience with an interior point algorithm on the satisfiability problem.
Ann. Oper. Res., 25:43-58, 1990.

[15] H. Karloff and U. Zwick. A 7/8-approximation for max 3sat? In Proc. FOCS 97,
pages 406415, 1997.

[16] J. Monnot, V. Th. Paschos, and S. Toulouse. Approximation polynomiale des
problemes NP-difficiles : optima locaux et rapport differentiel. Informatique et
Systemes d’ Information. Hermes, Paris, 2003.

[17] C. H. Papadimitriou and M. Yannakakis. Optimization, approximation and com-
plexity classes. J. Comput. System Sci., 43:425-440, 1991.

[18] L. Trevisan, G. B. Sorkin, M. Sudan, and D. P. Williamson. Gadgets, approximation,
and linear programming. In Proc. FOCS 96, pages 617-626, 1996.

[19] V. Vazirani. Approximation algorithms. Springer, Berlin, 2001.

135






Conciliation and Consensusin Iterated Belief
Merging

Olivier Gauwirt, Sebastien Konieczriy and Pierre Marquis

Abstract

Two conciliation processes for intelligent agents based on an iterated merge-
then-revise change function for belief profiles are introduced and studied. The first
approach is skeptical in the sense that at any revision step, each agent considers that
her current beliefs are more important than the current beliefs of the group, while
the other case is considered in the second, credulous approach. Some key features of
such conciliation processes are pointed out for several merging operators; especially,
the “convergence” issue, the existence of consensus and the properties of the induced
iterated merging operators are investigated.

Key words: Belief Merging

1 Introduction

Belief merging is about the following question: given a set of agents associated to belief
bases which are (typically) mutually inconsistent, how to define a belief base reflecting
the beliefs of the group of agents?

The belief merging issue is central in many applications. For example, when a dis-
tributed database is to be queried, conflicting answers coming from different bases must
be handled. The same difficulty occurs when one wants to define the beliefs of a group of
experts, or the global beliefs within a multi-agent system.

There are many different ways to address the belief merging issue in a propositional
setting (see e.g.[11, 19, 17, 16, 2, 3, 13, 14]). The variety of approaches just reflects the
various ways to deal with inconsistent beliefs.

*CRIL-CNRS, Universié d’Artois, Faculé des Sciences, 62307 Lens Cedex, France.
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The belief merging issue is not concerned with the way the beliefs of the group are ex-
ploited. One possibility is to suppose that all the belief bases are replaced by the (agreed)
merged base. This scenario is sensible with low-level agents that are used for distributed
computation, or for applications with distributed information sources (like distributed
databases). Once the merged base has been computed, all the agents participating to
the merging process are equivalent in the sense that they share the same belief base. Such
a drastic approach, when repeated, clearly leads to impoverish the beliefs of the system.
Contrastingly, when high-level intelligent agents are considered, the previous scenario
looks rather unlikely: it is not reasonable to assume that the agents are ready to com-
pletely discard their current beliefs and inconditionnally accept the merged base as a new
belief base. It seems more adequate for them to incorporate the result of the merging into
their current belief base. Such an incorporation of new beliefs calls for what is known as
belief revision [1, 7, 8], which can be considered as a specific case of IC belief merging.

In this perspective, two revision strategies can be considered. The first one consists
in giving more priority to the previous beliefs; this is the strategy at work for skeptical
agents. The second one, used by credulous agents, views the current beliefs of the group
as more important than their own, current beliefs. Thus, given a revision strategy, every
IC merging operatoA induces what we called a conciliation operator which maps every
belief profile E (i.e., the beliefs associated to each agent at start) to a new belief profile
where the new beliefs of an agent are obtained by revising its previous beliefs with the
merged base given by andA, or vice-versa.

Obviously enough, it makes sense to iterate such a merge-then-revise process when
the objective of agents is to reach an agreement (if possible): after a first merge-then-
revise round, each agent has possibly new beliefs, defined from her previous ones and the
beliefs of the group; this may easily give rise to new beliefs for the group, which must be
incorporated into the previous beliefs of agents, and so on. The objective of this paper is to
study the two conciliation processes induced by the two revision strategies for various IC
merging operators under two simplifying assumptions: homogeneity (the same strategy
and the same revision operators are used by all the agents) and compatibility (the revision
operator used is the one induced by the IC merging operator under consideration). Some
key issues are considered, including the “convergence” of the processes, i.e., the existence
of a round from which no further evolution is possible, the existence of consensus (i.e.,
the joint consistency of all belief bases at some stage), and the logical properties of the
iterated merging operator defined by the last merged base once a fixed point has been
reached.

The rest of the paper is organized as follows. In the next section, some formal prelim-
inaries are provided. Section 3 presents the main results of the paper: in Section 3.1 the
conciliation processes are defined, in Section 3.2 the focus is laid on the skeptical ones
and in Section 3.3 on the credulous ones. In Section 4 we investigate the connections
between the conciliation processes and the merging operators they induce. Especially,
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we give some properties of the corresponding iterative merging operators. Section 5 is
devoted to related work. Finally, Section 6 gives some conclusions and perspectives of
this work.

2 Preiminaries

We consider a propositional languagever a finite alphabé&® of propositional symbols.
An interpretation is a function fror® to {0,1}. The set of all the interpretations is
denotedV. An interpretationv is a model of a formulds, notedw = K, if and only if

it makes it true in the usual classical truth functional way. Kebe a formulanod(K)
denotes the set of models &f, i.e.,mod(K) ={w e W |w E K}.

A belief basdx is a consistent propositional formula (or, equivalently, a finite consis-
tent set of propositional formulas considered conjunctively). Let us kidtee set of all
belief bases.

Let K1,..., K, ben belief bases (not necessarily pairwise different). We baH
lief profile the vector /' consisting of those: belief bases in a specific ordef;, =
(K4,...,K,), so that thex'" base gathers the beliefs of agentWhen belief merging is
considered only, every belief profile can typically be viewed as the multi-set composed of
its coordinates; this just comes from the fact that usual belief merging frameworks make
an anonymity assumption about agents (roughly, no agent is considered more important
than another one): the merged base associated to a given belief profile is invariant under
any permutation of the agents. In the following, we need nevertheless to keep track of
the origins of beliefs, so as to be able to associate to each agent the right beliefs after
each evolution step. This is why belief profiles are represented as vectors of belief bases,
and not just multi-sets of belief bases; clearly enough, this is without any loss of gener-
ality since more information is preserved by the vector representation. We\nbtthe
conjunction of the belief bases &f, i.e, A\E = K; A --- A K,. We say that a belief
profile is consistent if\ E is consistent. The union of belief profiles (actually, of the
associated multi-sets) will be noted The cardinal of a (multi-)set or vectdf is noted
#(F) (the cardinal of a finite multi-set is the sum of the numbers of occurrences of each
of its elements).

Let £ be the set of all finite non-empty belief profiles. Two belief profilgsand
E5 from £ are said to be equivalent (notéf] = E5) if and only if there is a bijection
between the multi-set associatedHp and the multi-set associated £ s.t. each belief
base ofF; is logically equivalent to its image iR.

For every belief revision operater every profileEl = (K, ..., K,) and every belief
baseK, we define the revision of by K (resp. the revision of by F) as the belief
profile given by(K;,..., K,)« K = (K1« K, ..., K, x K) (resp.K * (K;,...,K,) =
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(K * Ky,...,K % K,)). Since sequences of belief profiles will be considered, we use
superscripts to denote belief profiles obtained at some stage, while subscripts are used (as
before) to denote belief bases within a profile. For instaftelenotes the belief profile
obtained aftef elementary evolution steps (in our framewarkjerge-then-revise steps),
andK;i the belief base associated the jffecoordinate of vectoF".

2.1 1C merging operators

Some basic work in belief merging aims at determining sets of axiomatic properties valu-
able operators should exhibit [18, 19, 16, 12, 13, 15]. We focus here on the characteriza-
tion of Integrity Constraints (IC) merging operators [13, 14].

Definition 1 (1C merging operators) A isan IC merging operatoif and only if it satis-
fies the following properties:

(ICO) AL(E) F u

(IC1) If pisconsistent, then A, (E) is consistent

(1C2) If A\ E isconsistent with i, then A, (E) = A E A p

(IC3) f Ey = By and piy = po, then A, (B ) = A, (E2)

(IC4H f Ky = pand Ky = p, then A, ({Ky, K>}) A K, is consistent if and only if
AN ({Kq, K }) N Ky isconsistent

(IC5) Au(E1) N AL(E,) = Au(Eyr U Ey)

(1C6) If AL (EY) AN A, (Es) isconsistent, then A, (Ey U Ey) = AL (E1) A A L(E»)
(1CT) L (E) A i | Dy pgun(E)

(1C8) If A, (E) A pg isconsistent, then A, n . (E) = A, (E)

The intuitive meaning of the properties is the followin@C0) ensures that the result
of merging satisfies the integrity constrain{éC1) states that, if the integrity constraints
are consistent, then the result of merging will be consistéi2) states that if possi-
ble, the result of merging is simply the conjunction of the belief bases with the integrity
constraints.(IC3) is the principle of irrelevance of syntax: the result of merging has to
depend only on the expressed opinions and not on their syntactical present&iidp.
is a fairness postulate meaning that the result of mergirtg@belief bases should not
give preference to one of them (in the sense that if it is consistent with one of them, it has

140



Annales du LAMSADE A3

to be consistent with the other one.) It is a symmetry condition, that aims at ruling out
operators which give priority to one of the bas¢kC5) expresses the following idea: if
belief profiles are viewed as expressing the beliefs of the members of a group, fhen if
(corresponding to a first group) compromises on a set of alternatfiveslongs to, and

E5 (corresponding to a second group) compromises on another set of alternatives which
containsA too, thenA has to be in the chosen alternatives if we join the two gro(iga)
and(IC6) together state that if one could find two subgroups which agree on at least one
alternative, then the result of the global merging has to be exactly those alternatives the
two groups agree on(/C7) and (IC8) state that the notion of closeness is well-behaved,
i.e., that an alternative that is preferred among the possible alternatiyesgmains pre-
ferred if one restricts the possible choices (\ p2). For more explanations on those
properties see [14].

Two sub-classes of IC merging operators have been defil@d/ajority operators
aim at resolving conflicts by adhering to the majority wishes, wi@l@rbitration opera-
torsexhibit a more consensual behaviour:

Definition 2 (majority and arbitration) An IC majority operatoiis an IC merging op-
erator which satisfies the following majority postul ate:

An IC arbitration operators an IC merging operator which satisfies the following
arbitration postulate:

Ay (K1) = Oy, (K2)

(Arb) ﬁu;};ga({f(hm) =o)L o (KL KY) = A (KD,

po =

See [13, 15] for explanations about those two postulates and the behaviour of the two
corresponding classes of merging operators.

Let us now give some examples of IC merging operators.

Definition 3 A pseudo-distandaetween interpretationsisatotal functiond : W x W —
IR" such that for any w, ', w” € W: e d(w,w') = d(v',w), and

e d(w,w)=0ifandonlyifw = w'

Two widely used distances between interpretations are Dalal distance [6], dépoted
which is the Hamming distance between interpretations (i.e., the number of propositional
variables on which the two interpretations differ); and the drastic distance, defygted
which is the simplest pseudo-distance one can define: it gives 0 if the two interpretations
are the same one, and 1 otherwise.

141



Conciliation and Consensus in Iterated Belief Merging

Definition 4 An aggregation functiorf isatotal function associating a nonnegative real

number to every finite tuple of nonnegativereal numbersands.t. for any zq, ..., x,,x,y €
IR":
o ifx <y, then f(xy,...,2,...,2,) < f(21,...,9,...,2,). (NON-decreasingness)
e f(z1,...,x,)=0ifandonlyifz; =... =z, =0. (minimality)
o f(r)=nm. (identity)

Widely used functions are theax [19, 15], the suni [19, 17, 13], or the leximax
GMazx [13, 15].

The chosen distance between interpretations induces a “distance” between an inter-
pretation and a base, which in turn gives a “distance” between an interpretation and a
profile, using the aggregation function. This latter distance gives the needed notion of
closeness:y (a pre-order induced b):

Definition 5 Let d be a pseudo-distance between interpretations and f be an aggrega-
tion function. The result Aﬁvf (E) of the (model-based) merging of £ given the integrity
constraints p is defined by:

o d(w,K) =minygd(w,w).

o d(w, E) = fix,epy(d(w, K)).

e w<pduwifandonlyifd(w, F) <d(W, E).

o [AM(E)] = min([u], <p).

Let us illustrate now the behaviour of merging operators on an example. This example
shows the result of a merging for the IC arbitration operaté¥ > using the Hamming
distance and the leximax aggregation function, the IC majority operater-, and the

operator/A% "= which is not an IC merging operator, but satisfies all IC properties (and
(Arb)), except (IC6).

Example 1 Let us consider a belief profile £ = (K, K», K3, K,) and an integrity con-
straint 1. defined on a propositional language built over four symbols, as follows:

mod(u) = W\ { (0,1,1,0), (1,0,1,0), (1,1,0,0),
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Ki Ky Ksz Ki dy, Max daws dg, GMax
(0,0,0,00 3 3 0 2 3 8 (33,20
(0,0,0,1) 3 3 1 3 3 10 (3,3,3,1)
0,0,,0) 2 2 1 1 2 6 (2,2,1,1)
0,0,1,1) 2 2 2 2 2 8 (2,2,2,2)
0,1,0,0)0 2 2 1 1 2 6  (2211)
0,1,0,1) 2 2 2 2 2 8 (2,2,2,2)
0,1,,0) 1 1 2 0 2 4 (21,10
0,1,1,1) 1 1 3 1 3 6 (3,1,11)
(1,0,0,0) 2 2 1 2 2 7 (2,2,2,1)
(1,0,0,1) 2 2 2 3 3 9 (3222
(1,0,1,0) 1 1 2 1 2 5  (21,11)
(1,0,1,1) 1 1 3 2 3 7 (3211)
(1,1,0,00 1 1 2 1 2 5  (2,1,1,1)
(1,1,0,1) 1 1 3 2 3 7 (3211)
(1,1,,0) 0 0 3 0 3 3 (3,0,0,0)
(1,1,,1) 0 0 4 1 4 5 (4,1,0,0)

Table 1: Distances

mod(K3) = {(0,0,0,0)}
mod(K4) = {(1,1,1,0),(0,1,1,0)}

The computations are reported in Table 1. The shadowed lines correspond to the in-
terpretations rejected by the integrity constraints. Thus the result has to be taken among
the interpretations that are not shadowed. The first four columns show the Hamming dis-
tance between each interpretation and the corresponding source. The last three columns
show the distance between each interpretation and the profile according to the different
aggregation functions. So the selected interpretations for the corresponding operators
are the ones with minimal aggregated distance.

With the A= M gperator, the minimum distance is 2 and the chosen interpretations
aremod(Adnv*(E)) = {(0,0,1,0), (0,0,1,1), (0,1,0,0), (0,1,0,1), (1,0,0,0)}.

W\e can see on that example why A% operators are not |C merging operators. For
example, the two interpretations (0,0,1,0) and (0,0,1,1) are chosen by AduVa g|-
though (0,0, 1,0) is better for K3 and K, than (0,0, 1, 1), whereas these two interpre-
tations are equally preferred by K, and K,. It seems then natural to globally prefer
(0,0,1,0) to (0,0,1,1). Itisin fact what (IC6) requires.

The A% family has been built with the purpose of being more selective than the
A%Me family. With the A= operator, the result is mod(A%***(E)) = {(0,0,1,0),
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(0,1,0,0)}.

Finally, if one chooses A?#-* for solving the conflict according to majority wishes,
theresult ismod(A%>(E)) = {(1,1,1,1)}.

2.2 Mergingvs. revision

Belief revision operators can be viewed as special cases of belief merging operators when
applied to singleton profiles, as stated below.

Proposition 1 If A isan IC merging operator (it satisfies (IC0-1C8)), then the operator
*, defined as K p = A, (K), isan AGM revision operator (it satisfies (R1-R6)).

So to each belief merging operatdy, one can associate a corresponding revision
operator«, which is called the revision operatassociated tthe merging operatof\.

3 Conciliation Operators

3.1 Déefinitions

Conciliation operators aim at reflecting the evolution of belief profiles, typically towards
the achievement of some agreements between agents. It can be viewed as a simple form
of negotiation, where the way beliefs may evolve is uniform.

Let us first give the following, very general, definition of conciliation operators:

Definition 6 A conciliation operator is a function from the set of belief profiles to the set
of belief profiles.

This definition does not impose any strong constraints on the result, except that each
resulting belief profile is solely defined from the previous one (i.e., no additional informa-
tion, like a further observation, are taken into account). Clearly, pointing out the desirable
properties for such conciliation operators is an interesting issue. We let this for future
work, but one can note that tleecial contraction functions introduced by Booth [5] are
very close to this idea.

In this paper we focus on a particular familly of conciliation operators: conciliation
operators induced by an iterated merge-then-revise process. The idea is to compute the
belief merging from the profile, to revise the beliefs of each source by the result of the
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merging, and to repeat this process until a fixed point is reached. When such a fixed point
exists, the conciliation operator is defined and the resulting profile is the image of the
original profile by this operator.

When a fixed point has been reached, incorporating the beliefs of the group has no
further impact on the own beliefs of each agent; in some sense, each agent did its best
w.r.t. the group, given its revision function. Then there are two possibilities: either a
consensus has been obtained, or no consensus can be obtained that way:

Definition 7 Thereisa consensus for a belief profile £ if and only if E' isconsistent (with
the integrity constraints).

The existence of a consensus for a belief profile just means that the associated agents
agree on at least one possible world. When this is the case, the models of the correspond-
ing merged base w.r.t. any IC merging operator reduce to such possible worlds ((IC2)
ensures it). Interestingly, it can be shown that the existence of a consensus at some stage
of the merge-then-revise process is sufficient to ensure the existence of a fixed point,
hence the termination of the process.

Let us now consider two additional properties on conciliation operators in order to
keep the framework simple enough: homogeneity and compatibility.

Definition 8 Aniterated merging conciliation operator is a function from the set of belief
profiles to the set of belief profiles, where the evolution of a profile is characterized by a
merge-then-revise approach. It is:

e homogeneous all the agents use the same revision operator,

e compatiblaf the revision operator is associated to the merging operator.

In this work, we focus on compatible homogeneous iterated merging conciliation op-
erators (CHIMC in short). Under the compatibility and homogeneity assumptions, defin-
ing a CHIMC operator just requires to make precise the belief merging operator under use
and the revision strategy (skeptical or credulous):

Definition 9 (skeptical CHIMC operators) Let /A be an IC merging operator, and x its
associated revision operator (i.e., o * © = A, ({p})). Let E be any belief profile. We
define the sequence (E"); (depending on both A and E) by:

o £'=F,
o BN = A (E]) « B
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The skeptical CHIMC operator induced by A is defined by A% (E) = EZ, where k isthe
lowest rank i such that £} = EZ™', and A%, (E) is undefined otherwise. We note £ = E¥
the “ resulting” profile.

Definition 10 (credulous CHIMC operators) Let A be an IC merging operator, and x
its associated revision operator Let E' be any belief profile. e define the sequence (E?);
(depending on both A and E) by:

o '=F,

° Ei""l = EZ * AM(ED

The credulous CHIMC operator induced by A isdefined by * A, (E) = E¥, where k is
the lowest rank i such that £ = E'*!, and * A, (E) is undefined otherwise. We note
E* = EF¥ the “resulting” profile.

Clearly enough, each sequence induces a corresponding merged base when a fixed
point is reached: the merged base of the “last” profile in the sequence (i.e., at the rank
from which the sequence is stationary). Formally:

Definition 11 (CHIM operators) Let A bean IC merging operator, and * its associated
revision operator.

e The skeptical CHIM operator induced by A is the function that maps every profile
Eto A, (A (E)) whenever A7 (E) exists and is undefined otherwise.

e The credulous CHIM operator induced by A isthe function that maps every profile
EtoA,(* A, (E)) whenever * A, (E) exists and is undefined otherwise.

Let us now study the key features of the two seque&gs and(£?); and the prop-
erties of the corresponding iterated merging operators, based on various IC merging op-
erators.

3.2 Skeptical operators
We start with skeptical CHIMC operators. Let us first give an important monotony prop-
erty, which states that the conciliation process given by any IC merging opeéxattay

only lead to strengthen the beliefs of each agent:
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Proposition 2 Let K ; denote the belief base corresponding to agent ; in the belief profile
E! characterized by theinitial belief profile £ and the |C merging operator A. For every
i,j, wehave Ki*! = K.

On this ground, it is easy to prove that the sequéifitg; is stationary at some stalge
for every profileE and every IC merging operatdx. Accordingly, the induced skeptical
conciliation operator and the induced skeptical iterated merging operator are defined for
everyk:

Proposition 3 For every belief profile £ and every IC merging operator A, the station-
arity of (E?); isreached at a rank bounded by (3~ ., #(mod(K))) — #(E). Therefore,
the CHIMC operator A* and the CHIM operator A(A*) aretotal functions.

The bound on the number of iterations is easily obtained from the monotony property.

Another interesting property is that the sequence of profiles and the corresponding
sequence of merged bases are equivalent with respect to stationarity:

Proposition 4 Let £ be a belief profile and A be an IC merging operator. Let ;. be any
integrity constraint. The sequence (E"); is stationary from some stage if and only if the
sequence (A, (E?)); is stationary from some stage.

The number of iterations needed to reach the fixed poiritFs§; is one for the IC
merging operators defined from the drastic distance. More precisely, the skeptical CHIM
operator induced by any IC merging operatordefined from the drastic distance coin-
cides withA.

Proposition 5 Let £ = (K4,...,K,) be a profile. If the IC merging operator A is
among AV Adp:2 Adpvethen for every j, the base K from the resulting profile
E* = A}(E) can be characterized by:

el H N A, (E) if consistent, else
I Au(E) otherwise.

Furthermore, the resulting profileis obtained after at most oneiteration (i.e., for every
i >0, E'= E"T).

We have no direct (i.e., non-iterative) definition for any skeptical CHIM operator
based on an IC merging operator defined from the Hamming distance. Let us see an
example of such an operator:

1Abusing words, we sometimes say that the sequence is “convergent” to express that there exists a rank
k s.t. the sequence is stationary frém
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Example 2 Let us consider the profile £ = (K7, K, K3) with mod(K;) = {(0,0,0),
(0,0,1),(0,1,0)}, mod(K>) = {(0,1,1),(1,1,0),(1,1,1)}, mod(K3) = {(0,0,0), (1,0,
0),(1,0,1),(1,1,1)}, no integrity constraints (« = T), and the skeptical CHIMC oper-
ator defined from the A4#:¢" gperator. The complete process is represented in Table 2.
The columns have the same meanings than in table 1, but here, asthere are several (three
in that case) iterations, we sum up the three tables (corresponding to the three merging
steps) in the same one. So, for example in column d(w, K7), the first number denotes the
distance of the inter pretation with respect to K}, the second one the distance with respect
to K2, etc.

Let us explain the full processin details. The first profileis E° = E. The first merg-
ing iteration gives as result mod (A% *¥=(E°)) = {(0,0,1),(0,1,0),(0,1,1),(1,0,0),
(1,0,1),(1,1,0)}. Then, every source revisestheresult of the merging with itsold beliefs,
e, Kl = Adnove(£0) 4 K9, somod(K}) = {(0,0,1),(0,1,0}. Smilarly mod(K}) =
{(0,1,1),(1,1,0} and mod(K3) = {(1,0,0),(1,0,1}. Snce each of the three basesis
consistent with the merged base, the new base of each agent isjust the conjunction of her
previous base with the merged base (in accordance to revision postulates). Then, the sec-
ond merging iteration gives mod (A% (E1)) = {(0,0,1),(1,1,0)}, and the revision
of each base gives mod(K?) = {(0,0,1)}, mod(K3) = {(1,1,0)}, and mod(K3) =
{(1,0,0),(1,0,1)}. Then the third iteration step gives mod(A-*(E2)) = {(1,0,0),
(1,0,1)}, and the revision step does not change any belief base, i.e., E? = E3, so the
stationary point is reached and the process stops on this profile.

w dw,K}) d(w,K}) dw,K}) | deyes(w, E°
©0,00) 011 222  0L1](
0,01 000 11,3 11,1
01,0 002 1,11 1,22 | (
011 1,11 002 122 | (
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(
(
(

N~—
=3

S

>
=

DO Lo N O N N W
e e R i )

[y
[ay

[e=]
=

=
[\

—_
V)

—
[en]

(1,01)| 1,11 1,2,2 0,0,0
(1,10 1,1,3 0,0,0 1,1,1
(1,1,1)] 222 0,1,1 0,1,1

NI a2 a2 NN N
o —

AN NN N N N TN
[

l\DH[\.’)M}\D[\DH[\D
i e e e e e
_ 0 O O O O O =
_ 0 O O = = O =
\_/\_/\J\O_/\_/V\_/\_/

[y
—

Table 2: A, dp,GMazx

We have also proven that a skeptical conciliation process cannot lead to a consensus,
unless a consensus already exists at start:

Proposition 6 Let £ be a belief profile and A be an IC merging operator. There exists a
rank i st. a consensus exists for £ if and only if i = 0 and there is a consensus for E.
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3.3 Credulousoperators

Let us now turn to credulous CHIMC operators. Let us first give some general properties
about credulous operators.

Proposition 7 Let K ; now denote the belief base corresponding to agent j in the belief
profile £ characterized by theinitial belief profile E and the IC merging operator A.

L Vl,j K;_‘—l ): AM(‘Eé)’
. VZ'>OVjK;‘-):,u,

o Vi, j,if Ki AN A\, (E!)isconsistent, then K77 = KI A AL (EY).

The first item states that, during the evolution process, each base implies the previous
merged base. The second item states that from the first iteration, all the bases implies the
integrity constraints. The last one is simply a consequence of a revision property: if, at
a given step, a base is consistent with the result of the merging, then the base at the next
step will be that conjunction.

Unfortunately, no monotony property can be derived from this proposition. At that
point, we can just conjecture that our credulous CHIMC operators (and the corresponding
iterated merging operators) are defined for every profile:

Conjecture 1 For every belief profile £ and every merging operator A using the aggre-
gation function Max, GMaz or 3, the sequence (E?); is stationary from some rank.

This claim is supported by some empirical evidence. We have conducted exhaustive
tests for profiles containing up to three bases, when the set of propositional symbols con-
tains up to three variables. The following IC merging operators have been considered:
Ndmvax s Ndieva gnd AdrE | \We have also conducted non-exhaustive tests when four
propositional symbols are considered in the language (this leads to billions of tests). All
the tested instances support the claim (stationarity is reached in less than five iterations
when up to three symbols are considered, and less than ten iterations when four symbols
are used).

We can nevertheless prove the stationarity Bf); for every belief profileE when
some specific IC merging operatatsare considered. In particular, for each IC merging
operator defined from the drastic distance, it is possible to find out a non-iterative def-
inition of the corresponding CHIMC operator, and to prove that it is defined for every
profile.
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Proposition 8 Let £ = (K, ..., K,,) beaprofile. If the |IC merging operator is /A%r:Ma,
then for every j, the base K7 from the resulting profile £~ =* AﬁD’MaX(E) can be charac-
terized by:

A /\ K, if consistent, else
K — KKy AL
J puA K if consistent, else
1 otherwise.

Furthermore, the resulting profile is obtained after at most two iterations (i.e., for
everyi > 1, B' = E'1),

Proposition 9 Let £ = (K, ..., K,) beaprdfile. If the |IC merging operator is /\dp:eMa
of A4p>, then for every j, the base K+ from the resulting profile £ =* AdrS(E) =
* Adr- (E) can be characterized by:

Kt — Kj A Alp=(E) if consistent, else
I Adre(E) otherwise.

Furthermore, the resulting profileis obtained after at most oneiteration (i.e., for every
i >0, Bt = BT,

Finally, we have proven that, like for the skeptical case, the sequence of profiles and
the corresponding sequence of merged bases are equivalent w.r.t. stationarity in the cred-
ulous case:

Definition 12 Let F be a belief profile and A be an IC merging operator. Let 1 be any
integrity constraint. The sequence (E'); is stationary from some stage if and only if the
sequence (A, (E?)); is stationary from some stage.

Let us see an example of credulous operator at work.

Example 3 Consider the profile £ = (K, Ky, K3, K4), with mod(K;) = {(0,0,0),
(0,0,1),(0,1,0)}, mod(K>) = {(1,0,0),(1,0,1),(1,1,1)}, mod(K3) = {(0,0,1), (0,1,
0),(0,1,1),(1,1,0)} and mod(K4) = {(0,1,1),(1,0,0),(1,1,0),(1,1,1)}. Thereis
no integrity constraint © = T, and let us consider the credulous CHIMC operator de-
fined from the merging operator A%#*, The computations are summed up in table 3.
The resulting profile is mod(K?) = {(0,0,1)}, mod(K3) = {(1,0,0)}, mod(K3) =
{(0,0,1)} and mod(K3) = {(1,0,0)}. And the corresponding CHIM operator gives
as result a base whose models are {(0,0,0),(0,0,1),(1,0,0),(1,0,1)}, that is differ-
ent from the result of the merging of E by the IC merging operator mod(A%>(E)) =
{(0,0,1),(0,1,1),(1,0,0),(1,1,0)}.
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w | dw KD dw, KY) dw, K dw,Ki) | ds(w, EY)
(0,00)] 011 1,1,1 11,1 11,1 3,44
(0,0,1)| 0,00 1,2,2 0,0,0 1,1,2| 234
(0,1,0)| 02,2 22,2 0,1,2 1,1,2| 36,8
0,11 111 1,3,3 0,0,1 0,0,3| 248
(1,00)| 12,2 0,0,0 1,1,2 0,00 234
(1,01)| 1,11 0,1,1 1,1,1 1,1,1| 3,44
(1,1,0/ 1,33 1,1,1 0,0,3 001| 248
1,1,1)| 222 0,2,2 1,1,2 0,1,2| 36,8

Table \’:’»:*AfﬁvZ

4 |terated Merging Operators

We have also investigated the properties of the iterated merging operators induced by the
conciliation processes.

A first important question is whether such operators are IC merging operators. The
answer is negative in general: only six basic postulates over the nine characterizing IC
merging operators are guaranteed to hold:

Proposition 10 Credulous and Skeptical CHIM operators satisfy (1C0)-(1C3), (IC7) and
(1C8).

Thus, some important properties of IC merging operators are usually lost through the
merge-then-revise process. We claim that this is not so dramatic since the main purpose
of conciliation processes is not exactly the one of belief merging. Furthermore, specific
iterated merging operators (i.e., those induced by some specific merging opéxators
may easily satisfy additional postulates:

Proposition 11 The credulous iterated merging operator associated to * AP satis-
fies (IC0)-(1C5), (IC7)-(I1C8) and (Arb). It satisfies neither (1C6) nor (Maj).

In fact, the CHIM operator defined from\{>-*'** can be defined as follows (this is
a straightforward consequence of proposition 8):

pA N\ K ifconsistent, else
AZD,Max(*AzD7Max<E)) — Koo I AL
1 otherwise.
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Proposition 12 The credulousiterated operator associated to * A @Mer =+ Adp.> sat-
isfies (1C0)-(1C8), (Arb) and (Maj).

This result easily comes from the fact that this credulous CHIM operator actually
coincides with the IC merging operatd/»-¢"e — Afr-* it is based on.

Thus, as for skeptical operators (see Proposition 5), each CHIM operator based on the
Drastic distance coincides with the underlying IC merging operator, so it satisfies exactly
the same properties (see [14]).

As to the operators based on the Hamming distance, things are less easy. Up to now,
we did not find an equivalent, non-iterative, definition for any of them. Furthermore, since
stationarity is only conjectured for credulous operators (cf. Conjecture 1), we do not have
a proof that the corresponding CHIM operators are total functions. So the two following
results operators are guaranteed under the conjecture of stationarity, only.

Proposition 13 The credulous CHIM operator associated to*AﬁHvZ satisfies (1C0)-(1C3),
(IC7)-(I1C8) and (Maj), but does not satisfy (IC5)-(1C6) and (Arb). The satisfaction of
(IC4) isan open issue.

Proposition 14 The credulous CHIM operators associated to *Af#-"* and * Afm-GMar
satisfy (1C0)-(1C3), (IC7)-(IC8), but satisfy none of (IC5)-(1C6), (Maj) and (Arb). The
satisfaction of (IC4) is an open issue.

We have similar results for skeptical operators, though the proofs are different:

Proposition 15 The skeptical CHIM operator associated to A’ %> satisfies (1C0)-(1C3),
(IC7)-(1C8) and (Maj), but does not satisfy (IC5)-(1C6) and (Arb). The satisfaction of
(IC4) isan open issue.

Proposition 16 The skeptical CHIM operators associated to A 4o and A dm.GMaz
satisfy (1C0)-(IC3), (IC7)-(1C8), but satisfy none of (1C5)-(1C6), (Maj) and (Arb). The
satisfaction of (1C4) is an open issue.

5 Related Work

In [5, 4] Richard Booth presents what he calslief Negociation ModelsSuch negocia-
tion models can be formalized as games between sources: until a coherent set of sources
is reached, at each round a contest is organized to find out the weakest sources, then those
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sources have to be logically weakened. This idea leads to numerous new interesting oper-
ators (depending of the exact meanindgweakest’and “weaken’, which correspond to

the two parameters for this family). Booth is interested at the same time in the evolution
of the profile (in connection to what he calls “Social Contraction”), and to the resulting
merged base (the result of the Belief Negociation Model).

In [10, 9] a systematic study of a sub-class of those operators, da#édf Game
Models is achieved. This sub-class contains operators closer to merging ones than the
general class which also allows negotiation-like operators.

All those operators are close in spirit to the CHIMC/CHIM operators defined in this
work. A main difference is that in the work presented in this paper, the evolution of a
profile does not always lead to a consensus. Scenarios where agents disagree at a final
stage are allowed. Whereas in the former work, the evolution process leads to consensus
(in fact consensus is the halting condition of the iterative definition). So CHIMC operators
seem more adequate to formalize interaction between agents’ beliefs. Thus, they are
closer to negotiation processes, since the agents’ beliefs change due to the interaction with
other agents’ beliefs, but this interaction can be stopped when the agents have achieve the
best possible compromise.

6 Conclusion

In this paper, we have introduced two conciliation processes based on an iterated merge-
the-revise change function for the beliefs of agents. On this ground, a family of concili-
ation operators and an associated family of iterated merging operators have been defined
and studied.

This work calls for several perspectives. One of them concerns the stationarity con-
jecture related to credulous CHIMC operators (it would clearly be nice to have a formal
proof of it, or to disprove it). A second perspective is about rationality postulates for con-
ciliation operators; such postulates should reflect the fact that at the end of the conciliation
process, the disagreement between the agents participating to the conciliation process is
expected not to be more important than before; a difficulty is that it does not necessarily
mean that this must be the case at each step of a conciliation process. A last perspective
is to enrich our framework in several directions; one of them consists in relaxing the ho-
mogeneity assumption; in some situations, it can prove sensible to consider that an agent
is free to reject a negociation step, would it lead her to a belief state “too far” from its
original one; it would be interesting to incorporate as well such features in our approach.
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Graphical Modelsfor Utility Elicitation
under Risk?!

Christophe Gonzales', Patrice Perny'

Abstract

This paper deals with preference representation and elicitation in the context of
multiattribute utility theory under risk. Assuming the decision maker behaves ac-
cording to the EU model, we investigate the elicitation of generalized additively
decomposable utility functions on a product set (GAI-decomposable utilities). We
propose a general elicitation procedure based on a new graphical model called a
GAl-network. The latter is used to represent and manage independences between
attributes, as junction graphs model independences between random variables in
Bayesian networks. It is used to design an elicitation questionnaire based on sim-
ple lotteries involving completely specified outcomes. Our €licitation procedure is
convenient for any GAl-decomposable utility function, thus enhancing the possibil-
ities offered by UCP-networks.

Key words : Decision theory, graphical representations, preference elicitation, mul-
tiattribute expected utility, GAl-decomposable utilities

1 Introduction

Over the last few years the growing interest in decision systems has stressed the need for
compact representations of individual’s beliefs and preferences, both for user-friendliness
of elicitation and reduction of memory consumption. In Decision under Uncertainty, the

fLIP6 —pdle IA — University Paris 6, Paris, France.
{Chri st ophe. Gonzal es, Patrice. Perny}@i p6. fr

1This paper is a short version of “GAIl Networks for Utility Elicitation”, a paper aready published in
the proceedings of KR’ 04,
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diversity of individuals behaviors and application contexts have led to different mathe-
matical models including Expected Utility (EU) [27, 23], Choquet EU [24], Qualitative
EU [10], Generalized EU [12, 13]. The concern in compact numerical representations of
preferences being rather recent, studies have mainly focused on EU and emphasized the
potential of graphical models such as UCP-nets [3] or influence diagrams[15, 25].

Using EU requires both a numerical representation of the Decision Maker’s (DM)
preferences over al the possible outcomes (a utility function) and a family of probability
distributions over these outcomes. In this paper we focus on the assessment of utility,
which is usually performed through an interactive process. The DM is asked to answer
“simple” questions such as*do you prefer a to b7’ and anumerical representation follows.

Theoretically, the assessment of preferences over every pair of outcomes may be
needed to elicit completely the DM’s utility, but in practice the large size of the outcome
set prevents such a procedure to be feasible. Fortunately, preferences often have an under-
lying structure that can be exploited to drastically reduce the elicitation burden. Severad
structures described in terms of different independence concepts have emerged from the
multiattribute utility theory community [18, 11, 20] and led to different forms of utilities,
the most popular of which being the additive and the multilinear decompositions. The
particular independences both of these decompositions assume significantly simplify the
elicitation procedures, yet as they compel the DM’s preferences to satisfy very stringent
constraints they are inadequate in many practical situations.

A “good” trade-off between easiness of elicitation and generality of the model can
certainly be achieved by Generalized Additive Independen@Al) [11]. This “weak”
form of independence is sufficiently flexible to apply to most situations and as such de-
serves the elaboration of elicitation procedures. Although introduced in the sixties, GAI
has not received many contributions yet. In particular, elicitation procedures suggested
in the literature for GAl-decomposable utilities are not general purpose. They assume
either that the utilities satisfy constraints imposed by CP-net structure (see UCP-nets [3])
or that utilities are random variables (the prior distribution of which is known) and that
the elicitation consists in finding an a posterioriutility distribution [6, 7]. We feel that
these additional assumptions might not be suitable in a significant number of practical
decision problems. For instance, as we shall see later in this paper, there exist “simple”
GAI-decomposable preferences that cannot be compacted by UCP-nets. Similarly, the
existence of prior utility distributionsis not always natural, for instance there is not much
chance that a company manager facing a given decision problem may have a prior distri-
bution of other managers utilities at hand. Hence an élicitation procedure applicable to
any GAIl decomposition should prove useful. The purpose of this paper isto propose such
a procedure in the context of Decision Making under Risk. More precisely, we assume
uncertainties are handled through probabilities and DM’s preferences are consistent with
EU.

The key idea in our elicitation procedure is to take advantage of a new graphical

158



Annales du LAMSADE n°3

representation of GAl decompositions we call a GAI network. It is essentialy similar to
the junction graphs used for Bayesian networks [26, 16, 16, 8]. Assuch, it keep tracks of
all the dependences between the different components of the utilities and the sequence of
guestions to be asked to the DM can be retrieved directly from this graph.

The paper is organized as follows:. the first section provides necessary background in
multiattribute utility theory. Then, atypical example showing how a GAl-decomposable
utility can be élicited is presented. Thethird section introduces GAl networks, agraphical
tool for representing GAIl-decompositions. It also describes a genera elicitation proce-
dure relying on this network which applies to any GAl-decomposable utility, aswell asa
generic scheme for constructing the GAI network. We finally conclude by emphasizing
some significant advantages of our elicitation procedure.

2 Utility Decompositions

In this paper, we address problems of decision making under risk [27] (or under un-
certainty [23]), that is the DM has a preference relation -, over a set of decisions D,
“dy 74 dy” meaning the DM either prefers decision d; to d; or feels indifferent between
both decisions. The consequence or outcomeresulting from making a particular decision
is uncertain and only known through a probability distribution over the set of all possible
outcomes. Decisions can thus be described in terms of these distributions, i.e., to each
decision is attached a lottery, that is a finite tuple of pairs (outcome, probability of the
outcome), and to -, is associated a preference relation =~ over the set of lotteries such
that d, -4 dy < lottery(d;) - lottery(ds,). Taking advantage of this equivalence, we will
use lotteries instead of decisions in the remainder of the paper.

Let X bethefinite set of outcomesand let £ bethe set of lotteries. (p', z!; p?, 2?%; .. .;
p?, 2%) denotes the lottery such that each outcome z' € X obtains with a probability
p' > 0and Y 7  p? = 1. Moreover, for convenience of notation, when unambiguous,
we will note = instead of lottery (1,z). Under some axioms expressing the “rational”
behavior of the DM, [23] and [27] have shown that there exist some functionsU : £ — R
and u : X — R, unique up to strictly positive affine transforms, such that L, - L, <
U(Ly) 7 U(Ly) foral Ly, Ly, € £Land U((p*,z*;...;p%2%)) = Y1, plu(z*). Such
functions assigning higher numbers to the preferred outcomes are called utility functions
AsU (-) isthe expected value of u(-), we say that the DM isan expected utility maximizer

Eliciting U(+) consistsin both assessing the probability distribution over the outcomes
for each decision and dliciting function «(-). The former has been extensively addressed
in the UAI community [5, 14]. Now eliciting «(-) isin general a complex task as the
size of X isusualy very large. The first step to circumvent this problem is to remark
that usually the set of outcomes can be described as a Cartesian product of attributes
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X = [[;_, Xi, where each X; is afinite set. For instance, a mayor facing the Decision
Making problem of selecting one policy for the industrial development of his city can
assimilate each policy to a lottery over outcomes defined as tuples of type (investment
cost supported by the city, environmental consequence, impact on employment, etc). This
particular structure can be exploited by observing that some independences hold between
attributes. For instance, preferences over environment consequences should not depend
on preferences over employment. Several types of independence have been suggested in
the literature, taking into account different preference structures and leading to different
functional forms of the utilities. The most usual is the following:

Definition 1 (Additive Independence) Let L; and L, be any pair of lotteries and let
andq be their respective probability distributions over the outcome set. ’hen. ., X,
are additively independent f@r if p andq having the same marginals on evetyimplies
that both lotteries are indifferent, i.€.; -2 L, and L, =~ L (or L, ~ L, for short).

[1] illustrates additive independence on the following example: let X = X; x X,
where X; = {ay,b1} and Xy = {as,bo}. Let Ly and L, be lotteries whose respective
probability distributionson X" are p and q. Assume p(ay,as) = p(ai,by) = p(by,as) =
p(b1,b2) = 1/4, q(ar,a2) = q(br,b2) = 1/2 @nd q(ay,b2) = q(b1,a2) = 0. Thenp and ¢
have the same marginalson X; and X, sincep(a;) = q(a1) = 1/2, p(by) = q(by) = 1/2,
plaz) = q(az) = 1/2 and p(by) = q(be) = 1/2. So under additive independence, |otteries
L, and L, should be indifferent.

Asadditive independence capturesthe fact that preferences only depend on the marginal
probabilities on each attribute, it rules out interactions between attributes and thus results
in the following simple form of utility [1]:

Proposition 1 X, ..., X,, are additively independent far iff there exist some functions
u; : X; — Rsuchthatu(x) = > | wi(x;) foranyz = (x4, ..., x,).

Additive decomposition allows all u;’s to be elicited independently, thus considerably
reducing the amount of questions required to determine «(-). However, as no interaction
is possible among attributes, such functional form cannot be applied in many practical
situations. Hence other types of independence have been introduced that capture more or
less dependences. For instance utility independencef every attribute [1] leads to amore
genera form of utility called multilinear utility:

u(xl,...,acn) = Z kyH?Li<l’i),
0£Y C{1,....,n} €Y

where the u;’s are scaled from O to 1. Multilinear utilities are more general than additive
utilities but many interactions between attributes still cannot be taken into account by such
functionals. Consider for instance the following example:
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Examplel Let X = X; x X5, where X; = {lamb, vegetable, beef} and X, = {red
wine, white wine}. Assume a DM has the following preferences over meals:

(lamb, red wine) > (vegetable, red wine)
~ (lamb, white wine) ~ (vegetable, white wine)
> (beef, red wine) >~ (beef, white wine),

that isthe DM has some kind of |exicographic preference over food, and then some prefer-
ence over wine. Then, if amultilinear utility u(food, wine) = kyu; (food) + kquq(Wine) +
ksuq (food)us(Wine) existed, since utilities are scaled from 0 to 1, the above preference
relations would imply that u, (lamb) = 1 > u, (vegetable) = = > u, (beef) = 0 and that
us(redwine) = 1 and us(whitewine) = 0. But then the preference relations could be
trandated into asystem of inequalities ky +ko+ k3 > kix+ko+ksx = k1 = kyx > ko > 0
having no solution, a contradiction. Consequently no multilinear utility can represent
these DM preferences, although they are not irrational. ¢

Within multilinear utilities, interactions between attributes are taken into account us-
ing the products of subutilities on every attribute. The advantage is that the elicitation
task remains reasonably tractable since only the assessments of the u;’s and of constants
ky’s are needed. But the price to pay is that many preference relations cannot be repre-
sented by such functions. One way out would be to keep the types of interactions between
attributes unspecified, that is, separating the utility function into a sum of subutilities on
sets of interacting attributes: this leads to the GAI decompositions. Those result from a
generalization of additive utilities:

Definition 2 (Generalized Additive Independence) Let L, and L, be any pair of lotter-
ies and letp andq be their probability distributions over the outcome set. Eet. . ., 7,
be some subsets 8f = {1,...,n} suchthatV = U¥ , 7, and letX,, = {X, : j € Z;}.
ThenXy,,..., Xz, are generalized additively independent forif the equality of the
marginals ofp andq on all X'z,’s implies thatL; ~ Ls.

Asproved in [1, 11] the following functional form of the utility called a GAl decom-
position can be derived from generalized additive independence:

Proposition 2 LetZ;, ..., Z; be some subsets 8f = {1,...,n} such thatvV = U¥_, Z,.
Xz,..., Xz, are generalized additively independent (GAl) foiff there exist some real
functionsu; : [],., X; — R such that

k
u(z) = Zui(xzi), forall z = (z41,...,2,) € X,

i=1

wherex ;. denotes the tuple of componentscdfaving their index inz;.
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Example 1 (continued) GAI decompositions allow great flexibility because they do not
make any assumption on the kind of relations between attributes. Thus, if besides main
course and wine, the DM wants to eat a dessert and a starter, her choice for the starter will
certainly be dependent on that of the main course, but her preferences for desserts may
not depend on the rest of the meal. This naturally leads to decomposing the utility over
meals as u, (Starter, main course) + uo(Main course, wine) + us(dessert) and this utility
corresponds precisely to a GAl decomposition. ¢

Note that the undecomposed utility «(-) and the additively decomposed utility >~ | w;(-)
are specia cases of GAl-decomposable utilities. The amount of questions required by
the elicitation is thus closely related to the GAl decomposition itself. In practice, it is
unreasonable to consider eliciting subutilities with more than 3 parameters. But GAI de-
compositions involving “small” X ;.’s can be exploited to keep the number of questions
to a reasonable amount as shown in the next two sections.

3 Elicitation of a GAl-decomposable Utility

In this section, we will first present the general type of questions to be asked to the DM
during the elicitation process and, then, we will specialize them to the GAI-decomposable
model case.

Let 7~ be a preference relation on the set £ of all possible lotteries over an outcome
set X. Let z, y and z be three arbitrary outcomes such that the DM prefers making any
decision the result of which is always outcome y (resp. x) to any decision resulting in x
(resp. 2),i.e, y = = = z. Interms of utilities, u(y) > u(z) > u(z). Consequently, there
existsarea number p € [0, 1] suchthat u(x) = pu(y)+ (1 —p)u(z), or equivaently, there
existsa probability p such that x ~ (p,y; 1 —p, z). Thisgambleisillustrated on Figure 1.
Knowing the values of p, u(y) and u(z) thus completely determines that of «(x). Thisis

Figure 1: Gamblex ~ (p,y; 1 — p, z).

the very principle of utility elicitation under risk. In the remainder, to avoid testing which
of the outcomes z, y or z are preferred to the others, for any three outcomes !, 22, 23,
we will denote by G/(z!, 2%, 2%) the gamble z7® ~ (p,2°M:1 — p,2°®)) where o isa
permutation of {1,2, 3} such that 27 = 272 > 276),

Assume that y and z correspond to the most and least preferred outcomes in X’ re-
spectively, then al the z’sin X aresuch that y =~ x - z, and the utility assigned to every
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outcome in X' can be determined from the knowledge of p, u(y) and u(z). Moreover,
as under von Neumann-Morgenstern’s axioms utilities are unique up to strictly positive
affine transforms, we can assume that u(y) = 1 and u(z) = 0. Hence there just remains
to assess probabilities p. Different interactive procedures exist but they all share the same
key idea: the DM isasked which of the following options she prefers: = or (p,y; 1 —p, z)
for agivenvalue of p. If she prefersthefirst option, another similar question is asked with
an increased value of p, else the value of p is decreased. When the DM feels indifferent
between both options, p has been assessed.

Of course, asin practice X’ isa Cartesian product, X’s size tends to increase exponen-
tially with the number of attributes so that, as such, the above procedure cannot be com-
pleted using a reasonable number of questions. Fortunately, GAl decomposition helps
reducing drastically the number of questions to be asked. The key idea can be illustrated
with the following example:

Example 2 Consider an outcomeset X' = X x X5 x X3 and assumethat u(zy, xs, 3) =
uy (1) + ug(z2, x3). Thenitiseasly seen that gamble

(xlv as, Clg) ~ <p7 (?/1, ag, a3); 1 — D, (217 as, CL3)>

isequivalent to gamble

(x17b27b3> ~ <p7 (y17b27b3); 1 — D, (Zl7b27b3)>

as they both assert that u (z1) = puy(y1) + (1 — p)uyi(21). Hence, assuming preferences
are stable over time, there is no need to ask the DM questions to determine the value of p
in the second gamble: it isequal to that of p in the first one. Thus many questions can be
avoided during the elicitation process. Note that in essence this property is closely related
to a Ceteris Paribus statement [4]. ¢

Now let usintroduce our elicitation procedure with the following example:

Example3 Let X = []._, X; and assume that utility u : X + R over the outcomes is
decomposable as u(z1, ..., x4) = uy (1, x2) + uz(xa, x3) + us(xs,x4). The icitation
algorithm consists in asking questions to determine successively the value of u(-), then
that of uy(-) and finally that of us(-).

Let (a1, a9, as3,aq) be an arbitrary outcome that will be used as a reference point. In
the sequel, for notational convenience, instead of writing x(; 9y for (1, x2) we shall write
x12. Let us show that we may assume without loss of generality that:

ul(bl,ag) = 1, Ul(al,l'z) =0 forall XTo € XQ,
u3(a3,a4) =0, UQ(CLQ,JIg) = 0 for all r3 € X3.

(1)
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Assume the DM’s preferences are representable by a utility
v(xy, ..., x4) = v1(21, T2) + Vo(xe, T3) + v3(T3, 24)
on the outcome set such that v(-) does not necessarily satisfy Eq. (1). Let
uy(z1, x9) = v1(x1, 22) — v1(ay, xs).

Then U(l’l, . ,1‘4) = U1($1, .1'2) + [Uz(%g, .1'3) + U1(a1, 1’2)] + U3<$3, $4) and Ug(mg, 1'3) +
v1(a, z2) isafunction on X, x X3 and uq(ay,z2) = 0 for al z3’s. It can thus be said
that v, (-) has“absorbed apart of v, (-). Similarly, some part of v, (-) may be absorbed by
vs(+) in such away that the resulting us(as, z3) = 0 for al x3’s: it is sufficient to define

ug(x2,x3) =  va(x2,x3) + v1(ar, x2)
—UQ(G2,$3) - Ul(ahaQ)-

v(xy, ..., x4) thusequalsto uy(xy, o) + us (o, x3) +v3(x3, 4) + vao(az, v3) + v1(ay, as).
Note that Ug(l'g, $4) = Ug(i[fg, .774) + ’UQ(GQ, 1'3) + 111(@1, CZQ) is afunction over X3 x X, as
v1(ay, az) isaconstant.

Von Neumann-Morgenstern’s utilities being unique up to positive affine transforms, it
can be assumed without loss of generality that w(a;, as, ag, as) = 0 andthat u(by, as, as, ay)
= 1 for some arbitrary b; € X; such that outcome (b1, asss) 7= (a1, azss), hence resluting
in uz(as,as) = 0 and uy(by,az) = 1. Consequently, hypotheses (1) may be assumed
without loss of generality.

Thus, the assessment of u, (1, aq) for @l x;’s can be derived directly from gambles
such as:
(951, a234) ~ <p, (51, Cl234)§ 1—p, (ah a234)> (2)
also denoted as G((bl, a234), (ZEl, a234), (al, (1234)),

as they are equivalent to u, (z1,as) = p. Note that in the above gambles lotteries only
differ by the first attribute value, hence the questions asked to the DM should not be
cognitively too complicated and the DM should not have difficulties answering them.
Then

G((bh a2, a34)7 (ah T2, a34), (ah a2, a34)) (3)

determines the value of us(x2, az). For instance, if (b1, as, ass) > (a1, 9, ass), then the
above gambleis equivalent to:

(Gh T2, CL34) ~ (q, (bh a2, a34); 1—gq, (ah az, a34)>,
which implies that us (5, a3) = g. Combining Eq. (3) with
G((b1,a27a34)7 (I,17$2,G34)7 (al,ag,a34)), (4)
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where 2/ is an arbitrary value of X, the determination of u,(x}, z5) follows. Note that
until now all calls to function G/(-), and especialy in equations (3) and (4), shared the
same first and third outcomes, i.e., (b, as, ags) and (aq, as, as,). Note also that the gam-
bles remain cognitively “simple” as most of the attributes are the same for all outcomes.
Now, the value of (2, x2) issufficient to induce from G/((z), z2), (z1, x2), (a1, 2)) the
values of al the u;(x1, z)’s and the determination of w, (-) is completed.

The same process applies to assess uy(+). First, using gambles similar to that of
Eq (3), e, G((bl, as, CL34), ((11, bg, CL34), (al, a2, CL34)), UQ(b27 (l3) can be assessed for ar-
bltrary values by of Xo. Then G((al, bQ, CL34), (al, T2, 0,34), (al, as, CL34)) will enable the
determination of the us(x9,a3)’s for al z3’s (in fact, they will involve terms in u, ()
and uy(-) but as u;(-) has been elicited, only the us(-)’s remain unknown). Once the
uo (9, a3)’s are known, gambles similar to those of Eq. (3) and Eq. (4) but applied to
Xy, X3 instead of X, X, lead to the complete determination of ws(-).

Finally as function u3(-) is the only remaining unknown, wu3(z3,x4) can be elicited
directly using any gambleinvolving two “elicited” outcomes. For instance G ((by, ass, a4),
(a1, a03,24), (a1, ass, ays)) Will determine the ug(as, z4)’s for al values of x, and, then,
G((alg, as, b4), (CL12, xs, [E4)7 (alg, as, a4)) will Complete the assessment of Ug() ¢

Note that only afew attributes differed in the outcomes of each of the above gambles,
hence resulting in cognitively simple questions. At first sight, this elicitation scheme
seems to be a ad hocprocedure but, as we shall see in the next section, it provesto bein
fact quite general.

4 GAIl Networks

To derive a general scheme from the above example, we introduce a graphical structure
we call aGAl networkwhichisessentially similar to the junction graphsused in Bayesian
networks[17, 8]:

Definition 3 (GAI network) Let 7y, ..., Z; be some subsets of = {1,...,n} such
thath:1 Z; = N. Assume that is representable by a GAl-decomposable utility) =
S ui(zz,) forall 2 € X. Then a GAI network representing:) is an undirected graph
G = (V, E), satisfying the following properties:
1. V={Xz,. .., X5}
2. Forevery(Xy,,Xz,) € I, Z;NnZ; # (). Moreover, for every pair of nodes,, Xz,
suchthatZ; N Z; = T;; # 0, there exists a path it linking X 7, and Xz, such that
all of its nodes contain all the indices @f; (Running intersection property).

Nodes ofi” are calledcliques. Moreover, every edgeXz,, Xz,) € £ is labeled by
Xr,, = Xz,nz;, Which is called aseparator.

165



Graphical Models for Utility Elicitation under Risk

Throughout this paper, cliques will be drawn as ellipses and separators as rectangles.
Therest of thissection will be devoted to the construction of GAI networks, and especially
GAI trees, from GAIl decompositions of utilities, and an elicitation procedure applicable
to any GAI tree will be inferred from the example of the preceding section.

4.1 From GAIl Decompositionsto GAl Networks

For any GAI decomposition, Definition 3 isexplicit asto which cliques should be created:
these are simply the sets of variables of each subutility. For instance, if u(xq,...,z5) =

uq (1, T, x3)+us (3, T4)+us(xy, x5) then, asshownin Figure 2.a, cliquesare { X1, X, X3},
{X37X4} and {X4,X5}.

a) cliques of the GAI network

& XXX XX DX —XuXD

b) edges of the GAI network
Figure 2: The construction of a GAI network.

Property 2 of Definition 3 givesusacluefor determining the set of edges of aGAI net-
work: the algorithm constructing this set should always preserve the running intersection
property. A simple — although not always efficient — way to construct the edges thus
simply consistsin linking cliques that have some nodes in common. Hence the following
algorithm:

Algorithm 1 (Construction of a GAI network)
constructset’ = {X,,..., Xz };
for ie{l...,k—1}do
for je{i+1...,k}do
add edge Xz, Xz,)tO E
fi
done
done

Applyingthisalgorithmonset V' = {{ X1, Xo, X5}, { X5, Xu}, { X4, X5}}, sets{ X1, X5, X3}
and { X3, X4} having a nonempty intersection, an edge should be created between these

166



Annales du LAMSADE n°3

two cliques. Similarly, edge ({ X3, X4}, {X4, X5}) should also be added as X, belongs
to both cliques. Consequently the network of Figure 2.b is a GAI network representing
u(:r;l, RN ,235) = ul(ml, T, 1’3) -+ UQ(J,’g, .1)4) + U3(134, JJ5).

As we shall see in the next subsection, GAI trees are more suitable than multiply-
connected networks for conducting the elicitation process. Unfortunately, GAl networks
representing utility decompositions often contain cycles. For instance, consider the fol-
lowing decomposition: u(xy, z2, 3, x4) = ui(x1, T2)+us(xe, x3)+us(rs, x4)+tus(xy, 1)
Then the only possible GAI network isthat of Figure 3.

Figure 3: A GAI network containing a cycle.

Unlike GAI trees where a sequence of questions revealing the DM’s utility function
naturally arises, GAl multiply-connected networks do not seem to be appropriate to easily
infer the sequence of questions to ask to the DM. Fortunately, they can be converted into
GA\I trees using the same triangulation techniques as in Bayesian networks [19, 9]:

Algorithm 2 (Construction of a GAI tree)
1/ create a graplG’ = (V’, E’) such that
alV' ={Xy,.... X,,};
b/ edge(X;, X;) belongs taF’ iff there exists a
subutility containing bothX; and X
2/ triangulateG’
3/ derive from the triangulated graph a junction tree:
the GAl tree

For instance, consider again the GAI network of Figure 3 representing utility u(xy, 2,
r3,x4) = uy(x1,x2) + us(xe, x3) + uz(ws, x4) + uyg(x4, z1). Graph G’ constructed on
step 1 of the above agorithm is depicted on Figure 4.a0 the nodes of this graph are
X1, Xo, X3, Xy, i.e., they correspond to the attributes of the utility. As function w(+)
isdefined over X; x X5, G’ contains edge (X1, X»). Similarly, functions uy(-), us(-) and
uy(-) imply that £’ contains edges (X, X3), (X3, X4) and (X4, X;), hence resulting in
the solid edges in Figure 4.a. Note that graph G’ corresponds to a CA-independence map
of [1].

Onstep 2, ¢’ istriangulated using any triangulation algorithm [2, 19, 21], for instance
using the following one:
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a. attribute dependences b. final GAI tree

Figure 4: From a GAI network to a GAl tree.

Algorithm 3 (triangulation) Let G’ = (V', E’) be an undirected graph, whefié’ =

{X1,..., X, }. Letadj(X;) denote the set of nodes adjacenfifpin G'. A nodeX; € V'

is said to be eliminated from graph’ when

i) the edgegadj(X;) x adj(X;))\E" are added taF’ so thatadj(X;) U {X;} becomes a
clique;

i) the edges betweek; and its neighbors are removed froffi, as well asX; from V",

Leto be any permutation of1, ..., n}. Let us eliminateX, ), X, (2), . .., X SUC-
cessively and calFE’. the set of edges added to grapt by these eliminations. Then
graphG/. = (V' E' U EY) is triangulated.

This triangulation algorithm, when applied with elimination sequence X,, X3, X1, X4,
precisely produces the graph of Figure 4.a, in which edges in £/, are drawn with dashed
lines.

Step 3 consists in constructing a new graph the nodes of which are the cliques of
G’ (i.e., maximal complete subgraphs of G’): here, { X, X», X3} and { X, X3, X,} (see
Figure 4.9). The edges between these cliques derive from the triangulation [8, 19, 22]:
each time anode X is eliminated, it will either create a new clique C; or a subclique of
an already existing clique C;. In both cases, associate C; to each X;. Once a node X;
is eliminated, it cannot appear in the cliques created afterward. However, just after X;'s
elimination, al the nodes in C;\{X;} still form a clique, hence the clique associated to
the first eliminated node in C;\{X;} contains C;\{X;}. Thus linking C; to this clique
ensures the running intersection property. In our example, clique { X, X, X3} isassoci-
ated to node X, while clique { X, X3, X, } is associated to the other nodes. As X, isthe
first eliminated node, we shall examine clique { X1, X», X3}. C;\{X;} is thus equa to
{X1, X3}. Among these nodes, X3 isthefirst to be eliminated and clique { X1, X3, X, } is
associated to this node. Hence, there should exist an edge between cliques { X, X», X3}
and { X, X3, X4}. Aseach cliqueis linked to at most one other clique, the process en-
sures that the resulting graph is actually atree (see Figure 4.b).

Note that the GAI tree simply corresponds to a coarser GAl decomposition of the
DM’s utility function, i.e., it simply occults some known local independences, but thisis
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the price to pay to make the elicitation process easy to perform.

4.2 Utility Elicitation in GAI Trees

This subsection first translates into a GAI tree-conducted algorithm the elicitation process
of the preceding section and, then, a general algorithm is derived.

Example 3 (continued) The GAI network related to Example 3 is shown on Figure 5:
ellipses represent the attributes of each subutility and rectangles the intersections between
pairs of ellipses. Separators are essential for elicitation because they capture all the de-
pendencies between sets of attributes. For instance separator X, revealsthat clique X; X,
isindependent of the rest of the graph for any fixed value of X,. Hence answers to ques-
tions involving gambles on outcomes of type (-, as, a3, a4) do not depend on as, a4, thus
simplifying the elicitation of u; (-, as).

GaX) KX XD
Figure 5: The GAI tree of Example 3.

The €licitation process described in Example 3 can be reformulated using the GAI
tree as follows. we started with an outer clique, i.e., a clique connected to at most one
separator. The clique we chose was X X,. Function u(-) was assessed for every value
of the attributes in the clique except those in the separator (here X,) that were kept to the
reference point a,. Thisled to assessing u; (1, as) for al z;’susing Eq. (2)'s gamble:

G((bh CL234)7 ($1, a234), (Ch, G234))'

Then the values of the attributes in the separator were changed to, say x», and u; () was
elicited for every value of the attributes in clique X; X, except those in the separator that
were kept to x,. This was performed using the gambles of Eq. (3) and (4), as well as
gambles similar to the one above, i.e,,

G((bh a2, CL34>7 (Ch, T2, CL34), (CL17 az, a34)),
G((bh a2, a34), (I/p T2, G34), (ah G2, CL34)),
G((2), z2, as4), (x1, T2, a34), (a1, T2, az4)).

After u, () was completely determined, clique X; X, and its adjacent separator were
removed from the network and we applied the same process with another outer clique,
namely Clique XoX5: USing gamble G((bl, a9, CL34), (CLl, bg, (134)7 (CL17 as, a34)), Ug(bg, CLg)
could be determined. Then gamble

G((a17 b27 as, a4)7 (ala Zo, as, a4)7 (ala ag, as, CL4>)
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was used to assessthe value of uy (x4, az) for any z; in Xs. In other words, we assessed the
value of uy(-) for every value of the attributes in the clique except those in the separator
(X3) that were kept to the reference point az. Once the us (2, a3)’s were known, usy(-)
was determined for different values of x3 using gambles

G((br, az, a3, a4), (a1, az, v3,a4), (a1, az, az, as)),
G<<b17 ag, asz, a4)7 (a17 b27 €3, a‘4)7 (a’17 a2, as, CL4)>,
G((a17 b27 xs3, a4)7 (ala XTo, T3, a4)7 (a17 ag, T3, CL4>)7

i.e., the values of the attributes in the separator were changed to 3 and u»(-) was elicited
for every value of the attributes in clique X5, X5 except those in the separator that were
kept to x3, and so on.

All cliques can thus be removed by induction until there remains only one cligue.
This one deserves a specia treatment as the hypotheses of EqQ. (1) specifying that, when
we elicit a subutility u;(-), u;(-) = 0 whenever the value of the attributes not in the
separator equal those of the reference point, apply to every clique except the last one.
When determining the value of the utility of the last clique, all the other subutilities are
known and a direct elicitation can thus be applied. ¢

The above example suggests the following general elicitation procedure, which is
applicable to any GAI tree: let - be a preference relation on lotteries over the outcome
set X. Let Zy,...,Z;, be some subsetsof N = {1,...,n} suchthat N = U} 7, and
such that u(z) = Y2, u;(z2,) isa GAl-decomposable utility. Assume that the X ;,’s are
such that they form a GAl tree G = (V, E) and that for every i, once al Xz 's, j < i,
have been removed from G as well as their adjacent edges and separators, X, has only
one adjacent separator left we will denote by Xs,. In other words, the X ;s are ordered
giving prioritiesto outer nodes. Call C; = Z;\S;, andlet Cy, = Z;\Si_1. Let (a1,. .., a,)
and (b, ..., b,) be arbitrary outcomes of X’ such that (be,, an\c,) > (ac,, an\c,) for al
i's. Then agorithm 4 completely determines the value of each subutility which can then
be stored in cliques, thus turning the GAI network into a compact representation of u(-).
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Algorithm 4
u1(bey, anve,) < 1; ui(an) < 0
foralliin {1,...,k} and all x5, do
ui(ac,, tne;) < 0
done
foralliin{1,...,k—1}do
if i # 1 then
computeu;(be,, an\c,) using
G((an aN\Cl)7 (bC'w aN\Q‘)? (aN))
endif
for all zg, do
if g, 7£ as, then
computew;(be,, xs,, an\ z,) using
G((bCu a’N\Cl)7 (xSiv aN\Si)7 (aN))
andG((an aN\Cl)7 (me LS5 aN\Zi)7 (aN))
endif
for all =, do
CompUtefJi(xZi) USingG((me LS, aN\Zi)7
(x2:, aN\Zi)7 (ac,, zs,, aN\Zi))
done
done
done
[* computation of the final clique */
computeu (be, , as, ,) using
G((bcn aN\Cl)7 (bok, aN\Ck>’ (aN))
for all x, do
computeu(zz, ) using
G((b0k7 aN\Ck)7 (me aN\Zk>7 (CLN>)
done

Of course, algorithm 4 can be applied whichever way the GAI tree is obtained. In
particular, it can be applied on GAI trees resulting from triangulations. For the latter,
the algorithm may be improved taking into account the knowledge of the GAl decom-
position before triangulation. Consider for instance the following GAl decomposition:
w(xy, To, k3, T4) = Uy (1, o) + uz(we, x3) +us(xs, v4) +us(zy, 1), representable by the
GAI network of Figure 6.a and inducing the GAI tree of Figure 6.b, or equivaently the
GAI decomposition u(zy, . .., z4) = vi(x1, e, x3) +vo(T1, T3, T4). Applying directly the
elicitation process in the graph of Figure 6.b would be quite inefficient as many questions
would be asked to the DM although their answers could be computed from the answers
given to previous questions. For instance, assume that X; (resp. X,; X3) can take values
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a original GAI network b. final GAI tree

Figure 6: A GAI treeresulting from atriangulation.

1(x1,22) + uz(xe, x3) 3(x3, x4) + us(z4, 1)

Figure 7: Subutilitiesin a GAl tree.

ai, by (resp. aqg, by, as, bs). Then, as obviously vy (1, x2, 3) = w1 (21, 22) + ua(x2, 73),
the above elicitation algorithm ensures that

vi(a1, az, az) = uy(ar, az) + us(ag, ag) = 0.

But, then,
Ul(bl, as, b3) = Ul(bl, CLQ) + UQ(CLQ, b3)
= w1 (b1, az) + us(ag, az)+
uy(ay, as) + us(as, bs)
= v1(by, as, as) + vi(aq, as, bs).

Hence, after the élicitation of both U1 (bl, as, a3) and (% (al, as, bg), that of (%1 (bl, as, bg)
can be dispensed with. Intuitively, such questions can be found simply by setting down
the system of equations linking the v;’s to the u;’s and identifying colinear vectors.

5 Conclusion

In this paper, we provided a general algorithm for eliciting GAl-decomposable utilities.
Unlike UCP-nets, GAI networks do not assume some CP-net structure and thus extend the
range of application of GAl-decomposable utilities. For instance, consider a DM having
some preferences over some meals constituted by a main course (either a stew or some
fish), some wine (red or white) and a dessert (pudding or an ice cream), in particular

(stew,red wine,dessert) > (fish,white wine,dessert)
> (stew,white wine,dessert) >~ (fish,red wine,dessert)

for any dessert. Moreover, assume that the DM would like to suit the wine to the main
course and she prefers having ice cream when she eats a stew. Then such preferences
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can be represented efficiently by u(meal) = wu,(course, wine) + u,(course, dessert) and
thus be compacted by the associated GAI network. Nevertheless, since preferences over
courses depend on wine and conversely, and since there exists some dependence between
courses and desserts, UCP-nets do not help in compacting utility function «(-) despite its
GAI decomposability.

Another specificity of our procedure is that we always consider gambles over com-
pletely specified outcomes, i.e., including all the attributes. Thisis an advantage because
answers to questions involving only a subset of attributes are not easily interpretable.
Consider for instance a multi-attribute decision problem where the multi-attribute space
iIsX = X1 x Xogx X3 x Xy, with Xy = {ay,¢1,01}, Xo = {as, 2,00}, X3 = {as, 3}, and
X4 = {a4, cs}. Assume the preferences of the DM can be represented by the following
utility function:

w(z) = uy(z1) + ua(x1, x2) + ug(x2, x3) + us(r3, 24),

where the u;’s are given by the tables below:

T ay | ¢ by
ul(xl) 0 | 500 | 1000

UQ(JZl,ZL'Q) g | Co b1
ay 0 ]10] 70
c1 501 10| 90
by 60 | 80 | 100

U3($2, 5173) as | Cs
a9 0 7
Cy 5 2
by 9 |10

ug(3,24) | ag | ¢4
as 0 0.6
3 0.4 1

Note that the big-stepped structure of utilitiesin the above tablesis consistent with the Ce-
teris Paribus assumption about preferences, hence u(-) can be characterized by the UCP-
net of Figure 8. Asking the DM to provide probability p such that ¢; ~ (p,b1;1 — p, aq)
would, at first sight, be meaningful and, assuming u;(a;) = 0 and u,(b;) = 1000, it
would certainly imply that u;(c;) = 1000p. However, a careful examination highlights
that it isnot so obvious. Indeed, such gamble, involving only attribute X; would be mean-
ingful only if the DM had a preference relation -, over X, that could be exploited to ex-
tract informations about -, the DM’s preference relation over X', In the classical frame-
work of additive conjoint measurement [11, 20, 28], this property holds because ¢; ~
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()0

Figure 8: A simple UCP-net.

(p,by; 1—p, ay) isequivalentto (cy, xo, x5, x4) ~ (p, (b1, T2, 3, 24); 1—p, (a1, T2, T3, 74))
for any (zo, x3,74) € X5 x X3 x X4, but this does not hold for GAI decompositions in-
volving intersecting factors. For instance, using the above tables, it is easily seen that,
whatever values for X5 and X:

0.519 __(by, as, x5, x4)

(c1,a2,23,24) ~ <
0.481 (a1, a2,23,24)
0.467 (b, 9,23, 24)

(Cla C2, (E3,.’E4) ~

/

0.533 (a1, c2,23,24)

0.505 (b17b2,x3,x4)
(61752,353,334) ~

0.495 —(a1,b2, 25, 74)

The explanation of this unfortunate property liesin the misleading interpretation we may
have of Ceteris Paribus statements: in the above UCP-net, Ceteris Paribus implies that
preferences over X; do not depend on the values of the other attributes. The observation
of the subutility tables confirm this fact: b, is preferred to ¢, that is also preferred to a,.
However, the CP property does not take into account the strength of these preferences
while the probabilities involved in the lotteries do: whatever the value of X5, (b1, x2) iS
always preferred to (cy, z), but the DM prefers more (b1, ¢;) t0 (¢1, ¢2) than (b1, az) to
(c1,a9) and thisresultsin different values of p in gambles. This explains the discrepancy
between ¢; ~ (p,b1;1 — p,a;) and the same gamble taking into account the other at-
tributes. This discrepancy is not restricted to UCP-net root nodes, it is easily seen that it
also occurs for other nodes such as X, or X.

To conclude, the GAI networks introduced in this paper allow taking advantage of
any GAIl decomposition of a multiattribute utility function to construct a compact repre-
sentation of preferences. The efficiency of the proposed elicitation procedure lies both in
the relative simplicity of the questions posed and in the careful exploitation of indepen-
dences between attributes to reduce the number of questions. This approach of preference
elicitation is a good compromise between two conflicting aspects. the need for suffi-
ciently flexible models to capture sophisticated decision behaviors under uncertainty and
the practical necessity of keeping the €elicitation effort at an admissible level. A similar
approach might be worth investigating for the elicitation of multiattribute utility functions
under certainty. Resorting to GAI networks in this context might also be efficient to elicit
subutility functions under some solvability assumptions on the product set.
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Computation of median orders:
complexity results

Olivier Hudry"

Abstract

Given a set of individual preferences defined on a same finite set of candidates,
we consider the problem of aggregating them into a collective preference
minimizing the number of disagreements with respect to the given set and verifying
some structural properties like transitivity. We study the complexity of this
problem when the individual preferences as well as the collective one must verify
different properties, and we show that the aggregation problem is NP-hard for
different types of collective preferences, even when the individual preferences are
linear orders.

Key words: Complexity, partially ordered relations, median relations, aggregation
of preferences.

1 Introduction

The problem that we deal with in this paper can be stated as follows: given a set
(called a profile) I1= (R1, Ry, ..., R;;) of m binary relations R; (1 <i < m) defined on the
same finite set X, find a binary relation R* defined on X verifying certain properties like
transitivity and summarizing /7 as accurately as possible. This problem occurs in
different fields, for instance in the social sciences, in electrical engineering, in
agronomy or in mathematics (see for example L. Hubert (1976), J.-P. Barthélemy et alii
(1981, 1986, 1988, 1989, 1995), M. Jiinger (1985), G. Reinelt (1985), A. Guénoche et

* Olivier Hudry, Ecole nationale supérieure des télécommunications, 46, rue Barrault, 75634 Paris cedex
13, France. Olivier.Hudry@enst.fr
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alii (1994)). For example, in voting theory, X can be considered as a set of candidates,
17 as a profile of individual preferences expressed by voters and R* as the collective
preference that we look for. Though the problem occurs in different fields, as said
above, we shall keep this illustration from voting theory in the following.

The aim of this paper is to study the complexity of finding R* (for the theory of
complexity, see for instance M.R. Garey and D.S. Johnson (1979) or J.-P. Barthélemy et
alii (1996)). We consider different types of ordered relations for the individual
preferences of /7as well as for R* and we show that for most cases, the computation of
R*1s an NP-hard problem. This problem has been already studied in some special cases,
namely for the aggregation of a profile of linear orders into a linear order by J.B. Orlin
(1988) and by J.J. Bartholdi III, C.A. Tovey and M.A. Trick (1989), and for the
aggregation of a profile of binary relations into a linear order, a partial order, a complete
preorder or a preorder (see below for the definitions of these structures) by
Y. Wakabashi (1986 and 1998). The results displayed in this paper generalize the
previous ones by extending them to other cases. They slightly strengthen and sometimes
generalize the ones presented in O. Hudry (1989).

In the following, the relations to aggregate are assumed to represent preferences, and
thus will not be symmetric. Anyway, the aggregation of symmetric relations has also
been studied: M. Krivanek and J. Moravek (1986) showed that the approximation of a
symmetric relation by an equivalence relation (a reflexive, symmetric, and transitive
relation) is NP-hard. This case corresponds with the aggregation of a profile reduced to
only one symmetric relation while R* is assumed to be an equivalence relation. From
this, we may derive that the aggregation of several symmetric relations or of
equivalence relations into one equivalence relation is also NP-hard (see
J.-P. Barthélemy and B. Leclerc (1995)). On contrary, the aggregation of symmetric
relations or of equivalence relations into a symmetric relations is trivially polynomial.

The paper is organized as follows. Section 2 recalls the definitions of the ordered
relations that we take into account. In Section 3, we show how the aggregation problems
can be formulated in graph theoretical terms. Then we prove our complexity results
upon these aggregation problems in Section 4. The conclusions take place in Section 5
and summarize the main results got in Section 4.

2 The ordered relations

Given a finite set X, a binary relation R defined on X is a subset of
XxX = {(x,y):x € Xandy eX}. We note n the number of elements of X and we

suppose that n is great enough (typically, at least equal to 4). We note xRy instead of
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(x,y) € R and xRy instead of (x, y) ¢ R. The following properties that a binary relation
R can satisfy are basic:

* reflexive: ¥V x € X, xRx;

o irreflexive: V x € X, xRx;

« antisymmetric: ¥ (x, y) € X2, (xRy and x#v) = yRx;

« asymmetric: ¥ (x,y) € X2, xRy = yRx;

s transitive: ¥V (x, y, z) € X3, (xRy and yRz) = xRz;

s complete: ¥ (x, y) € X? with x#£y, xRy or (inclusively) yRx.

From a binary relation R, we may define an asymmetric relation R (called the
asymmetric part of R) by: xR% < (xRy and yRx).

By combining the above properties, we may define different types of binary relations
(see for instance J.-P. Barthélemy and B. Monjardet (1981) or P.C. Fishburn (1985)). As
a binary relation R defined on X is the same as the oriented graph G = (X, R) (i.e. (x, )
is an arc of G if and only if we have xRy), we illustrate these types with graph theoretic
examples:

* a partial order is an asymmetric and transitive binary relation; O will denote the set
of the partial orders defined on .X;

d e

Figure 1. A partial order.

* a linear order is a complete partial order; £ will denote the set of the linear orders

defined on X;

Figure 2. A linear order. The partial order of Figure 1 is not a linear order, for
instance because the vertices a and d are not compared.
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* a fournament is a complete and asymmetric binary relation; 7will denote the set of
the tournaments defined on X; notice that a transitive tournament is a linear order and
conversely;

Figure 3. A tournament.

* a preorder is a reflexive and transitive binary relation; @ will denote the set of the
preorders defined on .X;

Figure 4. A preorder.

* a complete preorder is a reflexive, transitive and complete binary relation; ¢ will
denote the set of the complete preorders defined on X;

Figure 5. A complete preorder.
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* a weak order 1s the asymmetric part of a complete preorder; 9/ will denote the set
of the weak orders defined on X

Figure 6. A weak order (namely, the asymmetric part of the complete preorder of
Figure 5).

s an interval order is a partial order R satisfying: V (x, y, z, t) € X4,
(xRy and zRf) = {xRt or (inclusively) zRy}; I will denote the set of interval orders
defined on X (the name interval order comes from the fact that we may represent such
an order by intervals spread on the real axis and associated with each element x of X:
then xRy means that the interval associated with x is completely on the left of the one
associated with y, while xRy and yRx mean that the intervals associated with x and y
overlap; the above condition means that if x is on the left of y and z on the left of 7, then
the intervals associated with x and ¢ on one hand and the ones associated with z and y on
the other hand cannot overlap simultaneously).

Figure 7. An interval order .The partial order of Figure 1 is not an interval order for
instance because of the vertices b, ¢, d, e: bRc and dRe but we have not bRe nor dRc.
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* a semiorder is an interval order R satisfying: V (x, y, z, ) e X%,
(xRy and yRz) = {xRt or (inclusive) tRz}; S will denote the set of interval orders defined
on X (with respect to the representation as intervals, an interval orders is a semiorder if
we may associate intervals with the same length to all the elements of X).

Figure 8. A semiorder .The interval order of Figure 7 is not a semiorder for instance
because of the vertices b, ¢, d, e: cRe and eRd but we have not ¢cRb nor bRd.

* a quasi-order is a reflexive and complete relation of which the asymmetric part is a
semiorder; Q will denote the set of the quasi-orders defined on X;

Figure 9. A quasi-order. Its asymmetric part is the semiorder of Figure 8.

* an acyclic relation is a relation R without directed cycle (circuit), i.e. verifying:
V1<k<n, (xjRxj+1 for 1 <i <k —1) = x;Rx;; A4 will denote the set of acyclic

relations defined on X.
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Figure 9. An acyclic relation. Its transitive closure is the partial order of Figure 1.

Checking that a given relation (or a given graph) fulfils the requirements of these
structures can be done in polynomial time with respect to n. From this remark, it will
follow that the problems considered below all belong to NP.

It is possible to get other structures by adding or by removing reflexivity or
irreflexivity from the above definition (and by changing asymmetry by antisymmetry
when necessary). In fact, the distinction between reflexive and irreflexive relations is
not relevant for our study, as we shall see below: the complexity results will remain the
same. Thus, in the following, we do not take reflexivity or irreflexivity into account (for
instance, we will consider that a linear order is also a preorder).

These types include the most studied and used partially ordered relations. We will
also consider generic binary relations, without any particular property. The set of the
binary relations will be noted ® We may notice several inclusions between these sets,
especially the following one: V2 € {4, C, I L, O, &, Q, R S, T, W}, L < Z; in other
words, a linear order can be considered as a special case of any one of the other types.

3 Formulations of the aggregation problem

In order to get an optimization problem to deal with, it is necessary to explicit what
we mean when we say that R* must summarize /7 “as accurately as possible”. To do so,
we consider the symmetric difference distance J: given two binary relations R and S
defined on the same set X, we have

O(R,S) = |{(x,y) e X2: [ny and x§y] or [xﬁy andey]}l

This quantity S(R,S) measures the number of disagreements between R and S.
Though some authors consider sometimes another distance, ¢ is used widely and is
appropriate for many applications. J.-P. Barthélemy (1979) shows that o satisfies a

number of naturally desirable properties and J.-P. Barthélemy and B. Monjardet (1981)
recall that 6(R, S) is the Hamming distance between the characteristic vectors of R and

S and point out the links between ¢ and the L metric or the square of the Euclidean
distance between these vectors (see also K.P. Bogart (1973 and 1975) and B. Monjardet
(1979 and 1990)).
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Then, for a profile /7= (Ry, Ry, ..., Ry,) of m relations, we can define the remoteness
AL, R) (J.-P. Barthélemy and B. Monjardet (1981)) between a relation R and the
profile /7by:

m
A(ILR) =D 6(R,Ry).
i=1
The remoteness A(/Z, R) measures the total number of disagreements between /7
and R.

Our aggregation problem can be seen now as a combinatorial problem: given a
profile 77, determine a binary relation R* minimizing A over one of the sets 4, C, I, L, O,
® Q R S T, W. Such a relation R* will be called a median relation of I7
(J.-P. Barthélemy and B. Monjardet (1981)). According to the number m of relations of
the profile and to the properties assumed for the relations belonging to /7 or required
from the median relation, we get many combinatorial problems. They are too numerous
to state them explicitly; so we note them as follows:

Problems PA%;, 2). For ¥ belonging to {4, C, I, £, O, &, Q, R, S, T, W} and Z
belonging also to {4, C, I, £, O, @, Q, ®, S, T, W}, for a function f defined from the set N
of integers to N, P(%, Z) denotes the following problem: given a finite set X of n
elements, given a profile /7of m = f(n) binary relations all belonging to %; find a relation
R*belonging to Z with: A(/1, R*) = I}Ailzl A(ILR).

S

An interesting case is the one for which f'is a constant m, i.e. the particular case for
which the number m of relations is fixed outside the instance. We will denote this
problem by P, (%, Z). For instance, P>(®, £) will denote the aggregation of 2 binary
relations into a linear order. We will see that the parity of m will play a role in the
following results. Anyway, it will be easy to see from the following computations that,
if P, Z) is NP-hard for some function f'and some sets Y'and Z, then Pr2(%; 2) will
also be NP-hard: it will be sufficient to add any linear order and its reverse order to the
considered profile to get this result (since the linear orders are special cases of any one
of the other types).

We do not explicit the statements of the decision problems associated with the
problems P/, Z), because they are obvious. Similarly, it is obvious to show that these

decision problems belong to NP. Thus, we deal with the NP-hardness of PA?, Z), but
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we could deal with the NP-completeness of the decision problems associated with
PAY 2)
To study the complexity of PA?Y, Z), we develop the expression of 4. For this,

consider the characteristic vectors ri = (rx’y) Jexe of the relations R; (1 < i < m)
X,V)€

defined by rx"y =1 if xR;y and rx"y = 0 otherwise, and similarly the characteristic vector

r= (”xy )(x,y)eX2 of any binary relation R. Then, it is easy to get a linear expression of

AT, R):

. 12 . .
§(R’Ri): ery_dy = Z”xy—”fcy = Z [rxy(l_zdy)-i_ ’3€ly1
(x,y)eX? (x,y)eX? (x.y)ex?
m
hence A(ILR) =), Dllny - iy
i=1(x,y)eX?

and, after simplifications: A (/7,R) = C — Z My . By
(x,y)eX?

m m m
with C =37 D0 and my, = (25, = 1)= 22 rf, = m.
i=1(x,y)eX? i=1 i=1

Notice that the quantities my, can be non-positive or non-negative, and that they all
have the same parity (the one of m). Notice also that, from this expression of A(/7, R), it
is easy to get a 0-1 linear programming formulation of the problems Pf(‘Y, Z) by adding
the 0-1 linear constraints associated with each type of median relation (but it will not be
the way that we are going to follow in the sequel). For example, the transitivity of R can
be written: V(x,y,z) € X3, ry, + 5. — . <1 (see for instance Y. Wakabayashi (1986)
or O. Hudry (1989) for details). Such a 0-1 linear programming formulation was applied
as soon as 1960 (A.W. Tucker (1960); see also D.H. Younger (1963), J.S. de Cani
(1969), D. Arditti (1984), and more generally J.-P. Barthélemy and B. Monjardet (1981)
for references).

Before going further, the following lemma shows that reflexivity or irreflexivity of
the median relation do not change the complexity of the problems PA %, Z).

Lemma 1. For any set Z of median relations, let 2, (resp. Z;) be the set of median
relations got from the elements of Z by adding the reflexivity (resp. irreflexivity)
property. Then, for any set ¥"and any function f, PAY, 2), PAY, Z;), and PA?, Z;) have
the same complexity.
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Proof. To show this result, consider any profile /7of m (= f(n)) relations belonging to
Y 'and any relation Z belonging to Z. Let Z, (resp. Z;) be the reflexive (resp. irreflexive)

relation got from Z by adding the reflexivity (resp. irreflexivity) property. Then it is
easy to state the following relations:

AIT,2)= AT, Z)+ Y mye and A(IT,Z;) = NIL,Z)~ D myy .
x:(x,x)eZ xi(x,x)eZ

Hence the result, since the computation of Z myy and of Z My, can trivially
xi(x,x)egZ xi(x,x)eZ
be done in polynomial time w.r.t. the size of the considered instance. U

Because of Lemma 1, we shall not pay attention from now on to reflexivity or
irreflexivity: all the complexity results remain the same if we add or remove reflexivity
or irreflexivity.

In the following, we will not consider the previous 0-1 linear programming
formulation to study the complexity of the problems PA?Y, Z), but a graph theoretic
representation. Indeed, we may associate a complete, symmetric, weighted, oriented
graph G = (X, U) to any profile /7 the vertex set of G is X and G owns all the arcs (i.e.
oriented edges) that a simple graph can own; in other words, we have:
U=X x X—{(x,x) forx e X} (remember that reflexivity does not matter now on). In
the following, we will write Uy to denote the set X x X — {(x,x) forx € X} and the
graph associated with /7is thus G =(X,Uy). The arcs (x, y) of G (with x e X, ye X
and x # y) are weighted by my,, . Then minimizing A(/7,Z) for Z belonging to one of the
sets 4, G, I, L, O, &, Q, R S, T, W is exactly the same as extracting a partial graph
H=(X,Z) from G in order to maximize mey while the kept arcs describe the

(x.y)eZ
structure that Z must respect (4 must belong to 4, C, I, £, O, ?, Q, R, S, T, W, where
these sets are seen as sets of graphs).

Then the question arises: which weighted graphs G =(X,Uyx) can be associated to a

profile /7?7 By combining results by P. Erdos, L. Moser (1964) and by B. Debord (1987)
(see also D. McGarvey (1953) and R. Stearns (1959)), we get such characterisations,
which depend on the nature of the relations of /Z For the statements of the following
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theorems, let M denote the highest absolute value of the weights of G:

M= (xg//[)agz] lexyl'

Theorem 2. The graph G =(X,Uy) weighted by the (non-positive or non-negative)
integers myy represents a profile /7 of m binary relations if the following conditions are

fulfilled:

1. all the weights m,,, have the same parity;
2. m has the same parity as the weights m,, ;

3.m>M.

Theorem 3. The graph G =(X,Uy) weighted by the (non-positive or non-negative)
integers myy represents a profile /7 of m tournaments if the following conditions are

fulfilled:

1. all the weights m,,, have the same parity;
2. m has the same parity as the weights my,, ;

3.m>M,

4.V (x,y)eUx, my, =—myy.

Theorem 4. The graph G =(X,Uy) weighted by the (non-positive or non-negative)
integers myy represents a profile /7 of m linear orders if the following conditions are

fulfilled:

1. all the weights m,, have the same parity;

2. m has the same parity as the weights my,, ;

cn.M

3.m>

where c is a constant;
logn

4.V (x,y) €eUx, myy =—myy.

Notice that, for Theorems 2 and 3, M is the lowest possible value of m. For
Theorem 4, it is sometimes possible to find a profile of m linear orders associated with
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G with m less than . Anyway, in all these cases, there exists a profile /7 with

logn
c.n.M
logn

+1

| cn.M
logn

m = M binary relations, or m = M tournaments, or m = ‘

cnM

(depending on the parity of and of the weights of G) linear orders. Moreover,

logn
if we assume that M is upper-bounded by a polynomial in n (as it will be the case
further), then the construction of /7 can be done in polynomial time with respect to the
size of G. Indeed, as any binary relation R defined on X can be described by O(n2) bits,
it is possible to code /7= (R, Ry, ..., Ryy) with O(M.n?) bits, while the size of G is at

least n2 (at least 1 bit for the weight of each arc of G); hence the result. Notice also that,
if M is upper-bounded by a constant, it is possible to fix the number m of relations of 77

in Theorems 2 and 3; in this case, we may associate to G an instance of the problems
P(®R, Z) (Theorem 2) or the problems P,,(7, Z) (Theorem 3) for an appropriate set Z.

From this polynomial link between the problems PA?, Z) and their graph theoretic
representations, it appears that we may study the complexity of the problems PAY, 2)

with the help of weighted graphs. It is what we do below. More precisely, we are going
to study the following decision problems, stated as graph theoretic problems:

Problems Qy(%, 2) with Ye {£, R, T} and Z€ {4, C, I, L, O, @, Q, S, W}

Instance: a graph G =(X,Ux) weighted by (non-positive or non-negative) even
integers my, and which represents a profile of relations belonging to %; an integer K;

Question: does there exist a partial graph (X, U) of G belonging to Z with

mey >K ?
(x,y)eU

Problems Q1(%, 2) with Ye {£L, R, T and Z€ {4, C, I, L, O, @, Q, S, W}

Instance: a graph G =(X,Uy) weighted by (non-positive or non-negative) odd
integers my, and which represents a profile of relations belonging to %; an integer K;

uestion: does there exist a partial graph (X, U) of G belonging to Z with
My, 2 K ?
(x.y)eU
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4 The complexity results

As for the problems P(?, Z), the problems Qo(%; Z) and Q1(?, Z) obviously belong
to NP for Ye {£, R, T} and Z € {4, C, I, L, O, & Q S, W}. To show that they are

NP-complete, we use the well-known Feedback Arcset Problem (see M.R. Garey,
D.S. Johnson (1979)):

Instance: a directed, asymmetric graph H = (X, W); an integer 4;

Question: does there exist W’ — W with |W’|< h and such that W’ contains at least

one arc of each circuit (directed cycle) of H ?

R. Karp (1972) showed that this problem is NP-complete. We may also state it as
follows:

Problem FAS
Instance: a directed, asymmetric graph H = (X, W); an integer #;

Question: does there exist W’ < W with |W/|<h and such that removing the

elements of W’ from H leaves a graph (X, W — W’ without any circuit (such a set W’is
called a feedback arc set of H of cardinality at most /) ?

In the following, we use this latter formulation. We use also the following (obvious)
lemma:

Lemma 5.
a. Any partial graph of a graph without circuit is itself without circuit.

b. Any graph without circuit can be completed into a linear order by adding
appropriate arcs.

We now pay attention to the complexity of Q¢(®, Z2) and Q1(®, 2) (i.e. when the
graph represents a profile of any binary relations) for Z € {4, I, £, O, §, W} (i.e. when
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we look for an acyclic relation, an interval order, a linear order, a partial order, a
semiorder or a weak order).

Theorem 6. The problems Qy(®, Z) are NP-complete for Z € {4, I, L, O, S, W}.

Proof. We polynomially transform any instance H = (X, W) and 4 of FAS into an
instance G and K of Qg(®, 2). For this, we set the vertex set of G as being X; hence the
set of arcs of G: Uy. We define the weights my,, of the arcs (x, y) of G and K as follows:

*if (x,y) € W, myy, =2
*if (x,y) & W, my, = 0.
Then we set K = 2(/#W] - 7).

This transformation is obviously polynomial. Let us show that it keeps the answer
« y€es » Or « no ».

Indeed, assume that there exists a subset W’ of W with |W’|<h and such that

removing the elements of /W’ from H leaves a graph (X, W — W’) without any circuit. If
we consider it as a partial graph of G, its weight is 2GW| —|W’|), which is greater than or

equal to 2(|W| —h) = K. If Z= 4, we are done. Otherwise, thanks to Lemma 5 b, it is

possible to complete (X, W — W) into a linear order by adding extra arcs. As all the
weights are non-negative, we get a linear order (X, L), that we may consider as a partial
order if Z= O, or as an interval order if Z = I, or as a semiorder if Z= ¢, or as a weak
order if Z= W, with D my, >K.

(x.y)eL

Conversely, assume that the instance (G, K) of Qo(®, 2) admits the answer « yes »:
there exists a partial graph (X, U) of G =(X,Uy) which is without circuit if Z= 4, or a
linear order if Z = £, or a partial order if Z = O, or an interval order if Z = I, or a
semiorder if Z= S, or a weak order if Z= %/, with mey > K. In every case, (X, U)

(x,y)eU
is without circuit. By definition of G, we have mey =2|W. Let W’be the subset
(x,y)eUx
of W defined by W’ = W—-W nU. Then we have |W’|=|W|—|Wﬂ Ul. Since the
elements of U which do not belong to /¥ have a weight equal to 0, and since the other

1 1
arcs have a weight equal to 2, we have then |W'|=|W|-—= mey < IWI_EK = h.
(x.y)eU
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Moreover, the graph (X, W — W) is equal to (X, W " U), which is without circuit by
Lemma 5 a and because the graph (X, U) is without circuit.

In conclusion, the answer is kept by the transformation, and hence the problems

Oo(R, 2) are NP-complete for Z € {4, I, L, O, S, W}. O

Corollary 7. For any even integer m > 2, the problems P,,(®, Z) are NP-hard for
Ze {4, 1L 0,8 W.

Proof. It follows from the fact that, in the proof of Theorem 6, it is possible to upper
bound the weights of the graph by 2. U

Theorem 8. The problem Q1(®, £) is NP-complete.

Proof. We apply the same transformation as for Theorem 6 (and thus we keep the
same notations), but with the following weights:

*if (x,y) € W, my, =1 and my, =-1
*if (x,y) € Wand (y,x) ¢ W, my, =1 and my, =1

(notice that the weights my, are well-defined, because H is assumed to be

asymmetric),

andwithK=n(nT_1)—2h.

This transformation is obviously polynomial. Let us show that it keeps the answer
«yes » or « no ». The proof is quite similar as the one of Theorem 6.

Indeed, consider a minimum-sized subset W’ of W such that removing the elements
of W’ from H gives a graph (X, W — W) without any circuit, and assume that we have
|W'|< h. If we consider (X, W — W) as a partial graph of G, its weight is |- |,
which is greater than or equal to |[W|—h. Thanks to Lemma 5 b, it is possible to
complete (X, W — W’ into a linear order (X, L) by adding extra arcs. As we are looking
for a linear order, it is necessary to add the arcs (x, y) such that (y, x) belongs to W’
(because of the completeness of a linear order); there are |W’| such arcs, and their

weights are equal to —1. Because of the asymmetry of a linear order, the other extra arcs

193



Computation of median orders: complexity results

(x, ¥) cannot belong to W’ and are such that (y, x) neither belong to W there are
-1
an-1) —|w] such arcs, and their weights are equal to 1. Thus we get:

2
mey B mey * mey + mey
(x,y)eL (x,y)ew-w’' (x,y)eLl (x,y)eL=(W-W")
(yx)ew’ (vx)ew'
— =] — W] + @ P
— M _ ZIW'I
2

-1
From |W'|< h, we get mey > n(n2 )—2h = K: the answer admitted by the
(x,y)eL
instance (G, K) of O1(R, £) is also « yes ».

Conversely, assume that the instance (G, K) of Q1(®, £) admits the answer
«yes »: there exists a partial graph (X, L) of G =(X,Uy) which represents a linear
order, with mey > K. Notice that (X, L) is without circuit. Let #”be the subset of

(x.y)eL

W defined by W’= W —W n L. If an arc (x, y) belongs to W’ (and thus to 1), it does not
belong to L; then (y, x) belongs to L (completeness of L) but not to W (asymmetry of H),
and so its weight is equal to —1. Conversely, let (x, y) be an arc of L with a weight equal
to —1; then it does not belong to W but is such that (y, x) does belong to # and not to L:

(v, x) belongs to W’ So, the number of arcs of L with a weight equal to —1 is equal to
n(n—1)
2

|’|. The other elements of L (there are —|W| such arcs) have a weight equal

-1
to1l. Hence the relation: mey = n(n2 )—2|W’|. From the inequality
(x.y)eL
n(n—1) .

mey >K= > —2h, we draw |W'| < h. Moreover, the graph (X, W — W) is
(x,y)eL
equal to (X, W L), which is without circuit by Lemma 5 a and because the graph
(X, L) 1s without circuit.

In conclusion, the answer is kept by the transformation, and hence the problem
O1(R, L) is NP-complete. 0

Corollary 9. For any odd integer m > 1, the problems P,,(®, £) are NP-hard.
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Proof. It follows from the fact that, in the proof of Theorem 8, it is possible to upper
bound the weights of the graph by 1. 0

Theorem 10. O1(®, A) is NP-complete.

Proof. The proof is similar to the one of Theorem 8, and we do not detail it here. The
construction is the following, with the same notations as above:

*if(x,y) & Wmy, =1

*K:@_h.

With respect to the proof of Theorem 8, instead of considering the linear order called
(X, L) above, we consider the same set of arcs L without the arcs with a weight equal to
—1. Details are left to the reader. g

Corollary 11. For any odd integer m > 1, the problems P,,(®, 4) are NP-hard.

Proof. It follows from the fact that, in the proof of Theorem 10, it is possible to
upper bound the weights of the graph by 1. 0

Theorem 12. The problems Q1(®, Z) are NP-complete for Z € {I, O, S, W}.

Proof. We apply the same transformation as for Theorem 8 (and thus we keep the
same notations), but with the following weights:

*if(x,y) € W, myy, =3
*if (x,y) & W my, =1 and my,, =1

-1
and with K = %+2IWI—2h.
This transformation is obviously polynomial. Let us show that it keeps the answer

«yes » or « no ». The proof is quite similar as those of Theorems 6 and 8.

195



Computation of median orders: complexity results

Indeed, assume that there exists a subset W’ of W with |W/|<h and such that
removing the elements of W’ from H leaves a graph (X, W — W’ without any circuit. If
we consider it as a partial graph of G, its weight is 34W| - |W’|). Thanks to Lemma 5 b,

it is possible to complete (X, W — W’ into a linear order (X, L) by adding
n(n—1)

2
a linear order (X, L), that we may consider as a partial order if Z= O, or as an interval
order if Z= I, or as a semiorder if Z= S, or as a weak order if Z= W, with:

2 myy = 3(W= ) + @ -(m-wl)= n(nT_l) +20M - 2w 2K,

(x,y) el

- QW| - |W’|) extra arcs. As the weights are all greater than or equal to 1, we get

which shows that the answer of the instance (G, K) of Q1(®, 2) is « yes ».

Conversely, assume that the instance (G, K) of Q1(®, 2) admits the answer « yes »:
there exists a partial graph (X, U) of G =(X,Uy) which represents an element of Z,
with mey > K. Notice that (X, U) is without circuit. It is then possible, by Lemma 5

(x.y)eU
b, to complete U into a linear order L by adding extra arcs. As all the weights are
positive, we get a linear order (X, L) with mey > K. Let W’ be the subset of W
(x.y)eL
defined by W= W —-W N L. The graph (X, W — W) is equal to (X, W L), which is
without circuit by Lemma 5 a. Let us now compute Myy
(x.y) el

Dmy = Dmy T Ymy
(x,y)eL (x,y)eLnWw (x,y)eL-Ww
=Ll +IL-m
=2Lwl + Ll
n(n—1)
2

=z|m_z|W'|+@.

=2lw-w|+

-1
Hence, from mey >K= n(n-1)

(x,y) €L
that the instance (H, /) of FAS admits the answer « yes ».

+2|W -2k, we get |W'| < h. The set W’shows

In conclusion, the answer is kept by the transformation, and hence the problems
01(®, 2) is NP-complete for Z € {I, O, S, W}. 0
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Corollary 13. For any odd integer m > 3 and for Z € {I, O, S, W}, the problems
P(R, Z) are NP-hard.

Proof. It follows from the fact that, in the proof of Theorem 12, it is possible to
upper bound the weights of the graph by 3. U

Remarks.

In fact, the above proof can more generally be applied to any set Z with £ cZ c 4,
what is the case for the above sets.

We may notice that the weights of the graph G of Theorem 12 are chosen to be
positive, so that an optimal solution is in fact a linear order. The « price » of this trick is
that we need some weights to be greater than 1. Because of this, the complexities of the
problems P(®, 2) for Z € {I, O, S, W} remain open.

We now consider a profile /7 of linear orders, i.e. the problems Qo(£, Z) and
o1, 2)forze {4,C I L, 0, P, Q, R, S, T, or W}. The study of the complexity is more
difficult because the graphs associated with /7 are more constrained. Another
consequence is that we cannot fix the number m of relations of /7any longer (because of

the reconstruction of /7 from the graph; see above) though it will be possible to upper
bound m by a polynomial of n. To study the complexities of Qo(L, 2) and Q1(£L, Z), we

use the NP-completeness of two more constrained versions of FAS, that we call BFAS
and BFAS’ because they deal with bipartite graphs.

Problem BFAS

Instance: a directed, asymmetric, and bipartite graph H = (Y U Z, W U W>) where
Y=9{i1<i< |Y|} and Z={z; 1 <i< |zl = |Y|} give the two classes of A and with
W1 = {(z, y) for 1 <i<|Y} and W2 < {(yi, zj) for 1 <i< | and 1 <j < |¥]}; an integer
h;

Question: does there exist W’ Wi U Wahwith |[W’|< h and such that removing the
elements of W’ from H leaves a graph (Y U Z, (W U W>) — W) without any circuit ?
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Problem BFAS’
Instance: the same as for BFAS;

Question: does there exist W’ — Wywith |[W/|<h and such that removing the
elements of W’ from H leaves a graph (Y U Z, (W U W>) — W) without any circuit ?

Figure 10 shows how such a graph looks like. So the only difference between BFAS
and BFAS' is that, in BFAS' and with respect to the drawing of Figure 10, //’is only

made of horizontal arcs.
Y V4
b4 21
-t
]
Z n
Yn

1
Figure 10: an instance of BFAS.

Theorem 14. BFAS and BFAS' are NP-complete.

Proof. It is easy to show that BFAS and BFAS' belong to NP (details are left to the
reader). To prove that they are NP-complete, we transform the following problem,
called Vertex Cover, into BFAS or BFAS':
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Problem Vertex Cover (VC)
Instance: an undirected graph G = (X, U); an integer g;

Question: does there exist X’ — X with |X’|< g and verifying the following property:
Vv {x, y}eU, x €X' or y e X’ (X’is then a vertex cover of G of cardinality at most g) ?

It is known that VC is NP-complete (see R. Karp [1972]). Let (G, g) be any instance
of VC. We define an instance (H, /&) of BFAS or of BFAS' as follows:

* for any vertex x; € X (1 <i < |X = n), we create two vertices of H: y; and z
(1<i<m)andwesetY={y, 1 <i<n}and Z= {z,1<i<n};

* for any edge {x;, x;} of H, we create two arcs of H: (y;, zj) and (y;, z;); W2 will
denote the set of these arcs: W2 = {(v;, zj), (), zi), for i and j such that {x;, x;} belongs
to U};

* we complete H by adding all the arcs of the form (z;, y;) for 1 < i < n; they
constitute the set W1: W1 = {(z;, y;) for 1 <i<n};

* we setg=h.

Then we claim that G admits a vertex cover of cardinality at most g if and only if H
admits a feedback arc set included into W] of cardinality at most /.

Indeed, assume that there exists a vertex cover X’ of G with |X'|< g. Then let 7" be
defined by: W’ = {(z;, y;) for x; € X%. We clearly have |W'|=|X| < g=h. Moreover,
assume that there exists a circuit in the graph (YU Z, (W u W2) — W”). Then this
circuit necessarily goes through an arc (z;, y;) for some i such that x; does not belong to
X’and then goes through an arc (y;, z;) for an appropriate j (1 <j < n); the only way to
go on the circuit is to follow the arc (zj, y;) (it is the only arc with z; as its tail),which
involves that x; does not belong to X” But, as the arc (y;, zj) exists in H, {x;, x;} must be
an edge of G, and this edge is not covered by X", a contradiction.

Conversely, assume that (H, /) admits a subset W’ of W U W, which is a feedback
arc set of cardinality at most 4. Then there exists a subset W' of W; which is a

feedback arc set of H of cardinality at most 4 (for BFAS', W”is necessarily such a set;
so the following is useful only for BFAS). Indeed, for any arc (y;, zj) of W’ W>,
remove (y;, zj) from W”and replace it in W' by the arc (z;, y;). We get thus a subset of
W1 with at most / elements. To see that "' is a feedback arc set of H, it is enough to
notice that any circuit of H going through (y;, z;) goes also through (z;, y;), since (z;, ;)
is the only arc with y; as its head. So define X”as the set of vertices of G associated with
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the elements of W'': X’= {x; for (z;, y;) € W"}. Then obviously: |X’|< g. Moreover,
assume that X”is not a VC of G. It means that there exists an edge {x;, x;} of G with
x; € X’ and x; ¢ X’. So, similarly, we have in H: (z;, y;) ¢ W' and (z;, y;) ¢ W". But
in these conditions, the arcs (z;, y;), (Vi» Z)), (zj, ¥j), and (y}, z;) (these four arcs do exist in
H) define a circuit in the graph (YU Z, WU W, — W), and W' is not a feedback arc
set, a contradiction.

So the proposed transformation keeps the answer. As it is trivially polynomial with
respect to the size of the transformed instance (G, g), BFAS and BFAS' are NP-
complete. U

Now we study the complexity of the problem Qy(£, £), and then the one of O1(£, £):
Theorem 15. Qy(L, £) is NP-complete.

Proof. As noticed above, Qo(L, £) belongs to NP. We transform BFAS into
Oo(L, £). Let (H=(YVZ, WU W>), h) be any instance of BFAS, with the same
notations as above. Let (G, K) be the instance of Qy(L, £) defined by:

- the vertex setof Gis X=Y U Z;

- the arc set of G is Uy;

- for any arc (x, y) of G, the weight my,, of (x, y) is equal to: 2 if (x, y) € WU W2, -2
if (v, x) € M L W3, 0 otherwise;

-K=2\Mu m|-4h.

Notice that G is well defined since H is asymmetric. Moreover, the transformation is
clearly polynomial with respect to the size of the instance (4, #) of BFAS.

Now, assume that the instance (H, #) of BFAS admits the answer « yes »: there exists
W’ < Wi U W, with || < h and such that the graph (X, (W U W) — W) is without any
circuit. If we consider (X, (WU W2) — W) as a partial graph of G, its weight is
2|(VH U W) - W’|, ie. 2|Wu W5|-2lW|. Then, by Lemma 5 b, we may complete
(X, (W L W) — W) into a linear order (X, L) by adding appropriate arcs. Among these
extra arcs, there are at most || arcs (x, ¥) such that (y, x) belongs to W U W5, i.e. at

most || arcs with a weight equal to —2. More precisely, the weights of the arcs of L
belonging to W} U W, are equal to 2, and there are at least KW{ U - W’| such arcs;
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the weights of the arcs (x, y) of L such that (y, x) belongs to W] U W, are equal to -2,
and there are at most || such arcs; the other arcs of L have a weight equal to 0. Hence:

Domyy = 2o |- 2Aw = 2\w| = 2w o |- 4w = 2w o ws| - 4k = K.
(x,y)eL

So (G, K) admits also the answer « yes ».

Conversely, assume that (G, K) admits the answer « yes »: there exists L < Uy with

mey > K and such that (X, L) is a linear order. Thus consider the set
(x,y)eL
W'=(WouW)—(Mu W)L, As (X, L) is a linear order, (X, L) is without any
circuit. Thus, by Lemma 5 a, (WU W2)NL = (W W) — W’ is also without any
circuit. Let (x, y) be an element of W’ (and thus of W] U W>); then the arc (y, x) belongs
to L (because L is complete and (x, y) does not belong to L) and its weight is —2. So,
suppose that we have |W’| > h. Then there are at most |(Wi UMW) - W'| arcs which

belong to W} LU W, and to L. So we get:

D myy <20 o) —w| =2 = 2w u |- 4w < 2m O |- 4k =K,
(x,y)eL

a contradiction. It means that W ’satisfies all the conditions and the answer admitted
by (X, L) is « yes ».

All these considerations show that Qo(£, £) is NP-complete. U

Corollary 16. For f'= Q(n/logn), with f taking even values, P( L, £) is NP-hard and,
for any even integer m > 2, P, (7, £) is NP-hard.

Theorem 17. O1(£, £) is NP-complete.

Proof. It is the same proof as for Qy(L, £), but with the weights 1, n, and —n instead
of 0, 2, and -2 respectively, and with K = n|W1 U Wz| —2n.h instead of 2|W1 U Wj| —4h.
Details are left to the reader. 0

Corollary 18. For /= Q(n?/logn), with f taking odd values, PAL, £) is NP-hard and,
for f= Q(n) with f'taking odd values, PAT, £) is NP-hard.
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Remark. An interesting case is the problem P1(7, L), set by P. Slater (1961) (also

known under other names; see for instance I. Charon et alii (1997) or O. Hudry et alii
(2005) for references), i.e. the approximation of a tournament by a linear order.
Unfortunately, the proof of Corollary 18 does not allow to know the complexity of
Slater’s problem, which remains an open problem.

Proofs similar to the previous ones (and not given here) lead to the following results:

Theorem 19. Qo(L, A), O1(L£, A), Qo(L, 0), and Q1(L, O) are NP-complete. For
f=(n/logn), with f taking even values, PAL, A) and PA(L, O) are NP-hard. For any
even integer m > 2, P,,(T, A) and P,,(T; O) are NP-hard. For = Q(n?/logn), with f'taking
odd values, PAL, A) and P(L, O) are NP-hard. For /= Q(n) with f taking odd values,
PAT, A) and PA T, A) are NP-hard.

Now we study the complexity of the problems Qo(£, 2) for Z € {C, I, S}.

Theorem 20. For Z € {C, I, S}, Qo(L, 2) is NP-complete.

Proof. Let Z belong to {C, I, S}. As for the other problems above, Qy(L, 2)
obviously belongs to NP. We transform BFAS' into Qg(£, 2). Let

(H=(YvuZ, MU W), h) be any instance of BFAS', with the same notations as above.
Let (G, K) be the instance of Qo(L, 2) defined by:

- the vertex setof Gis X =Y U Z;
- the arc set of G is Uy;

- for any arc (x, y) of G, the weight my, of (x, y) is equal to: 2 if (x, y) € W, 2 if
y,x)e M,4n-21f (x,y) € W, —(4n-2) if (¥, x) € W3, 0 otherwise;

-K=(@4n-2)\ms|+2n—4h.

Notice that G is well defined since H is asymmetric. Moreover, the transformation is

clearly polynomial with respect to the size of the instance (H, #) of BFAS'.

Now, assume that the instance (H, /#) of BFAS' admits the answer « yes »: there
exists W’ < W; with |W’| <h and such that the graph (X, (W U W) — W) is without
any circuit. We prove that the instance (G, K) admits also the answer « yes » as in
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Theorem 15. If we consider (X, (W] U W) — W) as a partial graph of G, its weight is
2|W — W'|+ (4n+2)W5|. By Lemma 5 b, we may complete (X, (W U W) — W) into a
linear order (X, L) (that we shall consider as an interval order if Zis I, or as a semiorder
if Z1is S, or as a complete preorder if Z is () by adding appropriate arcs. Among these
extra arcs, there are at most || arcs (x, y) such that (y, x) belongs to W, i.e. at most
|W'| arcs with a weight equal to —2, while the other extra arcs all belong to
Ux — (W U W) and have a weight equal to 0. More precisely, the weights of the arcs
of L belonging to 1] are equal to 2; there are at least |[] — W'| such arcs. The weights
of the || arcs of L belonging to W, are equal to 4n — 2. The weights of the arcs (x, y)
of L such that (y, x) belongs to W] are equal to —2; there are at most |#’| such arcs. The
other arcs of L have a weight equal to 0. Hence, since |{|=n and W’ W:

D gy = 2AW = W'+ (dn=2)\Wa| = 2|W| = 2n+ (4n-2)\Wa| - 4|
(x,y)el

and so, since |W'| < h: mey >2n+(@dn—2)\Ws|-4h =K.
(x,y)eL

So (G, K) admits also the answer « yes ».

Conversely, assume that (G, K) admits the answer « yes ». We consider two main
subcases: Z € {I, §} or Z= (.

e I8t subcase: Z € {1, S}

Since a semiorder is an interval order, there exists / < Uy with mey > K and
(x.y)el

such that (X, /) is an interval order. We want to show that then the instance (H, /) of
BFAS' also admits the answer « yes ». Notice that if / is greater than n, the answer of
(H, h) is trivially « yes »; so, assume that we have # <n — 1. Let us show that / contains
all the arcs of W, . Assume the contrary. The arcs of / with a non-negative weight would
be at most the n elements of W; (with a weight equal to 2) and at most || — 1 arcs of
W, (with a weight equal to 4n - 2). So we would get:

z Myy < 2n+(4n— 2ﬂWz|— 1). On the other hand, we are supposed to have:
(x.y) el

mey >K= (4n—2]Wz|+2n—4h, from which we draw 44 > 4n — 2, which is
(x.y)el
incompatible with 2 < n — 1. Hence: W, — I and, because of the antisymmetry of 7,
there is no arc in 7 of the form (z;, y;) with i #j. We prove now that we may construct a
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linear order L with mey > K from /. For this, set J =1 - {(x, y) € I with my, =0},
(x.y) L
and gather the vertices of X into the following three sets:

*X1={yr €V, zxt € Zsuchthat(z, yr) € J}
*Xo ={yr €V, zx € Zsuchthat (yx, zx) ¢ Jand (z, yx) ¢ J}
* X3 ={yr €V, zx € Zsuchthat (yx, z) € J}.

The situation is illustrated by Figure 11. We are going to show that the dashed arcs of
Figure 11 do not exist in fact. Notice that, as a subset of / which contains no circuit, J
contains no circuit.

The dashed arcs with their two extremities inside X7 cannot exist, otherwise there
would exist a circuit in J. Now consider an arc (y;, z) with yje Y, z; € Z (thus i # )

and with an extremity inside X7 and the other inside X>. As one extremity belongs to
X1, the arc (z;, y;) or the arc (zj, y;) exists in /, and thus in J since its weight is not

equal to 0. Also, by construction of G, (y;, zj) is an arc of G, and thus of I (W, < I).
Assume that (z;, y;) belongs to 7 (and thus to J); then y; and z; belong to X, while y;
and z; belong to X>. In this case, as [ is transitive, the arcs (y;, z), (z, yi), (Vi, zj)
involve the existence of the arc (y;, z;j), a contradiction with the belonging of y; and
zj to X2 . Similarly, the dashed arcs with their two extremities inside X, cannot exist in
I. Indeed, assume that such a pair of arcs (y;, z) and (y;, z;) exist with y; € Y X3,
yi YN Xy, z; e ZNn Xa, and z; € Zn X (i #) exist (notice that if one of these two
arcs exists, the other one must exist too). As y;, y;, z, and z; belong to X3, the arcs
(yi, zi) and (y;, z;j) do not belong to /. But then the arcs (y;, z) and (y;, zj) do not

respect the definition of an interval order. So the look of J is as the one shown by Figure
11 without the dashed arcs.
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X3

Figure 11. The graph induced by J for Qg(£, Z) when Zis equal to I or §.

205



Computation of median orders: complexity results

Now, setJ'=JuU{(z,y) € W fory € Xp andz € X} (with respect to Figure 11, we
add all the horizontal arcs from right to left with their two extremities in X). As the
vertices of X, are linked only with vertices of X3, it is easy to see that J’is still without
any circuit. As the weights of these arcs are positive, we get:

Z Myy = mey = Z my, > K. As J’is without circuit, by Lemma 5 b, we may
(x.y)el’ (x.y)el (x.y)el
extend J’into a linear order L. As we had W, < [ and as, for any index k with 1 <k <n,
y; and z; are already linked by an arc belonging to J/, all the arcs that we add in order to
define L from J”have a weight equal to 0. Hence mey = Z myy = K. The end of

(x.y)eL (x.y)eJ’
the proof is exactly the same as in Theorem 15, and we do not duplicate it here: from L
we define a subset W’ which shows that the instance (H, /) of BFAS' admits the answer
« yes », which completes the proof for the subcase Z € {1, S}.

o 2nd gybcase: Z=C

As for the previous case, we are going to prove that, if the answer admitted by the
instance (G, K) is « yes », then we can build a linear order which gives this answer
«yes ». Then the conclusion will be the same as above.

So, assume that there exists a subset C of Uy such that (X, C) is a complete preorder

with Z my, > K. As above, this inequality involves that C contains all the elements
(x,y)eC

of W, and no arc (x, y) such that (y, x) would belong to W, (details are left to the

reader). Let D be the set made of the arcs of C with a non-zero weight: D=C—

{(x,y) € C with my, = 0}. Moreover, gather the vertices of X into the following three

sets:
*X1={yx €V, zx € Zsuchthat(z, yr) € Dand (y, z) ¢ D}
*Xo ={yr €V, zx € Zsuchthat (y, zx) € Dand (z, yr) ¢ D}
*X3={yr €V, zxt € Zsuchthat (), zx) € Dand (z, yx) € D}.

The look of the graph induced by D is given by Figure 12. We are going to show that
the dashed arcs of Figure 12 do not exist in fact.
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Figure 12. The graph induced by D for Qo(L, C).

Indeed, let (y;, z) be such an arc with z; € Z and y; € Y. Then its weight is not
equal to 0, and it is the same for (y;, z;), which thus belongs to D. If we assume that the
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four vertices y;, y;, z, and z; belong to Zj U Z3, then the arcs (z;, y;) and (z;, y;)
belong to D and, by transitivity, the arcs (z;, y;) and (z, y;) also belong to D, what is

impossible (see above). So, the look of the graph induced by D is the one depicted by
Figure 12 without the dashed arcs.

The next step consists in showing that we may extract a set D of arcs from D such
that D’ 1s without circuit while its weight Z my,y 1s still greater than or equal to K.
(x,y)eD’
For this, let D “be defined by D’= D — {(y;, z;) for y; € X3, z; € X3} (in other words,
with respect to Figure 12, we remove the — almost — horizontal arcs inside X3 and
oriented from left to right). As the removed arcs have a negative weight, we get:
Z Myy = mey > K. Moreover, D’is without circuit. Indeed, consider any circuit
(x.y)eD’ (x.y)eD
in D, which is transitive. Such a circuit must contain an arc of the form (z, y;) with
vi € Yand z € Z (since it is the only way to go from Z to Y in the graph induced by
D). Because of the transitivity of D applied to the considered circuit, (y;, z; ) must also
be an arc of D, and so y; and z; must belong to X3. So the removal from D of the arcs
(i, zi) with y; € X3, z; € X3 leaves a graph (induced by D’) without any circuit.

We may now conclude. As D’ is without any circuit and by Lemma 5 b, we may
complete it into a linear order L by adding appropriate arcs. As D”already contains >
and, for 1 <i < n, exactly one of the two arcs (y;, z) or (z, y;), the extra arcs have a
weight equal to 0. So, we get: mey > z my, > K. Then it is sufficient to apply

(x,y)eL (x,y)eD’
the same argument as in Theorem 15 to show the existence of a subset W’ of WU W,
which gives the answer « yes » to the instance (H, 4) of BFAS', which completes the
proof for the subcase Z= C. g

Corollary 21. For Z € {C, I, S} and for = Q(n2/logn), with f taking even values,
PAL, Z) is NP-hard. For Z € {C, I, S} and for f=Q(n) with f taking even values,
PAT, Z) is NP-hard.

Remark. If we transpose the proof of Theorem 20 in terms of preferences, we build
a profile of linear orders such that there exists an optimal interval order, or an optimal
semiorder, or a complete order which is in fact a linear order. An interesting question
would be to know whether it is always the case, for any profile of linear orders.
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Proofs similar to the previous ones (and not given here) lead to the following results:

Theorem 22. For Z € {C, I, S}, the problems Qi(£, 2) are NP-complete. For
Z e {G L, S} and for = Q(n3/logn), with f taking odd values, PAL, Z) is NP-hard. For
Z e {C, I, 8} and for f= Q(n2), with ftaking odd values, PAT, 2) is NP-hard.

To study the complexity of the problems PAY, Q) and PAY, W), we first prove a
lemma. In order to state it, we recall a previous notation. For any set Z of binary
relations defined by some properties, we define Z¢ as the set of preferences which are
the asymmetric part of a preference belonging to Z. In particular, we have (¢ = %/,
Q4 =S, and ® = 0.

Lemma 23. For ¥ € {£, T} and for any set Z and any function f, P{?, Z) and
P/, z7) have the same complexity.

Proof. The result comes from the fact that we have A(/7, Z2) = A(/1, Z%), for any
profile /7 of linear orders or of tournaments and any element Z of Z. U

Corollary 24.

e For f = Qn/logn), with f taking even values, PAL, ® is NP-hard. For
= Q(n%/logn), with f taking even values, PAL, Q) and PA L, W) are NP-hard.

e For f = Q(n?/logn), with f taking odd values, PAL, ® is NP-hard. For
f=Q(n3/logn), with f'taking odd values, PAL, Q) and PA L, W) are NP-hard.

e For m=>2 with m even, P17, ® is NP-hard. For f=Q(n) with f taking even
values, PA(T, Q) and PAT, W) are NP-hard.

e For f=Q(n) with f taking odd values, PA7, ®) is NP-hard. For /= Q(n2) with f
taking odd values, PAT, Q) and PA( T, W) are NP-hard.

e For any even m > 2, the problems P,,(®, ?) and P,,(®, Q) are NP-hard.

e For f=Q(n) with f taking odd values, PA®, ®) is NP-hard. For any odd m > 3,
Py(R, Q) is NP-hard.
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Proof. For &= £ or &= T, these results come as a consequence of Theorem 19,
Corollary 21 and Theorem 22 and from the application of Lemma 23 to Z= 0, Z= Q
and to Z= (. For Y= ®, this comes from Lemma 23, Corollary 7 and Corollary 13 for
Z=Qor Z= (, or from the complexity of PAT, @) for Z = Q (by considering T as
included into R). U

The last result of this section deals with any set ¥’ containing L.

Theorem 25. For /= Q(n/logn), with ftaking even values, for any set ¥Ywith £ < ¥,
for Ze { 4, L, O, P}, PA?Y, Z) is NP-hard. For /= Q(n?/logn), with ftaking odd values,
for any set ¥ with £ < %, for any set Z € { 4, £, O, ¥}, PAY, Z) is NP-hard. For
f=Q(n%/logn), with f taking even values, for any set & with £ < 9 for any set
Ze{C L QS Wy, PAY, 2) is NP-hard. For f= Q(n3/logn), with f taking odd values,
for any set Ywith £ < % for any set Z € {C, I, Q S, W}, PA?, Z) is NP-hard.

Proof. The previous results give the statement of Theorem 25 for = L. For £ < 9]
it is sufficient to consider any instance of the NP-hard problem P/ L, Z) as an instance
of P{?, Z). This transformation (the identity !) is obviously polynomial and keeps the
answer. Hence the result. g

In particular, we may apply Theorem 25 when ¥is any one of the sets 4, C, I, £, O, @,
Q, R, S, T, or W, but also to « mixed » profiles belonging to any union of two or more
sets 4, G, I, £, O, & Q R S, 1, or W, for instance to profiles which may contain
tournaments, preorders, and interval orders simultaneously...

5 Conclusion

The previous section was devoted to NP-hard problems. There are also some
problems PA%, Z) which are polynomial. It is trivially the case for P, ®) and for

PAY; T), for any set ¥'and any function /. Indeed, if we consider the associated problems
00, ®), O1(% R), OQo(Y, T), or O1(Y, 1), it is easy to see that an optimal solution
consists in keeping all the arcs of G with a positive weight for Z= R, or in keeping, for
each pair of arcs (x, x) and (x’, x), the arc with the greatest weight for Z= 7. Another
interesting polynomial case is the one of unimodular orders; in this case, the aggregation
of unimodular orders into a unimodular order is polynomial (see D. Black (1948)).
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Anyway, it seems that properties like the lack of circuits or transitivity usually lead
to NP-hard problems. The previous complexity results illustrate this trend. We may
summarize them by the tables of Figure 13 (m even) and Figure 14 (m odd). In these
tables, « NPH » means that the considered problem P/, Z) is NP-hard. In such a case,
we indicate the range of a lower bound of the number m of relations inside the profile
which ensures that P9, Z) is NP-hard; for instance, m = ((n) with m odd for PAT, L)
means that PA7, £) is NP-hard if the range of the odd number m of tournaments of the
profile is at least n. As a general result, remember that the NP-hardness of PAY, 2)
involves the one of Pr2(%, Z). To my knowledge, when not trivial, the complexity for
lower values of m is not known. The letter « P» means that P, 2) is (trivially)
polynomial. Remember also that all the results displayed in the tables of Figures 13 and
14 remain the same if we add the reflexivity or the irreflexivity to the considered types
of relations.

From this table, it appears that some cases are still unsolved, when m is low. One
such interesting case is the problem stated by P. Slater (1961), i.e. P1(7, £) for which /7

is reduced to one tournament while the median relation must be a linear order. In spite
of repeated efforts, its complexity remains open...

Median relation (2) e R™M (Y=R®) HeT™ (=9 ITe YMwith LY
binary relation (®) P P P
tournament (7) P P P
acyclic relation (4) NPH, m >2 NPH, m>2 NPH, m = Q(n /log n)
complete preorder ()] NPH, m = Q(n) NPH, m = Q(n) NPH, m = Q(n? /logn )
interval order (1) NPH, m >2 NPH, m= Q(n) NPH, m = Q(n? /logn)
linear order (L) NPH, m >2 NPH, m>2 NPH, m = Q(n /log n)
partial order (O) NPH, m>2 NPH, m>2 NPH, m = Q(n /log n)
preorder () NPH, m >2 NPH, m >2 NPH, m = Q(n/log n)
quasi-order (Q) NPH, m >2 NPH, m = Q(n) NPH, m = Q(n? /logn )
semiorders (.5) NPH, m >2 NPH, m= Q(n) NPH, m = Q(n2 / logn)
weak order (1) NPH, m >2 NPH, m = Q(n) NPH, m = Q(n? /logn )

Figure 13. The complexity results for m even.
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Median relation (Z)

Te M (Y=Q)

TeT™ (¥Y=9)

[Te YMwith L&

binary relation (®) P P P
tournament (7) P P P
acyclic relation (1) | NPH,m>1 NPH, m = Q(n) NPH, m = Q(n? /logn )

complete preorder (C)

NPH, m = Q(n?)

NPH, m = Q(n?)

NPH, m = Q(n* / logn)

interval order (1) NPH, m >3 NPH, m = Q(nz) NPH, m = Q(n3 / logn)
linear order (L) NPH, m > 1 NPH, m = Q(n) NPH, m = Q(n? /logn )
partial order (0) NPH, m >3 NPH, m = Q(n) NPH, m = Q(n2 / logn)
preorder (@) NPH, m = Q(n) NPH, m = Q(n) NPH, m = Q(n? /logn )
quasi-order (Q) NPH, m >3 NPH, m = Q(n?) NPH, m = Q(n3 / logn)
semiorders (.5) NPH, m >3 NPH, m = Q(nz) NPH, m = Q(n3 / logn)
weak order () NPH, m >3 NPH, m = Q(n?) NPH, m = Q(n3 / logn)
Figure 14. The complexity results for m odd.
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Continuous Ordinal Clustering:
A Mystery Story?
Melvin F. Janowitz'

Abstract

Cluster analysis may be considered as an aid to decision theory because of its
ability to group the various alternatives. There are often errors in the data that |ead
oneto wish to use algorithms that are in some sense continuous or at |east robust with
respect to these errors. Known characterizations of continuity are order theoretic in
nature even for data that has numerical significance. Reasons for this are given and
arguments presented for considering an ordinal form of robustness with respect to
errorsin theinput data. The work is preliminary and some open questions are posed.

1 TheBackground

In their book “Mathematical Taxonomy” [1], N. Jardine and R. Sibson presented a model
for clustering algorithms that only allowed one feasible algorithm that produced an ultra-
metric output: single-linkage clustering. Among other things they assumed two axioms:

1. Clustering algorithms should be continuous.

2. Clustering algorithms should not be concerned with values of dissimilarities—only
whether one value is larger or smaller than another.

But how can this be? The first condition involves the consideration of what happens when
objects are close together. The second condition tells us to ignore closeness. Thisis a
puzzle to be unravelled.

INote: The present work has different goals and was done independently of the paper by O. Gascuel
and A. McKenzie, Performance Analysis of Hierarchical Clustering, Journa of Classification, 11, 2004,
pp. 3-18, though there is some overlap of ideas.

TDIMACS, Rutgers University, Piscataway, NJ 07641.

215



Continuous Ordinal Clustering: A Mystery Story

2 Definitions

The terminology in the areais not universal, so let’s clarify the terms.

Input Data This is a finite nonempty set P of objects to classify. Each object has
associated with it a set of numerical, binary, or nominal attributes.

Output Data A partition of P or an indexed nested sequence of partitions, the top one
having asingle class.

Intermediate step Convert the attribute data into a dissimilarity coefficient (DC). A
DCon Pisamappingd : P x P — % (the non-negative reals) such that

(1) d(a,b) = d(b,a) > 0
(2) d(a,a) =0fordlaec P.
d isdefiniteif also
(3) d(a,b) = 0 impliesa = b in the sense that they areidentical.
d isan ultrametric if it satisfies (1), (2) and the ultrametric inequality
(4) d(a,b) < max{d(a,c),d(b,c)} fordl c € P.

The DCs are ordered by therule d; < dy <= d;(a,b) < dy(a,b) fordl a,b € P. The
smallest DC isthen given by 0 which isdefined by 0(a, b) = 0 for dl a,b € P.

The T—transform For the DC d, define Td by the rule
Td(h) = {(a,b) : d(a,b) < h},

noting that 7d(h) isareflexive symmetric relation. 7d(h) isan equivalencerelation for all
h if and only if d is an ultrametric. When ordered by set inclusion, the smallest reflexive
symmetric relation is denoted Ry, and is defined by Ry = {(a,a) : a € P}, and the
largest oneisgiven by Rpp = {(a,b) : a,b € P}. It iseasy to show that the reflexive
symmetric relations then form a Boolean algebra isomorphic to the power set of the two
element subsets of P.

Relations of the form 7d(h) are called threshold relations of d, and the proper thresh-
old relations are those other than Ry.

Thereis a natural well known bijection between ultrametrics and indexed nested se-
guences of equivalence relations, the top one being Rpp.
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A cluster method is then amapping d — F(d) where d and F(d) are DCs. The usual
algorithm takes F'(d) to be an ultrametric.

If |P| =p,and k = p(p — 1)/2, then DCs may be viewed as vectors in the positive
cone of a k-dimensional Euclidean vector space, and cluster methods may be viewed as
mappings on the positive cone of this space. Any of the usual metricsfor Euclidean spaces
may then be used. In particular, we use A, which is defined by

Ao(dy, dy) = max{d;(a,b) — dy(a,b)| : a,b € P},

and is based on the L..-norm. Continuity, left continuity, and right continuity of a cluster
method then all have their expected meanings.

It is easy to justify continuity as a desirable condition for a cluster method. The
input data may very well have small errors, and it would be nice if a small error for the
input would translate to a small error for the output. But in their book [1], N. Jardine
and R. Sibson showed that in the presence of continuity and certain other properties,
the only acceptable cluster method is single-linkage clustering. Thisis defined by taking
[TF(d)|(h) = yoTd(h), where~(R) isthe equivalence relation generated by the reflexive
symmetric relation R.

3 Propertiesof Cluster Methods

We rephrase here some of the axioms that were introduced by Jardine and Sibson [1] for
acluster method F'.

(JS1) Idempotent = F o F.
(JS3) Scaleinvariance. F(ad) = aF(d) for dl o > 0.

(JS3a) Monotone equivariance F'(0d) = 0F(d) for every order automorphism 6 of the
nonnegative reals.

(JS5) Isotoned; < d, impliesthat F'(d;) < F(ds).

(JS5a) O-isotone If Td;(0) = Tdy(0), then dy < dy impliesthat F'(d;) < F(ds).

Theorem: For amonotone equivariant cluster method £, the following conditions are
equivalent:
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1. There exists a mapping n on the reflexive symmetric relations such that for every
DCd, TF(d) = 7 o Td.

2. I iscontinuous.

3. Fisright continuous.
Theorem Let £’ be monotone equivariant.

e Then F isleft continuous if and only if there is afamily (nz)rex(p) Of mappings
on X(P) such that TF (d) = 0z © 1d.

e F' iscontinuous if and only if there is a mapping n on X(P) such that TF'(d) =
n o Td.

F being isotone has unexpected consequences.

Theorem If the image of F' contains all ultrametrics, and if F' satisfies JS1 and JS5,
then F'(d) < d for every DC d.

Lemma: Let F' satisfy JS3 and JS5a, and d a DC. There then exist positive constants
d(d), M(d) suchthat 0 < Ay(d,d’) < §(d) withTd(0) = Td'(0) = A¢(F(d), F(d)) <
M(d)o(d). If F is isotone, the implication holds with 7d(0) = 7d'(0) replaced by
Td(0) C Td'(0).

Theorem: If F satisfies JS3 and JS5a, then F is left continuous. If it also satisfies
JS5, it isin fact continuous at all definite DCs. Question: What does it take to make F'
continuous at all DCs?

Here is an example illustrating this Theorem. Take F'(d) = 0 if d is not definite,
and F'(d) to be single linkage clustering on the definite DCs. But this exampleisin fact
monotone equivariant. Question: Isthere a cluster method satisfying JS3 and JS5 that is
not monotone equivariant?

Theorem Let F' be monotone equivariant. Then JS5ais equivalent to |eft continuity.

Thus continuity plus monotone eqivariance rules out almost al cluster algorithmsthat are
commonly used by investigators. We will argue that the important property of continuity
may be ordinal in nature rather than metric.
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4 Clustering Data Having Ordinal Significance

A DC d has ordina significance if the numerical values of d have no meaning, only
whether one of d(a,b) < d(z,y), d(a,b) > d(z,y) or d(a,b) = d(z,y) is true. But
Jardine and Sibson [1] argue that one should use a monotone equivariant cluster method.
Recall that thisis a cluster method £ having the property that '(6d) = 6F(d) for every
DC d, and every order automorphism 0 of & . Thisis a rather strong assumption, and
in alater paper Sibson [2] argues that it suffices to use a cluster algorithm that preserves
global order equivalence, which is denoted ~,, and defined by the rule that d, ~, d, if
and only if thereis an order automorphism ¢ of 5]%3 such that d; = 0 o dy. Thus one wants
dy ~4 dy toimply that F'(dy) ~, F(d2). Two cluster methods £, G are globally order
equivalent if F'(d) ~, G(d) for every DC d defined on P. It turns out that every cluster
method F' that

preserves global order equivalence and has the property that
the image of F'(d) cannot have more members than the image of d

is globally order equivalent to a monotone equivariant cluster method, so we have not
moved far from monotone equivariance.

Butlet P = {a,b,c} withd;(a,b) = 0,dy(a,c) = 1and dy(b,c) = 3. If dy = d; + 1,
then d; and d, are not globally order equivalent; yet they are equivalent in away that we
need to preserve. The proper definition isto say that d; and d, are weakly order equivalent
(denoted d; ~,, dy) in case dy(a,b) < di(z,y) <= da(a,b) < dy(z,y). But now
things are not so nice. A monotone equivariant cluster method need not preserve weak
order equivalence. One can characterize when a cluster method that preserves weak order
equivalence is weakly order equivalent (obvious definition) to a monotone equivariant
cluster method.

The big question now is this. What in the world does any of this have to do with
continuity in the Ay metric? Hang on. A clue is coming.

5 The Connection with Continuity

If continuity is a desirable condition, it would be very nice to find a continuous cluster
method that is not monotone equivariant. Where does one look? Let’s start by seeing if
thereis any property that al continuous cluster methods might have in common.

For any DC d, define the mesh width of d by

1
p(d) = Qmin{]hi —hi—q] 1 < <t}
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wheretheimageof disO =hyg < hy < -+ < hy.

Fundamental Result: If Ay(d,d') < p(d), thend < d' in the sense that

d(a,b) < d(x,y) = d'(a,b) < d'(z,vy).

Notethat d ~, d < d < d"andd’ < d. So suddenly there is a connection between
metric properties of A, and ordinal considerations. Indeed, if d,, — d, there must exist
apositive integer N suchthat n > N — d,, < d. There is aweak converse connec-
tion given by the fact that d < d' implies the existence of d” such that d' ~,, d’ and
Ao(d,d") < pu(d). Infact d < d’ isequivalent to d being arbitrarily close to some d” with
d" weakly order equivalent to d’'.

Theorem: d < d if and only if there is a sequence (d,,) of DCs all weakly order
equivaent to d’ such that d,, — d,

Theorem: d < d' if and only if every proper threshold relation of d is a threshold
relation of d'.

Definition. A cluster method F' is called ordinally continuous if

d=d = F(d) X F(d).

Theorem: Let £ be continuous.
Thereexists§ > 0 suchthat Ay(d,d') < 6 = d < d"and F'(d) < F(d').
d <d = 3aDCd" suchthat d' ~,, d’ and F'(d) < F(d").

Corallary: If F iscontinuous and preserves weak order equivalence, then £’ is ordi-
nally continuous.

It is natural to conjecture that monotone egivariance together with ordinal continuity
might imply continuity. Here is an example showing thisto befalse. Let R, Rs, ..., R,
denote the proper threshold relations of d. Take as the threshold relations for F'(d) those
R; that happen to be equivalence relations. Assign each such equivalence relation the
level at which it came into being for d. This cluster method is monotone equivariant,
order continuous, but not continuous. We illustrate this concretely.

Let P = {a,b,c}, and define d(a, b) = d(a,c) = 1, with d(b, c¢) = 2. d’ is defined by
d'(a,b) = 1,d(a,c) = 1+¢,d'(b,c) = 2,where0) < ¢ < 1/4. Notethat u(d) = 1/2,
and Ay(d,d’) < 1/4. Thereader can verify that Rpp isthe only proper threshold relation
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of F'(d), while F(d') has Rpp, aswell as Ry U {(a,b), (b,a)}. It followsthat F'd(a,b) =
Fd(a,c) = Fd(b,c) = 2, while Fd'(a,b) = 1 with Fd'(a,c) = Fd'(b,c) = 2. Thus
Ao(d,d') = e,while Ag(Fd, Fd') = 2. Lettinge — 0, it followsthat £’ isnot continuous.

If we take the view that it is only the partitionsthat F'(d) produces that are of interest,
and not the levels at which they occur, then if we define a cluster method G to be single
linkage clustering with the levels of the output rank ordered, then G is just as good as
single linkage as a cluster algorithm. Thus we want conditions of a cluster method that
tell us when the method is weakly order equivalent to a continuous cluster method. The
only clear fact for such a cluster method is that if it preserves weak order equivalence, it
must be order continuous. Such a cluster method need not be isotone, nor need it preserve
multiplication by a positive scalar «.

I's Continuity the I ssue? The motivation usually given for continuous cluster meth-
odsisthat small errorsin the input should tranglate to small errorsin the output. But small
errors in the input d produce a DC d’ such that d < d’, so thisis really an argument for
ordinal continuity.

Fundamental Question: Find necessary and sufficient conditions on a cluster method
F sothat F'isweakly order equivalent to a continuous cluster method.

Examplesarewanted (if there are any) of useful continuous cluster methods that are
not monotone equivariant.

Complete Linkage Clustering Complete linkage clustering is not continuous, but
does have the property that d ~,, d = F(d) ~,, F(d'). Isthisthe key property that
needs to be preserved? Is there a version of complete linkage clustering that is ordinally
continuous?
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Compact preference representation and
combinatorial vote

Jerdme Lang

Abstract

In many real-world social choice problems, the set of alternatives is defined as
the Cartesian product of (finite) domain values for each of a given set of variables,
and these variables cannot be asusmed to be prefentially independent (to take an
example, if X is the main dish of a dinner and Y the wine, preferences over Y depends
on the value taken for X). Such combinatorial domains are much too large to allow
for representing preference relations or utility functions explicitly (that is, by listing
alternatives together with their rank or utility); for this reason, artificial intelligence
researchers have been developing languages for specifying preference relations or
utility functions as compactly as possible. This paper first gives a brief survey of
compact representation languages, and then discusses its role for representing and
solving social choice problems, especially from the point of view of computational
complexity.

1 Introduction

Voting procedures have been extensively studied by researchers in social choice theory
who have studied extensively all properties of various families of voting rules, up to an
important detail: candidates are supposed to be listed explicitly (typically, they are indi-
vidual or lists of individuals, as in political elections), which assumes that they should not
be too numerous. In this paper, we focus on the case where the set of candidates has a
combinatorial structure, i.e., is a Cartesian product of finite value domains for each one

of a set of variables: this problem will be referred tocasbinatorial vote. In this case,

the space of possible alternatives has a size being exponential in the number of variables
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and it is therefore not reasonable asking the voters to rank or evaluate on a utility scale all
alternatives.

Consider for example that the voters have to agree on a common menu to be composed
if a first course dish, a main course dish, a dessert and a wine, with a choice of 6 items
for each. This makeé* candidates. This would not be a problem if the four items to
choose were independent from the other ones: in this case, this vote problem over a set of
6* candidates would come down to four independent problems over sétsanfdidates
each, and any standard voting rule could be applied without difficulty. Things become
more complicated if voters express dependencies between items, such as “l would like
to have risotto ai funghi as first course, except if the main course is a vegetable curry, in
which case | would prefer smoked salmon as first course”, “I prefer white wine if one of
the courses is fish and none is meat, red wine if one of the courses is meat and none is
fish, and in the remaining cases | would like equally red or white wine”, etc.

As soon as variables are not preferentially independent, it is generally a bad idea to
decompose a combinatorial vote problem witkariables into a set gf smaller problems,
each one bearing on a single variable: “multiple election paradoxes” [9] show that such a
decomposition leads to suboptimal choices, and give real-life examples of such paradoxes,
including simultaneous referenda on related issues. They argue that the only way of
avoiding the paradox would consist in “voting for combinations [of values]”, but they
stress its practical difficulty: “To be sure, if there are more than eight or so combinations to
rank, the voter’s task could become burdensome. How to package combinations (e.g., of
different propositions on a referendum, different amendments to a bill) so as not to swamp
the voter with inordinately many choices — some perhaps inconsistent — is a practical
problem that will not be easy to solve.”

In this paper we address this issue. Since the preference structure of each voter cannot
be reasonably expressed explicitly by listing all candidates, what is needed is a compact
preference representation language. Such preference representation languages have been
developed within the KR community; they are often build up on propositional logic, but
not always (see for instance utility networks [1] [14] or valued constraint satisfaction
[18] — however in this paper we restrict the study to logical approaches); they enable
a much more concise representation of the preference structure, while preserving a good
readability (and hence a proximity with the way agents express their preferences in natural
language)Therefore, the first parameter to be fixed, for a combinatorial vote problem, is
the language for representing the preferences of the voters.

Now, two other problems arise:

1. How are these compactly represented preferences pratcically specified by the vot-
ers? Assuming that voters can easily express by themselves (without any kind of
help) their preferences over combination of values using complex logical objects
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is often not reasonable; even if they do, it is highly possible that the preference

relation induced by the specification is incomplete or inconsistent. So as to help

agents expressing their preferendateractive elicitation procedures work by find-

ing relevant questions to ask, until the agent’s preference relation is consistent and
complete. Preference elicitation in combinatorial domains has been investigated in
several recent works [2, 3, 13] and will not be considered here.

2. Once preference have been elicited, how is the outcome of the voting rule com-
puted? Obviously, the prohibitive number of candidates makes it hard, or even
practically impossible, to apply voting rules in a straightforward way, sicne all but
the simplest voting procedures need a number of operations at least linear (some-
times quadratic, sometimes even exponential) in the number of candidates, which
is not reasonable when the set of candidates has a strong combinatorial structure.
Computational complexity of some voting procedures when applied on combina-
torial domains has been investigated in [16], but this does not really address the
guestion ofhow these procedures should be applied in practice so as to get their
outcome (or an approximation of it) in a reasonable amount of time.

This article addresses the latter point.

2 Logical languages for compact preference representa-
tion

In this Section we are concerned with the preferencessofghe voter over a finite set of
candidatest’. We assume thal’ has a combinatorial nature, namely,is a set of possi-

ble assignments of each of a certain number of variables to a value of its (finite) domain:
X = Dy x ... x D,, whereD; is the set of possible values for variable the size ofY

is exponentially large im. Because specifying a preference structure explicitly in such a
case is unreasonable, the Al community has developed several preference representation
languages that escape this combinatorial blow up. Such languages are safddore

ized, or succinct, because they enable a much more concise representation of preference
structures than explicit representations. For the sake of brevity, following we focus on
logical languages, which means that domains are assumed to be binary. This does not
imply a real loss of generality, since a variable over a finite domain Agbssible values

can be expressed usifpg k| binary variables.

A preference relation > is a preorder, i.e., a reflexive and transitive binary relation on
A. M = M’ means that alternativ&/ is at least as good (to the agent) as alternatie
Such a relatiornr is not necessarily complete, that is, it may be that neitier M’ nor
M’ = M holds for a pair of alternatives/ and M’ in A. We noteM - M’ for M = M’
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and not (/ > M’) (strict preference of\/ over M’), andM ~ M’ for M = M’ and
M’ = M (indifference). It is important to note that/ ~ M’ means that the agent
takesM and M’ to be equally preferred, while the incomparability betwédrand M’
(M # M’ andM’ %# M) simply means that no preference between them is expressed.

These definitions are about preferences over an arbitrary set of alterndtivés
this paper, we consider propositional languages expressing preferences: such languages
express preferences over the set of possible interpretatiomger a given alphabét AR.
A refinement of this definition is that of assuming that the set of possible alternatives
excludes some interpretations1df. In this case, we assume that a formélas given:
this formula represents “integrity constraints” on the sefieaible alternatives, i.e., the
only interpretations we accept as possible alternatives are thaseefK ), i.e., A =
Mod(K). For instance, in a decision making problem consisting of recruiting at least one
and at most two of three candidaie® andc, the feasible alternatives are the models of
K=(@aVvbVe)A(—-aV-bV o).

We now briefly recall the propositional languages for preference representation we
study. In the following, the formula§’; are propositional formulas representing elemen-
tarygoals. The input of a logically-represented preference relation is afair (K, GB)
where K is the propositional formula restricting the possible alternatives (the integrity
constraints) and-B (the goal base) is a set of elementary goals, generally associated
with extra data such as weights, priorities, contexts or distanegg;z (or simply =5
when there is no risk of ambiguity) denotes the preference relation inducédbyver
Mod(K).

2.1 A brief overview of languages
211 Penalties

In this natural and frequently used preference representation language, the agent expresses
her preferences in terms of a set of propositional formulas that she wants to be satisfied.
In order to compare alternatives (models), formulas are associated with weights (usually,
numbers), which tell how important the satisfaction of the formula is considered. For-
mally, the preferences of an agent are expressed as a finite set of goals, where each goal
is a propositional formula with an associated weight. The complete preference is given
by a set of these goalsZB = {(a1,G1), ..., {an, G,)}, Where eachy; is an integer

and eacltq; is a propositional formula. The degree of preference of a model is measured

as follows: for anyM € Mod(K), we definepgp(M) = > {«a|M W G;} to be the

pen pen

penalty of M. The preference relatior(;; is defined byM = M’ if and only if
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pas(M) < pge(M') (with the conventiory_ () = 0).

2.1.2 Distanceto goals

The preference relation based on penalties only makes a distinction between models sat-
isfying a formula and models violating it. On the other hand, if an agent prefers a formula
(; to be satisfied, we could infer that she also prefers models “close” to this formula than
models “far”. Letd be a pseudo-distance between models, that is, a symmetric function
from X? — IR such thatd(M, M’) = 0 if and only of M = M’. For instance, the
Hamming distancéy (M, M’) is the number of variables that are assigned different val-
ues inM and M’.) The “distance” between a mod&l and a formulaZ is defined by
d(M,G) = minyq d(M, M'). A goal base is a finite set of pai(s;, G;); the distance

of a model to a goal base is defineddiy\/, GB) = 3 .{«;.d(M, G;)}. and finally,=Z

is defined by

M =8, M'ifand only if d(M,GB) < d(M', GB)

2.1.3 Prioritized Goals

The languages defined above allow for compensations among goals (the violation of a
goal may be compensated by the satisfaction of a sufficient number of goals of lower im-
portance). Prioritization is used when such a compensation should not be possible, and
does not need any numerical data. In this case, a goal base isapair({G,,...,G,},r)
where eacld-; is a propositional formula andis a rank function fror{ 1, ..., n} to IN: if

r(i) = j, thenj is called the rank of the formul@;. By convention, a lower rank means

a higher priority. The question is now how to extend the priority on goals to a preference
relation on alternatives. The following three choices are the most frequent ones:

best-out ordering Letrgy(M) = min{r(i) | M} G;} ThenM =, M’ iff rqp(M) >
’I"GB(M/)

discrimin ordering Letdiscrlz (M, M') = {i| M = G;andM’ |~ G,} anddiscrap(M,
M) = discrfg(M, M') Udiscrlz(M', M) Then:

d' y y 1 . . . .
M >GZSBCMMWL M'iff mlniedisc?"gB(M,M’) T<Z> < mlnjediscrgB(M’,M) T(])
M s=diserimin N A - giserivin V[ o discrap(M, M) = 0.

IMany other operators can be used, in place of the sum, for aggregating weights of violated (or sym-
metrically, satisfied) formulas (see [15] for a general discussion).
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leximin ordering Letd, (M) be the cardinal ofi | M = G; andr(i) = k}.

M =lezimin Vit 3k < nos. tdp (M) > di,(M') andVj < k,d,. (M) = dp(M');
M =lezimin: Vpriff M ow-lezimin N7 or d; (M) = d;(M') for anyi.

Note that-k%™" and =%, are complete preference relations whitg/;m s
generally not. We moreover have the following chain of implicatiohs: %, M’ =
M >_g%crimm M = M >_léaéimin M.

More discussion, references and examples can be found in [16, 10].

2.1.4 CeterisParibuspreferences

In this language, preferences are expressed in terms of statements like: “all other things
being equal, | prefer these alternatives over these other ones.” Formally, &t and

G’ be three propositional formulas andbeing a subset o AR such thatV ar(G) U
Var(G') C V. Theceteris paribusdesire C' : G > G'[V] means: “all irrelevant things
being equal, | prefe@ A =G’ to -G A G’”, where the “irrelevant things” are the variables

that are not in/. The definitions proposed in various places differ somehow — we take
here the definition of [10]. For natural reasons, and to remain consistent with the original
definitions, we impose thatar(G) U Var(G') C V.

Furthermore, we add to the original definition the ability to expreddference state-
ments — without them M/ ~ M’ could not be expressed.

Let GB = Dp U Dy, whereDp andD; are defined as follows.

Dp = {01G1>G,1[‘/1],,Cme>ng[Vm]}
D = {Ch:Gu~GLVL, ..., Cp Gy ~ GV}

We call the elements dDp as “preference desires” while elements7of are “in-
difference desires”. For all C;, G; and G’ are propositional formulas andar(G;) U
Var(G}) C V; C VAR. We define the preference induced by a single deSjre- C; :
G, > G!|Vi], denoted byl >, M’, by the following three conditions:

2. M' = C; A -G NG
3. M andM'’ coincide on all variables ifv AR\ V;.
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If the above conditions 1-3 are satisfied for an indifference ddsjre- C; : G; ~
G[V;] in Dy, then we say thafl/ and M’ areindifferent with respect toD;, denoted
by M ~p, M'. Now, the preference order, is defined from the above dominance
relations by transitive closure of their uniodZ =&, M’ holds if and only if there
exists a finite chainly = M, My, ..., M, 1, M, = M’ of alternatives such that for all
j€A0,...,q—1}thereisaD; € GB suchthat\l; >p, M; ; orsuchthat\/; ~p, M.

An important sublanguage of CP-preferences is the language of (biG&xykets,
which is obtained by imposing the following syntactical restriction:

e goalsG andG’ areliterals, that is, CP-statements express preference of a value over
its opposite for a given single variable, given some context (in other wor@dsd
G’ are of the formx; = v;), wherex; € VAR andv; € {T, F'}.

¢ the variables mentioned in the conté&Xtof a preference statement about variable
x; must be contained in a fixed set of variables, calledptivents of x;, denoted by
Parents(x;).

e for each variablex; and each possible assignmenof the parents ok;, there is
one and only one CP-preferenc€’ : x; > —x; or C' : —z; > x; such thatr = C.

The more expressive language To€P-nets [7] can also be obtained by syntactical
restrictions. See [19] for a discussion about the expressivity of these various languages.

For the sake of brevity, we omitted the family of preference representation languages
based ortonditional logics. See [16, 10].

2.2 Issuesin preferencerepresentation

At least four very important problems must be addressed when investigating the relevance
and complexity of preference representation languages.

Elicitation We already discussed this issue in Introduction and we do not want to come
back on this, since since is left outside the scope of this paper.

Expressive power R being a representation language, a relevant quesiton is whether
can express all preorders and/or all utility functions, or only complete preorders, or
only a strict subclass of them, etc. This issue is investigated in [10].

Computational complexity Let R being representation language. What is the computa-
tional complexity of comparing two alternatives given an inu# of R, of decid-
ing whether a given alternative is optimal, of finding an optimal alternative? This
issue is investigated in [16].
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Compar ative succinctness Given R, R’ two representation languagé®g,is said to be at
least as succinct a3 iff is there a functionF’ from R to R’ such that

a. for eachGB € R, GB and F(GB) induce the same preference relation (or
utility function);

b. F'is polysize, i.e., there exists a polynomial functjpsuch that for allZ B €
R, size(F(GB)) < p(size(GB)).

This issue is investigated in [10].

3 Combinatorial vote

LetA = {1, ..., N} be afinite set ofoters; X’ is afinite set ofalternatives (or candidates);
aindividual preference profile P is a complete weak order; (reflexive and transitive
relation) onX. A preference profile w.r.t. A and X is a collection of NV individual
preference profilesP = (>, ..., = ). Lastly, letP, x set of all preference profiles.

A voting correspondance C' : Py x — 2% \ {0} maps each preference profifeof
P4 x into a nonempty subsét(P) of X. A voting (deterministic) ruler : P — X maps
each preference profile of P, x into a single candidate(P). A deterministic rule can
be obtained from a correspondance by prioritization over candidates (for more details see
[8]). In the rest of the paper we focus on deterministic rules.

A combinatorial vote problem consists in applying voting rules when the set of al-
ternatives has a combinatorial structure and the voters’ preferences are expressed in a
compact preference representation language. Practically, a combinatorial vote problem is
composed of two steps: first, the agents express their preferences within a fixed (and com-
mon) representation langua@eand second, one or several optimal (i.e., non-dominated)
candidate(s) is (are) determined automatically, using a fixed voting rule.

For any representation language one defines &-profile for p voters as a collec-
tion B = (GBy, ..., GB,) of goal bases (one for each of thevoters), expressed in the
languager, generating a profil® = Inducer(B) = {=aB,, ---» =6B, }-

3.1 Combinatorial vote: direct approach

The “direct” approach to solving a combinatorial vote consists in applying these tasks in
sequence:

e elicit the preference relation for each voter, using a compact representation lan-
guage;
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e generate the whole preference relationdgnx ... x D,, from the input;

e apply the voting rule-.

The good point with this direct approach is that it leads to finding an optimal out-
come, more precisely, it allows for determining the exact winners according to the chosen
voting rule and the true preference of the agents. The (very) bad point is its very high
computational complexity in the general case. Here are examples, in the simplest com-
pact representation language, that is, the basic propositional representation (where each
agent specifies a unique propositional formula as his/her goal):

e computing a winner for the plurality rule nee@glog V) satisfiability tests { =
number of agents);

e determining whether there exists a Condorcet winner is Biftthard andcoNP-
hard, and in ir©} (the exact complexity is an open problem).

Further results, including for instance the complexity of determining whether there
exists a Condorcet winner for a given profile specified in a compact preference represen-
tation language, can be found in [16].

3.2 Combinatorial vote: sequential approach

The principle of the sequential appraoch is to exploit preferential independence of the
preference profiles. It is well-known that preferences relations (or utility functions) over
combinatorial “real-life” domains most often enjoy structural properties sughaossli-

tional) preferential independence between sets of variables. This assumption was central
to the development of several preference representation languages, espeajilgal
languages such as CP-nets of weighted constraint satisfaction. In these languages, the
input consists of two distinct part: a structural part (an hypergraph in the CSP case, a di-
rected acyclic graph in the CP-net case) over the variables, and a “internal” part consisting
of the local preference relations over the subsets of variables identified by the structural
part.

For instance, leV = {x,y,z, t}, all three being Boolean variables, and assume that
preference of a given agent ov&r can be defined by a CP-net whose structural part is
the directed acyclic grapl = {(z,v), (v, 2), (y,t), (z,t) }; this means that, for the agent
considered, preference over the values sfunconditional, preference over the values of
y is fully defined given the value of, and so on.

Now comes the central assumption to the sequential approach to combinatorial vote:
the preferential independence structure is common to all agents. Therefore, for instance,
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if preference obvep" for agent 1 can be described by a CP-net with the structure as
above, then all other agents are assumed to be able to express their preferences within a
CP-net using the same structure. This is a strong assumption; however, in many real-life
domains it can be considered as reasonable.

Let us first consider an example. L&t = 7, V = {x,y} with Dom(x) = {z,z}
andDom(y) = {y, gy}, and let us consider the following preference relations, where each
agent expresses his preference relation by a CP-net corresponding to the following fixed
preferential structure: preference »is unconditional (but preference gmrmay depend
on the value given ta).

3 agents 2 agents 2 agents
=z - T -
iy =y iY==y Ty =y
T:y>=y T:y>=y T:y>=y

This corresponds to the following preference relations:

3 agents 2agents 2 agents

Ty xy xy
zy xy xy
Ty Ty Ty
xry xy Ty

Letr be a deterministic rule. Since for all 7 voters, preference gis unconditional,
we may consider first the projections of the 7 preference relations@n(x), namely
(P, ..., P¥), and start by applying to these, which results in a value »f denoted
by z*, called thex-winnef. The value ofx is now fixed toz*; then, let us consider
the projections of the 7 preference relationsionmn(y), givenx = z*; denote these by
(PY>="" . PYP=""): we then apply- to these, which results in a valueygfdenoted by
y*, called the conditionay-winner givenx = =*. Thesequential winner is now obtained
by combining thex-winner and the conditionat-winner givenx = z*, namely(z*, y*).

Example: letr be the plurality rule (where the plurailty score of a candidate is the
number of voters ranking this candidate in the highest position, the plurality winners then
being those maximizing the plurality score). Because 4 agents out of 7 unconditionally
preferz overz, we getz* = x; then, giverx = z, 5 agents out of 7 preferto y, which
leads toy* = x. Therefore, the sequential plurality winner(is y). However, the direct
plurality winner is(z, y).

2In case of ties, we therefore need a deterministic tiebreaking mechanism, for instance using a preder-
minate order over the possible valuespf
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The above example shows that whers the plurality rule, sequential winners (ob-
tained by sequential applicationsiQfand direct winners (obtained by a direct application
of r) do not always coincide, which is an argument against the use of the sequential ap-
proach for such a voting rule. Note that more generally, this failure of sequential winners
to coincide with direct winners holds for any scoring rule.

A more general question is the following: are there deterministic rulees the
sequential winner (obtained by sequential applications)@nd the direct winner (ob-
tained by a direct application @) coincide? We do not know any positive answer to this
guestion in the general case. We first show a second negative result, and lastly we give
a restriction on preferences under which the answer to the above question turns out to be
positive.

Here comes the second negative result. A Condorcet winner is a candidate preferred
to any other candidate by a majority of voters. The notion of Condorcet winner natu-
rally leads to the determination eéquential Condorcet winners. let X andY being two
subsets of the set of variables; then

e if preference onX is unconditional, thew € Dy is a X-Condorcet winner if and
only if

N
(Vi € Dx)VT € Dx #{i, 7§ =; Ty} > B

e if and preference ol given X is unconditional, they € Dy is aY-Condorcet
winner givenX = 7 if and only if

- — P e = —f N

(VZ € Dxoy)Vy € Dx #{i, 292 =; 7y 2} > o

The sequential Condorcet winner is then the sequential combination of “local” Con-
dorcet winners. The question is now, is a sequential Condorcet winner a direct Condorcet
winner and vice versa? The following example shows that this fails.

2 voters 1 voter 2 voters

Yy ry Yy
Ty Ty Ty
zry Ty Yy
Ty Ty Ty

x andy are preferentially independent, therefore the sequential Condorcet winner is
the mere combination of the local Condorcet winner{fof and the local Condorcet win-
ner for{y}, provided that both exist. Since 3 voters unconditionally prefes z, z is
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the {x}-Condorcet winner; similarly, 3 voters unconditionally prefeto y and is the
{y}-Condorcet winner. Thereforey is the sequential Condorcet winnebut xy is not
a direct Condorcet winner, because four voters out of seven prgferzy.

We now give a condition on the preference relations such that direct and sequen-
tial Condorcet winners coincide. We say that a preference relatidbwn(x; x ... X
Dom(x,} islexicographic if and only if there is a total ordering of the variables, say with-
out loss of generality; > x, &> ... > x,, andp local preference relations diom(x;),

..., Dom(x,), such thatt = (z4,...,z,) is preferred tay = (y1, ..., y,) iff there is an
indexj < p such that (a) for every < j, x; ~ y; and (b)z; > y;. Now, assume

that all agents have lexicographic preference relations (with the same variable ordering).
(v1,...,v,) € Dy x ... D, is asequential Condorcet winner iff

e v € Dy : {x;}-Condorcet winner;
e vy, € Dy : {x2}-Condorcet winner giver; = vy;
e ...

e v, € D, {x,}-CW givenx; = vy,...,X,1 = Up_1

Thenwe have the following positive result: if there exists a sequential Condorcet win-
ner(vy,...,v,) then(vy, ..., v,) is also the (direct) Condorcet winner for the given pro-
file, andvice versa.

Now, the restriction on lexicographic preference relation is a strong one. Thie leads
to the following questions and problems:

Question 1 are there voting rule such that sequential winners and direct winners always
coincide?

Problem 2 find reasonable restrictions on the preference relations so that the answer to
Question 1 becomes positive;

Problem 3 find good algorithms (using the preferential structure) for determining win-
ners of a combinatorial vote problem.
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On the consensus of closure systems

Bruno Leclerc”

Abstract

The problem of aggregating a profile of closure systems into a consensus system has
applications in domains such as social choice, data analysis, or clustering. We first briefly
recall the results obtained by a lattice approach and observe that there is some need for a
finer approach. Then, we develop some considerations based on implications and related
notions, and present a uniqueness result. It appears to be a generalization of a previous
result relevant from cluster analysis.

Key words: Closure, Implication, Lattice, Consensus

1 Introduction

We consider the problem of aggregating a profile (k-tuple) F* = (Fy, Fy, ..., F ) of
closure systems on a given finite set S into a consensus closure systems F = c(E*). The
aim is, for instance, to find a structure on a set S described by variables of different
types. Structural information (order, tree structure) provided by these variables may be
totally or partially retained by a derived closure system (see examples in Section 2).
Moreover, several consensus problems already studied in the literature are particular
cases of the consensus of closure systems. A basic example is provided by hierarchical
classification, where many works have followed those of Adams [Ada72] and Margush
and McMorris [MMS81] (see the survey [Lec98]).

Closure systems and their uses are presented in Section 2.1. Several equivalent
structures are recalled in Section 2.2. Section 2.3 give elements about the involved
lattice structures. Section 3 presents results provided by the particularization of general
results on the consensus problem in lattices. An original approach based on implications
is initiated in Section 4.

" Ecole des Hautes Etudes en Sciences Sociales, Centre d'Analyse et de Mathématique Sociales (CNRS
UMR 8557), 54 bd Raspail, F-75270 Paris cedex 06, France, | ecl er c@hess. fr
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2 Closure systems

2.1 Definitions and uses

A closure system (abbreviated as CS) on a finite given set S is a set F < P(S) of
subsets of S satisfying the following two conditions:

(C)
(C2)

Ser;
C,C’eF =>CnC’ eF.

When considering classical types of preference or classification data describing a
given set S of objects, one observes that, frequently, they naturally correspond to
closure systems. A list, of course not limitative, of such situations is given in Table 1. A
CS F is nested if it i1s linearly ordered by set inclusion: for all F, F" € ¥ = FNF’ € {F,
F'}; itis a tree of subsets if, forall F, F’ € ¥ = FNF’ € {J, F, F'} (and hierarchical if,
moreover, {s} € F for all s € S); it is distributive if, for all F, F’ € ¥ = FNF’ € F and

FUF’ e F.

Type of data S endowed with Subsets of S Type of closure
a system
Numerical, Weak order W Down-sets of W Nested
ordinal variable
Transitive Preorder P Down-sets of P Distributive
preference relation
Nominal variable Partition Il S, &, and classes Tree of subsets of
of I'T length 2
Taxonomy Hierarchy H Classes of H, Hierarchical
and J

Table 1. Types of data and related closure systems
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2.2 Equivalent structures

Three notions are defined in this section. Together with CS's, they turn to be
equivalent to each other. A closure operator ¢ is a mapping onto P(S) satisfying the
properties of isotony (for all 4, B = S, 4 < B implies ¢(4) < ¢(B), extensivity ((for all 4
c S, 4 < ¢(4) and idempotence (for all 4 < S, ¢(p(4)) = ¢(A4). Then, the elements of
the image F, = @(P(S)) of P(S) by ¢ are the closed (by ¢) sets, and F, is a closure
system on S. Conversely, the closure operator ¢ on P(S) is given by ¢p(4) = N{F < F:
AcC F}.

A full implicational system, denoted hereafter by I, —j or simply —, is a binary
relation on P(S) satisfying the following conditions:

(I1) B < A implies A — B;
(I12) forany 4,B,Cc S, A —> Band B— Cimply 4 — B;

(I3) forany 4, B, C,Dc S, A — B and C — D imply AUC — BUD.

An overhanging order on S is also a binary relation (E on P(S), now satisfying:
(Ol) AEB = AcCB;
(02) AcBcC=[AEC < AEBouBE&EC(];

(03) AEAUB = ANB E B.

It follows from (01) and (02) that the relation (E is a strict order on P(S) (whereas —
is a preorder). The sets of, respectively, closure systems, closure operators, full
implicational systems and overhanging orders on S are denoted, respectively, as M, C, I
and O. They are related to each other by one-to-one correspondences. The equivalence
between closure systems and operators has been recalled above. For a closure operator
¢ and its associated full implicational system — and overhanging order (E, the first of
the equivalences below is due to Armstrong [Arm74], and the second is given in
[DLO4a]:

A—>B < Bcop(A)

A E B <=4 c Band ¢(4) < ¢(B)

There is an important literature, with meaningful results, on implications, due to their
importance in domains such as logic, lattice theory, relational databases, knowledge
representation, or latticial data analysis (see the survey [CMO03]). Overhanging orders

239



On the consensus of closure systems

take their origin in Adams ([Ada86]), where, named nestings, they were characterized in
the particular case of hierarchies. Their generalization to all closure systems [DL04a]
make them a further tool for the study of closure systems.

2.3. Lattices

The results of this section may be found in [CMO03] and, for overhangings, in [DLO03]
and [DLO04a]. First, each of the sets M, C, I and O is naturally ordered: M, I and O by
inclusion, and C by the pointwise order: for ¢, ¢' € C, ¢ < ¢' means that ¢(4) < ¢'(4)
for any 4 — S. These orders are isomorphic or dually isomorphic:

FCF<«=0'<po<=l'cl<—EcE,

where @, [ and (E (resp. ¢', I' and (E') are the closure operator, full implication system
and overhanging relation associated to F (resp. to F' ).

The sets M and I preserve set intersection, while O preserves set union and C
pointwise intersection (QAQ'(A) = @©A)N@'(4), for any 4 < S). The main
correspondences between elements or operations in M, C, I and O are given in Table 2.
Here, (4] = {B < S: B < A4} (prime ideal in P(S))and [4) = {B < S: A < B} (prime
filter).

From these observations, M and I are closure systems, respectively on P(S) and
(P(S))z. The closure operator associated to M is denoted as ®@. It is well-known that,
with the inclusion order, any closure system F on S is a lattice (F, v, M) with the meet
FNF'"and the join FVF'= (FUF"). If F c F', F' covers F (denoted as F < F)if Fc G
c F'implies G=For G=F".

An element J of F is join irreducible if G — F and J = vG imply J € G; an equivalent
property is that J covers exactly one element, denoted J-, of F. The set of all the join
irreducibles is denoted by J. Setting J(F) = {J € J: J < F} forany F' € F, one has F =
VvJ(F) for all F € F. A join irreducible is an atom if it covers the minimum element of
F, and the lattice F is atomistic if all its join irreducibles are atoms. Similarly, an
element M of F is meet irreducible if G c F and M = NG imply M € G; equivalently, M
is covered by exactly one element M™ of F. For any F € F, we have F = NM(F), where
M is the set of all the meet irreducibles of F and M(F) = {M € M: F < M}.
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M o I o)
P(S) (maximum)|  Qpy = idps, (X D) e B2 Y| {(X.D) € (S
(minimum) < X (minimum) X c Y}
(maximum)
minimum [0) =S, a P maximum
{8} (minimum) max(4) = S, all 4 (8)? (maximum) @
cS (minimum)
(maximum)
join MvM' meet (pointwise meet INT' join  (EUE'
intersection)
meet MNM' join join  IvI' meet EAE'
(S, 4}, 48 o) =AifXcd; [PAPUIK, V) €| {XY) e lx
2.
(join irreducible) o(X) = S otherwise | F&) 4 L X} (B(S)—(A]): X < Y}
(meet irreducible) (meet irreducible) (join irreducible)
XS AdAcX=s oX)=X+sifAcX (X, ) e PS%: X| {X,Y) e P(O%: X
eX},Ac S, se S-4 o(X) = X otherwise cYordc X, Y=cY}-{XY) e PS>
(meet irreducible) (join irreducible) X+s} A c X, Y=Xts}
(join irreducible) (meet irreducible)

Table 2. Correspondences between M, C, T and O

The lattice F is lower semimodular if, for every F, F' € F, F < FvF'and F' < FVF'
imply FNF' < F and FNF' < F. The lattice F is ranked if it admits a numerical rank
function r such that F < F' implies #(F") = n(F) + 1. Lower semimodular lattices are

ranked.

The lattice F is a convex geometry if it satisfies one of the following equivalent
conditions (among many other characterizations [Mon90b]:

(CG1) Forany F € F, there is a unique minimal subset R of J such that /"= VR;

(CG2) F isranked with rank function #(F) = |J(F)|;
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(CG3) Fis lower semimodular with a rank function as in (CG2) above;

Since it is a closure system on P(S), the ordered set M is itself a lattice. This lattice is
an atomistic convex geometry. For F € M, we have J(F) = {{4, S}: A# S, A € F} and,
50, |J(F)| = [F-1.

3  Lattice consensus for closure systems

In this section, we consider the main consequences of the lattice structure of M for the
consensus problem on closure systems, that is the aggregation of a profile F* = (Fy, F»,
..., Fp) (of length k) of closure systems into a closure system F = c¢(F*). General results
on the consensus problem in lattices may be found, among others, in [BM90b], [BJ91]
and [Lec94]. Concerning closure systems, the results obtained in an axiomatic approach
by Raderanirina [Rad01] (see also [MR04] about the related case of choice functions)
are described in another contribution and not recalled here.

3.1. A property of quota rules

A federation on K is a family K of subsets of K = {1,..., k} satisfying the
monotonicity property: [L € K, L' © L] = [L' € K]. Then, the federation consensus
function cx on M is associated to K by ck(F*) = vicx (Mjer F;). Such consensus
function includes the quota rules, where K = {L < K: |L| > g}, for a fixed number ¢, 0 <
g < k. The quota rule ¢, is equivalently defined as:

cg(F*) = D(a,),

where A, = {4 < S: [{i € K: 4 € F;}| = ¢}, the set of all proper subsets of S
appearing in at least g elements of F*, and @ is the operator mentioned in Section 2.3:
@(2,) is the smallest closure system including &, For g = k/2, ¢g(F*) = m(F*) is the so-
called (weak) majority rule and, for g = k, it is the unanimity rule u(F*).

Quota rules have good properties in any lattice structure, for instance:
* Unanimity : forany F e M, cy(F, F,..., F) = F;

» Isotony : for any F* = (F[, Fp, ..., Fp),F"™ = (F'|, F'y, ..., F'}), profiles of M, F;, € F';:
forall i=1, ..., k implies c4(F*) < cq(F"™).

The next property of consistency type (see Section 3.2) is not general (for instance it
is not true in partition lattices [BL95]) but holds in the so-called LLD lattices [Lec03],
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which include convex geometries; it implies unanimity. In what follows, the profile
F*F'* is just the concatenation of profiles F* and F'*, which are not required to have the
same length.

Proposition 3.1. Let F* and F'* be two profiles of M. If cy(F*) = c4(F'*) = F, then
cg(F*E"™*) = F.

3.2. Bounds on medians

For a metric approach of the consensus in M, we first have to define metrics. For that,
we just follow [BM81] and [Lec94]. A real function v on M such as F < F' implies v(F)
<v(E") is a lower valuation if it satisfies one the following two equivalent properties:

(LV1) Foralls, ¢ e L such that svz exists, v(s) + v(¢) < v(svit) + v(sSAL),
(LV2) The real function d, defined on M2 by the following formula is a metric on M:

d (F, F") = W(F) + W(F") - 2W(FNE").

A characteristic property of lower semimodular semilattices is that their rank
functions are lower valuations. So, taking property (CG2) into account, the rank metric
is obtained taking v(F) = |F| and, so, d,(F, F') = O(F, F') = |[FAF'|, where A is the
symmetric difference on subsets. The equality between the rank and the symmetric
difference metric is characteristic of convex geometries or of close structures [Lec03]
and is a reason to focuse on that metric.

Given the metric 0, the median consensus procedure consists of searching for the
medians of the profile F*, that is the elements FH of M minimizing the remoteness p(FH,
F*) = Y 1<i<k O(FH, F;) (see [BM81]). If p(F*) is the set of all the medians of the
profile F*, the median procedure has a consistency type property (YL78), described as
follows.

Let F* and F'* be two profiles of M. If W(F*)Nu(E™*) # &, then W(EF*F'*) =
WES)NU(E'™).Set I, = {{4, S}: 4 € B/} (the set of majority atoms). From results in
[Lec94], every median M of F* is the join of some subset of J,. It then follows that
every median CS is included into the majority rule one:

Theorem 3.2. For any profile ¥* and for any median F* of F*, the inclusion F* C
m(E*) holds.

243



On the consensus of closure systems

4 The fitting of overhangings

The results of the previous section (and those of the same type mentioned there) only
take into account the presence or absence of the same closed set in enough (oligarchies,
majorities) or all (unanimity) elements of the profile. It was observed in the literature
that this strong limitation may prevent one to recognize actual common features. This
criticism, essentially pointed out in the classification context, remains valid for general
closure systems [DL04b]. Moreover, consensus systems based on closet sets may
frequently be trivial. For instance, if there does not exist any majority non-trivial closed
set, then, the majority rule (and unique median) is the trivial closure system reduced to
{S}. Adams [Ada86] presented a consensus method (for hierarchies) able to retain
common features even in such cases. It is based on overhanging orders (and, then, on
implications). Here we initiate the same approach for closure systems of any type.

We state here a very general uniqueness result. Let = be a binary relation on P(S),
with the only assumption that (4, B) € = implies 4 < B. Consider the following two
properties for a closure system F, with associated closure operator ¢ and overhanging
relation (E:

(AZEl) Ec E; (preservation of &)

(AE2) forall M € My, (M, M") € E. (qualified overhangings)

Note that (AZ2) is a weakening of the converse of (AZ1) since, by definition, any
pair (M, M™) belongs to (E. Only those special pairs are required to already belong to
the relation =.

Theorem 4.1. If both F and F' satisfy Conditions (AZ1) and (AE2), then F = F".

Proof. Observe first that the maximum set S is in both F and F'. If F # F', The
symmetric difference FAF' is not empty. Let F' be a maximal element of FAF'. This
subset I is not equal to S and it may be assumed without loss of generality that F
belongs to F (and, so, not to F'). If F was not a meet-irreducible element of F, it would
be an intersection of meet-irreducibles, all belonging to both F and F' and, so, F would
belong to F'.

Thus, F is a meet-irreducible, covered by a unique element £t of F, with F* € F'. By
(AE2), (F, F") € E and, by (AE1), F (E' F*. Set F'= @'(F). We have F — F’, since F ¢
F', and F' (' F*, since F' = ¢'(F) = ¢'(F") < ¢'(F") = F'. But, according to the
hypotheses, F — F' implies F' € F, with F < F’' < F', a contradiction with the
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hypothesis that F'* covers F in F.
U

The following question then arises: given a binary relation = on P(S) (implying strict
inclusion), does it exist an overhanging relation (E satisfying conditions (AZ1) and
(AE2). Adams provides a positive answer in the case of a profile of hierarchies, and

with 2 = M;c g &; where &, E,, ..., E; are the overhanging orders associated to the
elements of the profile. In the general case, one can consider any convenient
combination of (E;, (E,, ..., (E,. For instances, = = M;cg E; corresponds to a kind of

unanimity rule on overhangings, and &= Uy g 51>k Mier E; to a majority rule.

5 Conclusion

The last section provides a framework for the consensus of closure systems. One of
the main questions is to recognize the binary relations Z on P(S) for which an
overhanging order (E satisfying (AZ1) and (AZX2) exists. For instance, setting = =
Urek, 2Lk Nier E; accounts for the fact that a CS appears several times in a profile,

contrary to intersection rules. Algorithmic issues are very important, since overhanging
relations are very big objects.

References

[Ada72] E.N. Adams IIT (1972), Consensus Techniques and the Comparison of
Taxonomic Trees, Syst. Zool. 21, 390-397.

[Ada86] Adams III, E.N., 1986. N-trees as nestings: complexity, similarity and
consensus. Journal of Classification 3, 299-317.

[Arm74] Armstrong, W.W., 1974. Dependency structures of data base relationships.
Information Processing 74, 580-583.

[BJ91] J.P. Barthélemy, M.F. Janowitz (1991), A formal theory of consensus, SIAM
J. Discr. Math. 4, 305-322.

[BL95] J.P. Barthélemy, B. Leclerc (1995), The median procedure for partitions, in
I.J. Cox, P. Hansen, and B. Julesz, eds., Partitioning data sets, DIMACS Series in
Discrete Mathematics and Theoretical Computer Science 19, Amer. Math. Soc.,

245



On the consensus of closure systems

Providence, RI, pp. 3-34.

[BMS81] J.P. Barthélemy, B. Monjardet (1981), The Median Procedure in Cluster
Analysis and Social Choice Theory, Math. Soc. Sci. 1, 235-268.

[CMO03] Caspard, N., Monjardet, B., 2003. The lattices of Moore families and closure
operators on a finite set: a survey. Discrete Applied Math., 127 (2), 241-269.

[DMO03] W.H.E. Day, F.R. McMorris (2003), Axiomatic Consensus Theory in Group
Choice and Biomathematics, Frontiers in applied mathematics 29, STAM, Philadelphia.

[DLO3] F. Domenach, B. Leclerc (2003), The structure of the overhanging relations associated with

some types of closure systems, submitted.

[DL0O4a] F. Domenach, B. Leclerc (2004), Closure systems, implicational systems,
overhanging relations and the case of hierarchical classification, Mathematical Social
Sciences, 47 (3), 349-366.

[DL04b] F. Domenach, B. Leclerc (2004), Consensus of classification systems, with
Adams' results revisited, in D. Banks, L. House, F.R. McMorris, P. Arabie, W. Gaul
(editors), Classification, Clustering and Data Mining Applications, Berlin, Springer, pp.
417-428.

[Lec94] B. Leclerc (1994), Medians for weight metrics in the covering graphs of
semilattices, Discrete Applied Math. 49, 281-297.

[Lec98] B. Leclerc (1998), Consensus of classifications: the case of trees, in
Advances in Data Science and Classification (A. Rizzi, M. Vichi, H.-H. Bock, eds),
Studies in Classi-fication, Data Analysis and Knowledge Organization, Berlin,
Springer-Verlag, 81-90.

[Lec03] Leclerc, B., 2003. The median procedure in the semilattice of orders.
Discrete Applied Math., 127 (2), 285-302.

[MMS81] T. Margush, F.R. Mc Morris (1981), Consensus n-trees, Bull. Mathematical
Biology 43 (2), 239-244.

[Mon90b] B. Monjardet (1990a), Comments on R.P. Dilworth's Lattices with unique
irreducible decompositions, in K. Bogart, R. Freese, J. Kung, eds. The Dilworth
theorems; Selected works of Robert P. Dilworth, Birkhaiiser, pp. 192-201.

246



Annales du LAMSADE n°3

[MRO4] B. Monjardet, V. Raderanirina (2004), Lattices of choice functions and
consensus problems, Social Choice and Welfare, to appear.

[Rad01] Raderanirina, V., 2001. Treillis et agrégation de familles de Moore et de
fonctions de choix, Ph.D thesis, Université Paris 1, Paris.

[YL78] H.P. Young, A. Levenglick (1978), A Consistent Extension of Condorcet’s
Election Principle, SIAM Journal on Applied Mathematics 35, 285-300.

247






A Complete Description of Comparison
Meaningful Functions

Jean-Luc Marichal Radko Mesidr, Tatiana Rickschlosso&

Abstract

Comparison meaningful functions acting on some real intdtvate completely
described as transformed coordinate projections on minimal invariant subsets. The
case of monotone comparison meaningful functions is further specified. Several
already known results for comparison meaningful functions and invariant functions
are obtained as consequences of our description.

Key words: comparison meaningful function, invariant function, ordinal scale.

1 Introduction

Measurement theory (see e.qg. [6, 14]) studies, among others, the assignments to each mea-
sured object of a real number so that the ordinal structure of discussed objects is preserved.
When aggregating several observed objects, their aggregation is often also characterized
by a real number, which can be understood as a function of numerical characterizations
of fused objects. A sound approach to such aggregation cannot lead to contradictory re-
sults depending on the actual scale (numerical evaluation of objects) we are dealing with.
This fact was a key motivation for Orlov [11] when introducing comparison meaning-

ful functions. Their strengthening to invariant functions (scale independent functions)
was proposed by Marichal and Roubens [9]. The general structure of invariant functions
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(and of monotone invariant functions) is now completely known from recent works of
Ovchinnikov [12], Ovchinnikov and Dukhovny [13], Marichal [7], Bartlomiejczyk and
Drewniak [2], and Mesiar and iRkschlosso& [10]. Moreover, comparison meaningful
functions were already characterized in some special cases, e.g., when they are contin-
uous; see Yanovskaya [16] and Marichal [7]. However, a complete description of all
comparison meaningful functions was still missing. This gap is now filled by the present
paper, which is organized as follows. In the next section, we give some preliminaries and
recall some known results. In Section 3, a complete description of comparison meaningful
functions is given, while in Section 4 we describe all monotone comparison meaningful
functions.

2 Prdiminaries

Let £ C R be a nontrivial convex set and sgt:= inf F, ¢; := sup £, andE° := E \
{eg,e1}. Letn € N be fixed and setn] := {1,...,n}. Denote also byp(F) the class of
all automorphisms (nondecreasing bijectiops) — E, and forz = (x4,...,z,) € E"

putd(z) = (¢(21), ..., ¢(xn)).

Following the earlier literature, we introduce the next notions and recall a few results.

Definition 2.1 ([9]). A function f : E™ — E'is invariant if, for anyy € ®(E) and any
v € E", we havef (¢(x)) = ¢(f(x)).

Definition 2.2 ([1, 11, 16]). A function f : E™ — R is comparison meaningful if, for any
¢ € ®(F) and anyr,y € E", we have

F@{Z} ) = @) {2} fow). (1)

Definition 2.3 ([1, 5]). A function f : E™ — R is strongly comparison meaningful if, for
any ¢, ..., ¢, € ®(F) and anyr,y € E", we have

< <

@S} = @) {2} few),

where here the notatiof(z) means ¢y (1), . .., ¢n(x,)).

Definition 2.4 ([2]). A nonempty subseB of £ is called invariant iip(B) C B for any
¢ € ®(F), wherep(B) = {¢(x) | = € B}. Moreover, an invariant subsét of £™ is
called minimal invariant if it does not contain any proper invariant subset.

It can be easily proved that C E™ is invariant if and only if its characteristic function
1 : E™ — R is comparison meaningful (or invariantif = [0, 1]).
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Let B(E™) be the class of all minimal invariant subsetsff, and define
B.(E) :=A{¢(z) | ¢ € ®(E)}
forall x € E". Then, we have
B(E") ={B.(FE) | x € E"},

which clearly shows that the elements®fE™) partition E™ into equivalence classes,
wherez,y € E™ are equivalent if there existsc ®(F£) such thaty = ¢(z). A complete
description of elements d#(E™) is given in the following proposition:

Proposition 2.1 ([2, 10]). We have B € B(E™) if and only if there exists a permutation 7

on [n] and a sequence {<; }!, of symbols <i; € {<, =}, containing at least one symbol
<ifeg € Fande; € F, such that

B = {ZE cL” | eo <o Tr(1) <y - Tr(n) <, 61}7
where <pis<ifey ¢ Fand <, is<ife; ¢ E.

Example 2.1. The unit squarg0, 1]* contains exactly eleven minimal invariant subsets,
namely the open trianglgSz,,22) | 0 < 21 < 2o < 1} and{(z1,22) | 0 < 22 < 21 <

1}, the open diagondl(zy, x5) | 0 < x; = x9 < 1}, the four square vertices, and the four
open line segments joining neighboring vertices.

We also have the following important result:

Proposition 2.2 ([2, 7, 10]). Consider a function f : E™ — F.

i) If fisidempotent (i.e, f(z,...,z) = x for all z € E) and comparison meaningful,
thenitisinvariant.

i) If f isinvariant, then it is comparison meaningful.

iii) If E is open, then f is idempotent and comparison meaningful if and only if it is
invariant.

iv) f isinvariant if and only if, for any B € B(E™), either f|p = c is a constant

¢ € {eg, e1} N E (if this constant exists) or thereisi € [n| sothat f|z = ;|5 isthe
projection on the ith coordinate.

For nondecreasing invariant functions, a crucial role in their characterization is played
by an equivalence relation acting onB(E™), namelyB ~ C'if and only if P;(B) =
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P,(C) forall i € [n]. Note that projection®;(B) of minimal invariant subsets are neces-
sarily either{eq} N E or{e;} N E or E°. Further, for anyB € B(E™), the set

is an invariant subset df”, and

B*(E")={B*| B€ B(E")}
is a partition of E™ coarsening3(E™). We also haveard(B*(E")) = k™, wherek =
1+ card(E N{eg,e1}).

Notice that any subseB* can also be regarded as a minimal “strongly” invariant
subset ofE™” in the sense that

{(@1@1),. ., dulea) [ € BYC B (61,..., 6 € B(E)).

Equivalently, the characteristic functidn;- : E™ — R is strongly comparison meaning-
ful.

From the natural order
{eg} < E° < {e1}
we can straightforwardly derive a partial orderon B(E"), namelyB =< C' if and only
if P,(B) = P,(C)foralli e [n]. A partial order on3*(E™) can be defined similarly.

Denote byM,, the system of all nondecreasing functigns {0,1}" — {0, 1}, and
let

Mu(E) = Mo\ {p; |7 € {01}, ¢; € B},
whereyu; € M,, is the constant set functign;, = j. Clearly M,,(E) is partially ordered
through the order defined as

p=p e p(r) < p(z) Yoe {01}

Forp € M, (E), we define a functiod,, : E™ — E by

L,(zy,...,2,) = \/ /\xz

te{0,1}™ ti=1
p(t)=1

with obvious conventions

\/260 and /\261.
%)

z

Observe that for any € M,,(E), L, is a continuous invariant function which is also
idempotent whenever(0,...,0) < u(1,...,1), that is, whenever(0,...,0) = 0 and
pw(l,.. . 1) =1.
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Remark. Functionsy € M, (E) with p(0,...,0) < u(l,...,1) are called also
{0, 1}-valued fuzzy measures (when an elemer {0,1}" is taken as the character-
istic vector of a subset df:]). For any suchy, the corresponding functioh,, is exactly
the Choquet integral with respect 04, 13], but also the Sugeno integral with respect
to 1. [15, 13]. These functions are called also lattice polynomials [3] or Boolean max-min
functions [8].

We also have the following result:

Proposition 2.3 ([7, 10]). Consider a function f : E™ — E. Then we have

i) f iscontinuous and invariant if and only if f = L, for some . € M,,(E).

i1) f isnondecreasing and invariant if and only if there exists a nondecreasing mapping
¢:B*(E") — M,(FE) sothat

f(@) = Lepy () (¢ € B € BY(E")).

3 Comparison meaningful functions

Following Definition 2.1, the invariance of a functigh: E* — E can be reduced to the
invariance off| s for all minimal invariant subset® € 5(E"™). This observation is a key
point in the description of invariant functions as given in Proposition 2.2, However,

in the case of comparison meaningful functions, the situation is more complicated. In
fact, we have to examine property (1) forc B, y € C, with B,C € B(E™), to be able

to describe comparison meaningful functions. We start first with the case wherC,

i.e., wheny = ¢(z) for somegp € ¢(E).

Proposition 3.1. Let f : E™ — R be a comparison meaningful function. Then, for any
B € B(E"), thereisan index iz € [n] and a strictly monotone or constant function
gs : P, (B) — R such that

f@) =gp(i,)  (x=(21,...,20) € B),

As an easy corollary of Proposition 3.1 we obtain the characterization of invariant
functions stated in Proposition 2.2;); see also [2]. Indeed, for a fixdd € B(E™), we
should havef (z) = g(x;) and hence, for alh € (FE) with fixed pointz;, we have

o(g(zi)) = o(f(x)) = f(o(2)) = g(x:),
which implies thay(x;) is a fixed point of all suclp’s, that is,

g(x;) =x; Or ey OF e.
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As we have already observed, the structure of invariant functions on a given minimal
invariant subset is completely independent of their structure on any other minimal invari-
ant subset. This fact is due to the invariance propetty) € B forall x € B, ¢ € ®(F)
andB € B(E™). However, in the case of comparison meaningful functions we are faced
a quite different situation, in which we should take into account all minimal invariant
subsets.

Observe first that for a given comparison meaningful funcfior” — R and a given
B € B(E™), the corresponding index need not be determined univocally. This happens
for instance whel is constant or whe is defined with equalities on coordinates (see
Proposition 2.1). On the other hand, givign the functiongz is necessarily unique.

Now, we are ready to give a complete description of all comparison meaningful func-
tions.

Theorem 3.1. Thefunction f : E™ — R is comparison meaningful if and only if, for any
B € B(E"), there exist anindex ig € [n| and a strictly monotone or constant mapping
gs : P, (B) — R such that

f(x) = gp(ziy) (v € B), (@)

where, for any B, C' € B(E"), either g5 = g¢, or Ran(gg) = Ran(gc¢) is singleton, or
Ran(gp) < Ran(gc), or Ran(gp) > Ran(gc). (Note that Ran(gp) < Ran(gc) means
that for all » € Ran(gg) and all s € Ran(gc), we haver < s.)

Example 3.1. PutE = [0, 1] andn = 2. Then there are eleven minimal invariant subsets
in B([O, 1]2)7 namerBl - {(070)}7 By = {(17())}' By = {(171)}’ By = {(071)}7

Bs =0, 1[x{0}, Bs = {1} x]0,1[, By =]0,1[x{1}, Bs = {0} x]0, 1], By = {(x1, x2) |

O< =29 < 1}, BlO = {(ZEl,Ig) | O<a <z9 < 1}, B = {(1'1,1'2) | 0 < a9 <

r; < 1}. Letip, = 1andgg,(z) =1 -z for j € {1,2,3,5,6,9,11}, andip, = 2 and
gs,(z) = 2x — 3 for j € {4,7,8,10}, where always: ¢ RBj(Bj). Then the relevant
comparison meaningful functiofi: [0, 1]*> — [0, 1] is given by

1—xy, ifx >,
209 — 37 if 1 < Ia.

f(xlv*rQ) = {

Theorem 3.1 enables us to characterize strong comparison meaningful functions, too.
Observe that while in the case of comparison meaningful functions, for anypeairit™
the set of allp(z) = (é(z1), ..., ¢(z,)), With ¢ € ®(E), gives some minimal invariant
set B, in the case of strong comparison meaningful functions we are faced to the set of
all points (¢1(z1), - . ., ¢n(2n)), With ¢4, ..., ¢, € ®(F), which is exactly the invariant
set B* linked to the previous3, which together with Theorem 3.1 results in the next
corollary.

254



Annales du LAMSADE A3

Corollary 3.1. Thefunction f : E™ — R isstrongly comparison meaningful if and only
if, for any B* € B*(E™), thereexistanindexip- € [n] and astrictly monotone or constant
mapping gz~ : P,,.(B*) — R such that

f(x) = gp-(zip.) (z € BY),

where, for any B*, C* € B*(E"), either gg« = go+, or Ran(gp:) = Ran(gc+) issingle-
ton, or Ran(gp+) < Ran(gc+), or Ran(gp:) > Ran(gc-+).

4 Monotone comparison meaningful functions

In this section we will examine monotone comparison meaningful functions. Note that
the monotonicity of a fusion function is a rather natural property.

Now, for any strictly monotone or constant real functfonR — R, and any compar-
ison meaningful functiorf : E* — R, also the compositeo f : E” — R is comparison
meaningful. Consequently, to get a complete description of monotone comparison mean-
ingful functions it is enough to examine nondecreasing comparison meaningful functions
only.

Theorem 4.1. Let f : E™ — R be a nondecreasing function. Then f is comparison
meaningful if and only if it has the representation

{(iz,98) | B € B(E")},

as stated in Theorem 3.1, such that any gp is either constant or strictly increasing,
Ran(gp) = Ran(gc) if B ~ C,and Ran(gp) % Ran(gc) if B~ Cand B < C.

Now, several results mentioned in Section 2 are immediate corollaries of Theorems 3.1
and 4.1. Interesting seems to be also the next result, in Wh(i€h means the system of
all strictly increasing or constant real functiopglefined either orZ° or on singleton
{eo} N E oron{e; } N E (if these singletons exist) and for, g» € G(F) we putg; =< go
if either g; = g2, or Ran(g;) = Ran(g,) is a singleton, oRan(g;) < Ran(gs).

Corollary 4.1. A nondecreasing function f : £E™ — R is comparison meaningful if and
only if there are nondecreasing mappings ¢ : B*(E") — M, (F) and v : B*(E") —
G(F) such that

f(@) =~(B*)(Lgpry(x))  (x € B® € BY(E")). 3)

Observe also that whenevBr is not singleton then the relevant functig3*) from
the representation (3) can be obtained (forall £°) by

V(BY)(2) = fz1,- ., 2n),
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where
€0, |f PZ(B*) = {60},
Z; = €1, |f .PZ(B*) = {61},
z, otherwise

For example, ifE is open, the3*(E") = {E"} and then necessarily each monotone
comparison meaningfuf : £" — R is given byf = g o L, wherey € M, (E) and
g(z) = f(z,...,z) is strictly monotone or constant (see also [7]).

Based on Corollaries 3.1 and 4.1, we can characterize nondecreasing strong compari-
son meaningful functions as follows:

Corollary 4.2. Anondecreasing function f : E™ — R isstrongly comparison meaningful
if and only if there is a mapping ¢ : B*(E™) — [n] and a nondecreasing mapping  :
B*(E™) — G(F) such that

flx) =~1(B")x5v)  (x€ B eB(E")),
where, if v(B*) = v(C*), thenalso §(B*) = 6(C*) (unlessy(B*) = v(C*) is constant).

Continuity of a comparison meaningful function is even more restrictive and it forces
the monotonicity. From Theorem 3.1 we have the next result (see also [7]).

Corollary 4.3. A continuous function f : E™ — R is comparison meaningful if and only
if there isa continuous, strictly monotone or constant mapping g : £ — R and a function
p € M, (F) such that

f:goLu- (4)

Note that in trivial cases whe)iis constant,f admits also representations different
from (4), however, always in the forgh= go f*, whereg is a constant function o’ and
f*: E™ — E'is an arbitrary function. In all other cases the representation (4) is unique.

Coroallary 4.4. A continuous function f : E™ — R is strongly comparison meaningful if
and only if there is a continuous, strictly monotone or constant mapping g : £ — R and
anindexi € [n| so that

f=goP.

5 Conclusions

We have described the structure of a general comparison meaningful function. As corol-
laries, some results concerning special cases (monotone and/or continuous operators)
were characterized. Moreover, our characterization can be understood also as a hint how
to construct comparison meaningful operators.
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May’s Theorem for Trees
Fred R. McMorrig, Robert C. Powefs

Abstract

Kenneth May in 1952 proved a classical theorem characterizing simple majority
rule for two alternatives. The present paper generalizes May’s theorem to the case of
three alternatives, but where the voters’ preference relations are required to be trees
with the alternatives at the leaves.

1 Introduction

In 1952, Kenneth May gave an elegant characterization of simple majority decision based
on a set with exactly two alternatives [9]. This work is a model of the classic voting
situation where there is two candidates and the candidate with the most votes is declared
the winner. May’s theorem is a fundamental result in the area of social choice and it has
inspired many extensions. See [2], [3], [4], [5], [8], and [10] for a sample of these results.

The goal of the current paper is to state and prove a version of May’s theorem in the
context of trees. In what followsree will mean a rooted tree with labelled leaves and
unlabelled interior vertices, and no vertex except possibly the root can have degree 2. In
the biological literature, such a tréemight represent the evolutionary history of the Set
of species, with interior vertices df representing ancestors of the specieS.irClearly
the simplest nontrivial case is wheéfi| = 3. In this case, there are exactly 4 distinct
trees with leaves labelled by the setlt is within this context that we define a version of
simple majority decision for trees and characterize it in terms of three conditions. There
is a clear connection between our conditions and those given by May.

This paper is divided into four sections with this introduction being the first section.
Section 2 is background material on May’s work and includes the statement of May’'s
Theorem. Section 3 contains the definition of majority decision for trees, and the main
result of this paper is stated and proved in Section 4.

*Department of Applied Mathematics, lllinois Institute of Technology, Chicago, IL 60616, USA.
fDepartment of Mathematics, University of Louisville, Louisville, KY 40292, USA.
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2 Background on May’s Work

Let S = {z,y} be a set with two alternatives. The binary relatidhs = {(z, z), (y,v),
(y,2)}, Ro = S x S, andR;, = {(z,x),(y,y), (z,y)} are the three weak orders ¢h
The relationR?_; represents the situation wheyeés strictly preferred ta, R; represents
the situation where is strictly preferred tq;, and R, represents indifference between
andy.

Let K = {1,...,k} be a set witht > 2 individuals and letW/(S) be the set
{R_1, Ry, Ry }. A function of the form

FW(8)" — W(S)

is called agroup decision functionby May.
For anyp = (Dy,..., Dy) in W(S)* and for anyi € {—1,0,1} let

Np(i) = {D; : Dj = R;}|.

That is, N,,(7) is the number of times the relatid®; appears in thé-tuple p. It follows
that N,,(—1) + N,(0) + N,(1) = k andN,(i) > 0 for eachi € {—1,0,1}. The group
decision function

M : W(S)F — W(S)

defined by

Ry if N,(1) = N,(~=1) > 0

Ry if Ny(1) = Ny(=1) < 0
M(p) = {
Ry if Ny(1) = Ny(—=1) =0

for anyk-tuplep is called, for obvious reasoremple majority decision. The consensus
weak orderM (p) hasy strictly preferred tar if more individuals ranky strictly overx
thanz strictly overy. There is indifference betweenandy if the number of individuals
that strictly prefery overz is the same as the number of individuals that strictly prefer
overy. Finally, M (p) hasx strictly preferred tay if the number of individuals that rank
strictly overy is more than the number of individuals that ran&trictly overz.

May simplified the notation used above as follows. The relakionis identified with
the number—1, the relationR, is identified with the numbed, and the relationk; is
identified with1. Using this identification we can think of a group decision function as a
function with domain{—1, 0, 1}* and range —1,0, 1}.

Let f : {-1,0,1}* — {—1,0,1} be a group decision function. Then reasonable
properties thaf may or may not satisfy are the following.
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(A) For anyk-tuplep = (Dy, ..., D) and for any permutation of K,
f(Daqy, -+ Dawy) = f(D1, ..., Dy).

(N) For anyk-tuplep = (Dy, ..., Dy),
f(=Dy,...,—Dy) = —f(D1,...,Dy).

(PR) For anyk-tuplesp = (D, ..., Dy) andp’ = (D1, ..., Dy}),
if f(Dl, cee Dk) S {O, ]_}, D; = D, for all ¢ 7é 10, and D;O > Dio’

then
f(D},...,Dp) =1.

The conditions (A), (N), and (PR) correspond to conditions I, Ill, and 1V given on
pages 681 and 682 in [9]. Condition (A) states tliais a symmetric function of its
arguments and thus individual voters are anonymous. Condition (N) is cedlgdality .

This axiom is motivated by the idea that the consensus outcome should not depend upon
any labelling of the alternatives. Condition (PR) is calpsitive responsivenessince

it reflects the notion that a group decision function should respond in a positive way to
changes in individual preferences. If the consensus outg@p)edoes not ranly strictly
preferred tar and one individual, changes their vote in a favorable way towatdhen

the consensus outconfép’) should strictly prefer to y.

We now can state May’s result.

Theorem 1 A group decision function is the method of simple majority decision if and
only if it satisfies (A), (N), and (PR).

3 Trees with 3 Leaves

As we have noted, May studied majority decision for two alternatives, which is the sim-
plest non-trivial case for weak orders. Since our goal is to prove a version of May’s result
for trees, we too restrict our attention to the simplest non-trivial case for trees; namely
when|S| = 3. ForS = {z,y, 2}, and{u,v} C S, letTy,,; denote the tree with one
non-root vertex of degree three adjacent to the ropgndv. Let T be the tree whose
only internal vertex is the root.

Let 7(S) be the se{T, 4y, T1a2y, Ty.23, Tp} Of all trees with the leaves labelled by
the elements of. We will call a function of the form

C:T(S)* — T(S)
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aconsensus functiorto conform with current useage [6] . An elemént= (T1,...,T})
in 7(S)* is called aprofile and the output’(P) is called aconsensus tree For any
profile P = (11, ..., T;) and for any two element subsgt, v} of S, let

Np(uv) = |{T; : T; = Ty}
Also, let
Np(0) = {T: : Ti = Ty}|-
SONp(zy) + Np(xz) + Np(yz) + Np(D) = k. The consensus function

Maj : T(S)F — T(9)

defined by
T{u’v} if Np(uv) > g

Maj(P) = { Tp  otherwise

is calledmajority rule [7]. This consensus function is well known but it is not the best
analog of simple majority decisiosensu May. We feel that a better candidate is the
consensus function

M :T(S)" — T(5)

defined by

M(P) = Ty if Np(uv) > max{ Np(uvw), Np(vw)}
)\ Ty otherwise

where{u,v,w} = {z,y,z}. Itis easy to see that i#/aj(P) = T}, for some two
element subsefu, v} of S, then M (P) = Maj(P). The converse is not true. For
example, ifP = (11, ...,T) such thatl} = Ty, ,, andT; = Ty for all i # 1in K, then
M(P) = T,y andMaj(P) = Ty. For the remainder of this paper the functibhwill
be calledmajority decision.

4 Main Result

Following are translations of the conditions (A), (N), and (PR) to the context of trees. Let
C : T(S)* — T(S) be a consensus function, and consider the following conditions.

(A)* For any profileP = (11, ..., T;,) and any permutation of K,

WherePa = (Ta(l), v Ta(k))-
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Lets: S — S beapermutation. Theninduces a map ofi (S) as follows: 57y = Ty
and BT,y = Taw),8(v)y fOr any two element subs¢t,, v} of S. If P = (T1,...,T}) is a
profile, then seBP = (511, ..., 51}).

(N)* For any profileP = (11, ..., T;;) and any permutatiof of S,

C(BP) = pC(P).

(PR)* This condition has three parts.
(1) For any profiles”? = (11, ..., Ty) andP' = (11, ..., T}), if T/ = T, for all i # i, and
,I;/o = T{x,y}, thenC(P) = T{x,y} |mpI|esC(P’) = T{%y}'

(2) For any profilesP? = (11,...,T;) and P' = (17,....T}), it T] = 1T, for all i # iy,
Tio ¢ {T@,T{m’y}}, andTi’O = Tq), thenC(P) = T{L&y} |mpI|esC(P’) = T{I,y}'

(3) Let P = (Ty,...,T}) be a profile such that'(P) = Ty andT;, € {1y, T{z,}- Then
there exists a profilé”’ = (77, ...,7}) such thatl} = T; for all i # i, 1] # T;,, and
C(P,) Q {Twa T{x,y}}

It is easy to make direct comparisons between conditions (A) and (N) for group de-
cision functions and conditions (A)and (N)" for consensus functions. A comparison
between conditions (PR) and (PRequires a bit more thought. The hypotheses of condi-
tion (PR) allow for different possibilities. One possibility, for example, is wiign = 1,

D;, = 1,andD;, € {—1,0}. Another possibility isf(p) = 1, D; = 0, andD;, = —1.
These two possibilities translate into items (1) and (2) in (RRhe tre€l, ,, is identi-
fied with 1 and the tred, is identified with0.

The final item (3) in (PR) corresponds to the case whé(p) = 0 in (PR). Now
D;, > D,, implies thatD;, € {0, —1}. This in turn is motivation for the hypothesi§ <
{Tv, T+, }- Notice the change in identification with the trgg ,; now corresponding to
—1. The conclusion in (PR) can be written A&') ¢ {—1,0} which corresponds to the
conclusionC(P') & {Ty, Tty } in (PR)'.

We need a lemma before we can state and prove our main result.

Lemma 2 Suppose C' : T(S)¥ — T(S) satisfies (A)T, (N)*, and (PR). If P =
(Th,...,Ty) isaprofilewhere C(P) = H,,, then Np(zy) > max{Np(xz), Np(yz)}.

Proof. Assume thatVp(zy) = Np(zz). Then|K,| = |Ky| whereK; = {i € K : T; =
Ty yandK, = {i € K : T; = Ty, .3 }. Choose a permutationof K such thatx maps
K; onto K, K5 onto K, anda(i) = iforalli € K\ (K; U K3). Defineg : S — S
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by 5(z) = =, 8(y) = z, andf(z) = y and note thaP” = P,. It follows from (A)* and
(N)* that
C(P) = C(BP,) = BC(P.) = BC(P).

But C(P) = T, andTy,,, # (1.,y. This contradiction implies thaWp(zy) #
NP(SL’Z).

A similar argument shows th&{p(zy) # Np(yz).

Letr = Np(zz) — Np(xy) and assume > 0. Chooseiy € {i € K : T; = Ty, 1}
and define” = (17,...,T}) by T! = T, for all i # i, and
, Ty ifr=1
i T{x7y} if r>2

It follows from (PR)" thatC'(P') = T}, ;. Note that

Np(zy) < Npi(zy) < Npi(zz) < Np(xz).

Since K is finite this process can be continued (if necessary) until we find a piefile
such thatC(P*) = T, .y andNp-(zy) = Np-(xz). This contradicts the first part of the
proof. ThereforeNp(zy) > Np(zz).

A similar argument shows tha{r(zy) > Np(yz) and the proof is completé]

Theorem 3 The consensus function C' : 7(S)* — 7 (.S) isthe majority decision function
if and only if C' satisfies (A)*, (N)*, and (PR)*.

Proof. First, it is straightforward to verify that the consensus functidrsatisfies (A,
(N)*, and (PRY.

Suppose&” : T(S)% — T(S) satisfies (Af, (N)*, and (PRy. LetP = (Ty,...,Ty)
be an arbitrary profile. The goal is to show ti&tP) = M (P).

If C(P) = Tz, then, by Lemma 2Np(zy) > max{Np(zz), Np(yz)}. By the
definition of M, M (P) = T{,,y and soC(P) = M (P).

If C(P) = Ty,.y, then defingd : S — S by 8(z) = z,6(y) = 2, andB(z) = y. It
follows from (N)" that

C(BP) = BC(P) = BTz = Tiay-

SinceC(BP) = T, it follows from above that/ (5P) = T, ,,. A second application
of (N)* yields
BC(P) = C(BP) = Tiayy = M(BP) = SM(P).

Since induces a bijection off (5) it follows thatC'(P) = M (P).
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If C(P) = Ty, then use a variation of the previous argument to establish that
C(P) = M(P).

The final case is whetW'(P) = Tj. Assume thatV/(P) # Tj. By using condition
(N)* if necessary we may assumé(P) = 1Y, . By the definition ofM, Np(zy) >
max{Np(xzz), Np(yz)}. Letic € {i € K : T, = Ty, }. It follows from (PR)" that
there exists a profilé”’ = (77,...,T}) such thatl; = T; for all i # o, T; # T;,, and
C(P') & {Tp, Tzyy }- ThenC(P') = T, .y or Ty, .. Assume without loss of generality
thatC(P') = Ty, .. By Lemma 2 and (N), Np/(2z) > max{Np/(zy), Np/(yz)}. Thus
Tj = T(yy andT;, = T,y Infact, Npi(22) = Npi(zy) + 1L T K = {i e K : T} =
Tt andKy, = {i € K : T} = Ty, }, then| K| = | K| 4+ 1. Choose a permutation
a of K such thate mapsK; onto K \ {ip}, K1 \ {ig} onto Ky, anda(i) = i for all

i€ K\ (KyUK;\{ip}). Inparticulara(iy) = io. Note thatP), = P. It follows from
(A)* and (N)" that

C(P) =C(F,) = C(BP) = pC(P) = pTy = Ty,

contrary toC'(P’) = Ty, .. This last contradiction completes the proof of our main resuilt.
O

It is not possible to drop any one of (A) (N)*, (PR)" and still uniquely determine
the consensus functioh/. The projection functiorC; : 7(S)* — 7(9) defined by
C1(P) = T; for any profileP = (T3, ...,T}) satisfies (N} and (PR} but it does not
satisfy (A)". The constant functioft, : 7(S)* — 7 (S) defined byCs(P) = T,y for
any profile P satisfies (A) and (PR} but not (N). The majority consensus ruld a;
satisfies (A}, (N)*, and items (1) and (2) in (PR)out does not satisfy item (3) in (PR)

It would be interesting to extend the consensus funciibto trees with more than 3
leaves. However, it turns out that there is not a unique extension and in some cases the
consensus outcome is not even a tree. The details of this work will be given in a future
paper.
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An algorithmic solution for an optimal decision
making process within emission trading markets

Stefan Wolfgang Pickl*

Abstract

We present an algorithmic solution for optimal decision making in emission trad-
ing markets. The economy is modelled as a time discrete system. The trajectories
correspond to possible strategies of the players. In this paper, we treat the strategies
as control parameters and require that they lie in the core of a given cost-game. The
suggested algorithmic solution principle is based on dynamic programming tech-
niques. The unigueness of the solution which is represented by the coreis proved.

Key words: Decision making process, algorithmic solution, knowledge interaction

1 Introduction

The conference of Kyoto 1997 institutionalized anew and important economic instrument
for environmental protection, the Joint-lmplementation Program (JI), see Kyoto (1997).
The program intends to strengthen international cooperations between enterprisesin order
to reduce greenhouse gas emissions. Specifically, the concept of Joint Implementation
involves a bilateral or multilateral deal in which countries facing high pollution abate-
ment costs invest in abatement in countries with lower costs, and receive credit for the
resulting reduction in greenhouse gas emissions. The reduction in emissions resulting
from technical cooperations are recorded at the Clearing House. The realization of Joint-
Implementation (JI) is subject to technical and financia constraints. The so-called TEM
model was developed to capture these constraints in a empirically practicable way. For
more details, see Pickl (1999), where the TEM model is treated as a time-discrete control
problem, and Pickl (2001), who analyses the feasible control set.

*Santa Fe Indtitute, 1399 Hyde Park Road Santa Fe, New Mexico 87501,
U.SA.{pi ckl }@s. unm edu
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In the following sections, we present anew bargaining approach to international emis-
sions trading markets within the so-called Kyoto game. The Kyoto game is part of the
TEM model. Nash equilibriaand Pareto optima are characterized and cal culated applying
dynamic programming techniques.

2 Economic Motivation: Multistep I nvestments

In order to get an intuition of the following alocation problem, let us begin with a very
simple case where we have only two players. The two players have two alternative strate-
giesto invest. The origin of the coordinate system isthe starting point of the two players.
Each player tries to reach the black square which stands for the level of reductions of
emissions mentioned in Kyoto Protocol in a given number of time-steps. In the follow-
ing, we assume only 3 time-steps.

< 4

O
&

Player 2

Player 1

Figure 1. Multistep investments

The different paths are related with independent costs which are recorded at the clear-
ing house. Thisinstitution is mentioned explicitly in Kyoto protocol.

2.1 A Non-Cooperative Approach
In the figure 3.1. the players make their choice independently and simultaneously. Each
player can choose between two alternatives strategies (1, 2) or (2, 1), meaning moving

first 1-step then 2-steps or first 2-steps thenl-step. One of the grey squareswill be attained
after the first time-step. The directions of movement are shown on the figure in the small
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diagram. Player 1 goes to the right. To reduces his C'O, emissions by 1 unit, he has to
invest 3 monetary units. To attain areduction of 2 units, then he hasto invest 5 units. The
strategy (2, 1) leadsto agreater reduction at the beginning and a smaller investment at the
end of the period. The costs are lower than in the (1, 2) case, reflecting the fact that early
innovations are favorable. We can transfer this ssmple model with two players and two
time-steps to a simple matrix game, which we call the Kyoto-game.

LY e R CE!

(1,2) 7 8

N 7 9

&

&

[am

2,1) 9 8
8 8

Figure 2: Nash Equilibria

The combinations of strategies {(1,2),(1,2)} and {(2,1), (2, 1)} are both Nash equi-
libria. Unilateral deviations do not profit any player. Nevertheless, both players prefer the
combination of strategies {(1,2), (1,2)}.

If the clearing house wants to support a given combination of strategies, say {(1,2),
(1,2)}, then it can induce it by adding taxes to specific payoff combinations. This very
simple example gives an intuition about the situation if many players are involved. Sym-
metry aspects are observable in that example. If the relationships are not symmetric, we
construct a worst-case scenario and consider the minimum of the two parameters. Fur-
thermore, as the necessary data is given to the clearing house, real time monitoring of
the actual developments is possible. We now extend the analysis to a general n-player
situation with an arbitrary number of time-steps.

2.2 A Cooperative Approach
In such agenera n-player multistep situation the distribution of the costs along the paths

(strategies) can be interpreted as imputations of an underlying time-discrete dynamical
game. For such a game we consider now the core as suitable solution concept:
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Let us introduce the well known allocation concept of the core:

Definition 2.1 Let v, a cooperative n-person gamewith y(K) = > y;, K C N, where
€K
y 1S an imputation of the game. Then we define the Core by:

Core, :={y € R" | y(N) =v,(N) and y(K)>w(K) forall K CN}.

The expression for Core,, indicates that each time-step the core depends on the state
z(t) of an underlying time-discrete system. In the following we assume that the Core
exists at each time-step. Then we get the following problem formulation if we regard the
general multistep Kyoto game (z;(¢) indicates the state of the i-th player at time-step= t;
this state defines the core):

fz(t)EngRnl (Z:]_,,TL, t:O,,N)

u;(t) € Core(z(t)) CR™ (i=1,...,n, t=0,...,N—1) (1)

Ti(t+1) = Z;(t) + fi(z(t),u(t))
In vector notation, we write (1) as follows:

Tiy1 = (xtﬂit) : Xy x Uy
(t=0,. N 1), where
rp = (Ta(t), xz( )y @n(l)),
up = (Ur(t), T2(t), .., Un(?))-
Wecal ;.1 = T;(zs,u;) ageneral multistep processwith x, as start vector and where

T, isasuitable vector transformation. It is ageneralization of figure 3.1.

The states of the Kyoto game z; = (z M) 22 ...a:f."))T fori=1,...,N aeele

’L A A

ments of the nonempty set X;, z; € R*. The parameter o describes the dimension of
the state vector. We call the states which can be realized feasible.

The process is restricted to afinite time-period [to, 7] . Starting point is ¢, = 0.
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2.3 Time-Discrete Kyoto Game

We introduce intervals I, = [t,_1,t,] of length A, with ¢, = T'. Each interval I,
isthe i— step of the generalized Kyoto Game with N steps. The intervals indicate the
stages of the intuitive example. The advantage of taking variable intervalsliesin the fact
that variable bargaining situations can be described. Now, we introduce the following
objective function

P-1

Z(x,u) = Y Vilwp )+ Ve(wp), 2)
p=0
Vp objective function of thep -th step:it depends on the state x,,
the decision parameter w,,
Vp objective function of the P -th step: it depends upon the input
value xp assuming that the decision value on the last step is zero

We consider Z(x, u) depending on the feasible multistep decision process

PR = (z,u) := (20, 21,...,ZTp, Uy, Uty ..., Up_1)
where, z; € X, and  u; € Uy(z,) := Core(zy),
andf['t+1 = E(l’t, U/t) S Xt+1(t = 07 ey P — ].)

We get an algorithmic solution of the problem if we introduce subprocesses PR; just at
the (j + 1) -th step of thewholeprocess 0 < j < P—-1 P —j:

PR = (z,u)) = (¥,Tj41,- -, TP, Uj, Ujy1, - - -, Up),
where z; € X;, u; € Uy(X;) := Core(z;), and
T = Tz, w) € Xopn (t=4,5+1,...,P—1)

Based on the sequence PR; we have a sequence of objective functions
Zy(PR’) = Zj((z,u))
P-1
= Z Vi(xs, u;) + Ve(zp) .
i=j

Itisobviousthat for j = 0 we have again the whole process PR

271



An algorithmic solution for an optimal decision making process within emission trading
markets

2(P) = Z(v,u) = S Vil ug) + Vilep). )

1=

[y

In the next part we present a dynamic programming approach which leadsto a solution
of that game.

2.4 Sequencing and Dynamic Programming

We introduce the following decision function which indicates that the players can decide
between several strategies. We assume that this decision function depends on the state of
the system. This leads to the following representation:

Sj = [Sj(.%j), 3j+1($j+1); c ,Spfl(l'p,l)] decision function 0 S] < P-1.

In the next part we present a solution principle which can be obtained by the well-
known Bellmann Principle of Dynamic Programming.

For the objective function we get the following representation:

P-1
Zj = Z‘/t(wtaut)-i-VP(xP)
=5
= Zj(zj,xjs1, - 2p, 55(25), 55401 (Tj41), - - )
3P71(3fP71))
P-1

- Z Vi(zy, si(x)) + Ve(zp)

t=j

There is only a dependence on the state vector and the decision strategy. We are
independent on the control parameter which was not part of the Kyoto game. Additionally,
in the next section we introduce the concept of optimality related to that strategy s’. First,
we call a decision function feasible, if s,(z;) € Uy(z;) for al z; € X;. Instead of
Ty = Ty1(zp—1,u—1) Weget oy = T,_1 (141, 50-1(T4-1)).
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Introducing the following abbreviations

Zpsr(zp) = Ve(zp),
Z;A,sp—l(xP—l) = Vpoa(zp_1,8pa(zp =) +
Vp(:L’p)
——
Z;ysp(TP71($P717SP71(90P71)))
:,st(xt) = ‘/t(xtast<xt))
+ZE 0 e (Te(e, si(2t))),

we obtain the following definition for optimality:

Definition 2.2 A feasible decision strategy

§ = [8(x;),= Sjs1(xj11), ..., Sp_1(zp_1)]
of the process P is called optimal if the following inequality is valid:

75 u(x5) > 77 5(x;) forall z; € X;, for each feasible decision strategy .

We call the functions which realize an optimal decision strategy, optimal decision
functions. If we take ¢t = 0, we apply the same terminology for the whole process of the
Kyoto game. The paths of the game are now interpreted as several strategies.

This functions depends only on the start vector =; € X; . Furthermore, they describe
the maximum of the characteristic function Z; for the process j, j+1,...,N. We
assume that the decision strategy s’ isfeasible. It is obvious, that each optimal strategy
§' represents an optimal process PR, .

We call the functions s;,, t = j,5 +1,...,N — 1, which represent an optimal
decision policy, optimal decision functions. In the same way we call the states of only a
part of aprocess P, optimal, too. If ¢ = 0, then we have the same situation for the whole
process. Instead of varying over al possible strategies we may vary over al feasible
processes.

Let us furthermore introduce:

fP—j(ij> - UtEUt(xItr)ltaj; ,,,,, PfIZj((I7U)j)

_ *
= max Z(epu)
ur €Ut (x¢)t=5,...,P—1

(j=0,1,...,P—1),
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where 2,1 = Ty (x¢,uy) and fo(xp) = Vp(zp). If weuse:

P-1
Zi((z,u)’) = Z Vi(@e, ue) + Vp(zp)
t=j
then we get:
P-1
froj(z;) = uteUt(in)li}E 7777 oy tz_j: Vi(zy,ue) + Vp(zp)

(j=0,1,...,P—1).

Applying the following auxiliary lemma (Pickl 1999) we obtain a method for a suc-
cessive and algorithmic solution principle.

Lemma2l Let Y7 C R and Y, C R. Thefunctions g; : Y1 — R and g5 : Y1 xY; — R
are assumed to be continuous, the sets Y; and Y; are compact. Then, thisyields

max _ [g1(y1) + g2(y1, y2)] = max[gi(y1) + max g2(y1, y2)] -
Yy1€EY] Y2€Y2

y1€Y1y2€Y2
This means
P-1
fr—j(z;) = max {Vj(z;,u;)+ max Z Vi(ze, ug) + Vp(xp)
u; €U (%) oy i P

ujgg]jg;j){ i@, u5) t:?%nﬂ;gﬁh T (@i, W)}

=, hax {Vi(as, uy) + fr—gany(zj41) ) (G=0,1,...,P=1).

Replacing ;.1 = T;(z, uy) , we get the Bellmann functional equation:

fo(xp) = VP(CCP)
fri(z) = max {Vi(w,u)+  fropeny(Tilzn,w))}.

ut €U (xt)

It is obvious that the functional equations are necessary and sufficient conditions for
an optimal decision parameter ‘. Each solution of the Bellmann equation is an optimal
solution of the process and each optimal solution of the process is a solution of (4). Fur-
thermore this representation contains an algorithmic solution principle which results from
the following two theorems:

274



Annalesdu LAMSADE n°3

Theorem 2.1 Let (4) be the Bellmann functional equation. Then, there exists an optimal
strategy [5;(z;),...,Sn—1(zny_1)] Of the process PR;, which startsat step j + 1. The
strategy depends only on the input parameter z; € X .

The proof is obvious. More important is the following theorem:

Theorem 2.2 Let the Bellmann functional equation of (4) be given. Let

§(x;) = [55(x;), .- dna(@)] (G =0,1,...,N = 1) (4)
be an optimal decision strategy for the process PR; with z; € X .
The process
1 = [3541(25), 85(x)), -+ v ()] (5)

which results from (3) is an optimal decision policy for the process PR, ;.

Proof 2.1 The proof isdone by induction. Let usassumethat @y 1 = Sy_1(zy_1) iSa@n
optimal strategy and for uy_1 = sy_1(xy_1) itisvalid
filenyor) = max Vno1(zn—1,un—1) + V(T (@n-1, un—1))]
unN—1€UN_1(zN-1)

= Vyoi(ey-1,5n-1(en-1)) + Vv (Tv—1(zn—1, Sn-1(TN-1)))

> Vnoi(onot, sn-1(zn-1)) + YN(TNA(SCNA, 5N71($N71)))1
Z]*V_’SN(fBN)
= ]»;[_175N71<$N71) (6)
fi(zn_1) isper definitionem the maximum over
max * (en_1) = 2% 4 vy
sn1(an_1)EUN 1 (zn_1) N—-1,sN 1( N 1) N—-1,5N 1( N 1)
Then we get
;1—1,§N71(IN—1) > Z}:f—Lstl(xN—l) (7

Thereby 5y _1(zx_1) isan optimal strategy. This terminates the first induction step. Let
us assume that for one < we have, N — 1 > ¢ > j. These assumptions are valid for a
certain 7. In a next step we have to prove that the induction assumption isvalid for i —1:

Inoi(x) = ZF gi(xy) > 27

2,8 2,8

(CL’Z) for ;€ X;
and every suitable strategy s'. Applying (4) we get
5_1731'71(%1'—1) = ‘/i—l(xi—la Sz‘—1($i—1)) + Zz‘*,si [Tz‘—l(xz‘—h Sz’—1<xi—1)>] (8)
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In the following we consider w; y = s;,_1(z;—1). Thevariable z;_; € X;_; isfixed
but variably chosen. Applying the induction hypothesis we get:

Vici(wizq, uim) + Z:gz (Tio1(zi1,wi1)) > Vi (wim1, wim1) + Zi*,si (Ti—1(2im1,wim1))

This expression is valid for all u;_; € U;_1(x;_) and all feasible s* . We search for a
maximumon theleft side, u;,—, € U;_1(x;—1) . Anoptimal u, isindicated by ;. Hereby,
we get

Vicr(iz1, Uim1) + ZF s (Tima (-1, Wim1)) > Vica(@imr, wimr) + 27 o (Tima (i1, wi—1))

7,50 7,50
i) Zr | @)
i—1 i—l,si71 i—1

= 9)

J/

* .
i—1,50—1

Zf,17§i71($i—1) = Vz‘—1(l’z‘—17 ﬂz’—l) + fN—z‘(ﬂ—1(Iz’—1>@z‘—1)) =
max WVici(@iz,wim1) + fvoi(Tica (e, wise))] =

ui—1€U;—1(wi—1)

fo(ifl)(xz‘—l): {‘_17g¢71(:13¢_1) > 5_1,52'71(901‘—1)

If we assume that z; ; is variable we can determine @; ; = $; 1(z;—1) and u; 1 =
si—1(z;_1) insuch away that the last conditionisvalid for all (!) z;_; € X;.

This results expresses the fact that an optimal strategy of a sub-process
15;(z;),...,8nv_1(zN_1)] isonly dependent on the value z; . Thisleads to the following
fact which can be seen as a version of the Bellmann Optimization principle:

Theorem 2.3 We consider the Bellmann functional equations (4). If we regard a subpro-
cess P;, which begins on the stage j + 1, there exists an optimal strategy [5,(z;), . . .,
Sn—1(zn—1)] which depends only of the stage z; € X .

Thewhole process before the actual state (7 + 1) has no effect on the optimal strategy.
Applying this results we can prove:

Theorem 2.4 Let (4) be given as the Bellman functional equations. Let §/(z;) =
15;(x;),...,8n-1(x)] (j = 0,1,...,N — 1) be an optimal strategy of the subprocess
Pj mit Z; € Xj .

If we consider the subprocess 57*' = (5;,1,3;(v;),...,5n-1(v;)) constructed by (3)
we get an optimal strategy for the subprocess P; ;.
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Proof 2.2 We proof thisresult again by an indirect construction. Let us therefore assume
that s**! is an optimal policy, which is different from s/*! in at least one k,k =
j+1,...,N —1.Thenwe get:

e (Tir) > 25 e (T4)
—

Vi), 35(25)) + Zjy g (@500) > Vilay, 85(25)) + Zj g (2540)

M (z)

(z5) zx

* ) .
3,s*d 5,87

Thisisa contradiction to the fact that $7(z;) was assumed to be an optimal strategy.

3 Existence Theorem

In the following, we assume that our problem has at |east one feasible solution. The state
regions X; € R*, i =0, ..., P,arebounded and closed. Theregionsare described by the
core of the Kyoto interval game: The decision regions U;(z;) C R? with z; C X;,i =
0,..., P —1,will berepresented by the Core of the game. Furthermore we assume the
core to be bounded. Applying the well known theorem of Krein-Milman, each general
e-core (Driessen (1986)) is the convex hull of the extremal points. For each state x; the
region U;(z;) is a polyhedron and a compact set. Note that in the Kyoto Game we have
e=0.

Additionally, we assume that the functions V; and the state transformations 7; are
continuous and restricted to the following regions:

{(zs,u;) | x; € X, wy € Ug(xy)},i=0,1,...,P—1

{l‘p‘l’p EXP.}

Now, we formulate the following main theorem:

Theorem 3.1 Let U;(z;), i =0,1,..., P — 1, be continuous set functions. The assump-
tions mentioned above are valid for our process which is described by (2) and (3). The
decision set is presented by the core of the cost-game. Then we state that our problem has
one solution.
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N-1
Proof 3.1 Letustake Z(v) = Z(z,u) = > Vi(x;,u;) + V(zy) and

=0
zi1 = Ti(x;,u;) . The variable x, isfixed. As V;,,Vy and T; for i = 1,..., N are
continuous functions, the process Z(x, ) is a continuous mapping. The assumptions
states that the control sets and the sets of the feasible states are compact. Applying the
well-known theorem of Weierstrass we get an existence result.

4 Conclusion

We present an algorithmic solution for a time-discrete investment model occurring in
emission trading markets. The properties of the economic background lead to the de-
scribed mathematical model of a time-discrete dynamical process. Applying dynamic
programming techniques we can prove an existence theorem. It states that a suitable
solution is represented by the core.
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Preferences On Intervals. a general framework
Alexis Tsoukas', Philippe Vincké

Abstract

The paper presents a general framework for interval comparison for preference
modelling purposes. Two dimensions are considered in order to establish such a
framework: the type of preference structure to be considered and the number of
values associated to each interval. It turns out that is possible to characterise well
known preference structures as special cases of this general framework.

Key words: Intervals, Preferences, Orders

1 Introduction

Preferences are usually considered as binary relations applied on a set of objects, let's say
A. Preference modelling is concerned by two basic problems (see [31]).

The first can be summarised as follows. Consider a decision maker replying to a set
of preference queries concerning a the elements of thel:sétlo you prefera to ?”,
“do you preferb to ¢?” etc.. Given such replies the problem is to check whether exists
(and under which conditions) one or more real valued functions which, when applied to
A, will return (faithfully) the preference statements of the decision maker. As an example
consider a decision maker claiming that, given three candidateendc, he is indifferent
betweern: andb as well as betweehandc, although he clearly prefersto c. There are
several different numerical representations which could account for such preferences. For
instance we could associate dadhe interval[5, 10|, to b the interval[3, 6] and toc the
interval [1,4]. Under the rule that is preferred toy iff the interval associated to is

*LAMSADE - CNRS, Universié Paris-Dauphine, 75775 Paris cedex 16, France.
{t souki s}@ ansade. dauphi ne. fr

fSMG - ISRO, Universé Libre de Bruxelles, CP 210/01, 1050 Bruxelles, Belgium.
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completely to the right (in the sense of the reals) of the one associagexhtbindifferent
otherwise, the above numerical representation faithfully represents the decision makers
preference statements.

The second problem goes the opposite way. We have a numerical representation for
all elements of the set and we would like to construct preference relations for a given
decision maker. As an example consider three objectsand c whose cost is 10, 12
and 20 respectively. For a certain decision maker we could establish ihaetter than
b which is better tham. For another decision maker the model could be that bathd
b are better tham, but they are indifferent among them since the difference is too small.

In both cases the adoption of a preference model implies the acceptation of a number of
properties the decision maker should be aware of.

In this paper we focus our attention on both cases, but with particular attention to the
situations where the elements of the datan or are actually represented by intervals (of
the reals). In other terms we are interested on the one hand to the necessary and sufficient
conditions for which the preference statements of a decision maker can be represented
through the comparison of intervals and on the other hand on general models through
which the comparison of intervals can lead to the establishment of preference relations.

The paper’s subject is not that new. Since the seminal work of Luce ([16]) there have
been several contributions in literature including the classics [10], [26] and [22], as well
as some key papers: [1], [6], [9], [11], [12]. Our main contribution in this paper is to
suggest a general framework enabling to clarify the different preference models that can
be associated to the comparison of intervals including situations of crisp or continuous
hesitation of the decision maker.

The paper is organised as follows. In Section 2 we introduce all basic notation and all
hypotheses that hold in the paper. In section 3 we introduce the structure of the general
framework we suggest, based on two dimensions: the type of preference structure to be
used and the structure of the intervals. In section 4 we introduce some further conditions
enabling to characterise well known preference structures in the literature. We conclude
showing the future research directions of this work.

2 Notation and Hypotheses

In the following we consider a countable set of objects which we denoteAwitfariables
ranging withinA will be denoted withe, y, z, w - - -, while specific objects will be denoted
a,b,c---. LettersP,Q, I, R, L---, possibly subscribed, will denote preference relations
on A, that is binary predicates on the universe of discoutse A (each binary relation
being a subset ofi x A). Lettersf,g,h,r, [---, possibly subscribed, will denote real
valued functions mapping to the reals. Since we work with intervals we will reserve
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the letters- and! for the functions representing, respectively, the right and left extreme
of each interval. Letters, 3,~--- will represent constants. The usual logical notation
applies including its equivalent set notation. Therefore we will have:

- PN Requivalentto/z,y P(x,y)AR(x,y);

- P C Requivalenttovz,y P(z,y)—R(z,y).

We will add the following definitions:

- P.R equivalent tovz, y3z P(x,z)AR(z,y);

-1, = {(z,z) € A x A}, the set of all identities inl x A.

As far as the properties of binary relations are concerned we will adopt the ones intro-
duced in [23]. For specific types of preference structures such as total orders, weak orders
etc. we will equally adopt the definitions within [23].

We introduce the following definition:

Definition 2.1 A preference structure is a collection of binary relatioRsj = 1, - - - n,
partitioning the universe of discoursé x A:

-vxayhj PJ(I7y) - _'-Pz;«éj(x7y)’

Further on we will often use the following proposition:

Proposition 2.1 Any symmetric binary relation can be seen as the union of two asymmet-
ric relations, the one being the inverse of the other, 4nd

Proof. Obvious.

We finally make the following hypotheses:

H1 We consider only intervals of the reals. Therefore there will be no incomparability
in the preference structures considered.

H2 If necessary we associate to each interval a flat uncertainty distribution. Each point
in an interval may equally be the “real value”.

H3 Without loss of generality we can consider only asymmetric relations.

H4 We consider only discrete sets. Therefore we can consider only strict inequalities.

Remark 2.1 Hypothesis 3 is based on proposition 2.1. The reason for eliminating sym-

metric relations from our models will become clear later on in the paper. However, we can

anticipate that the use of asymmetric relations allows to better understand the underlying
structure of intervals comparison.
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Remark 2.2 Hypothesis 4 makes sense only when the purpose is to establish a represen-
tation theorem for a certain type of preference statements. The basis idea is that, since
numerical representations of preferences are not uniquéging countable, is always
possible to choose a numerical representation for which it never occurs that any of the
extreme values of the intervals associated to two elememtsad the same. However, in

the case the numerical representation is given and the issue is to establish the preference
structure holding, the possibility that two extreme values coincide cannot be excluded.

3 General Framework

In order to analyse the different models used in the literature in order to compare intervals
for preference modelling purposes we are going to consider two separate dimensions.

1. The type of preference structund/e basically consider the following cases.

Use of two asymmetric preference relatioRsand P,. Such a preference
structure is equivalent to the classic preference structure (in absence of in-
comparability) considering only strict preferend@ {n our notation) and in-
difference ¢, U P, U I, in our notation). For more details see [23].

Use of three asymmetric preference relatiéhs P, and P;. Such structures

are known under the name &)1 preference structures (see [30]), allowing
for a strict preferencer; in our notation), a “weak preferenceP{ in our no-
tation), representing an hesitation between strict preference and indifference
and an indifferencel, U P, U I, in our notation).

Use ofn asymmetric relation#, - - - P,. Usually P, to P, representy — 1
preference relations of decreasing “strength”, witlle) P, ' U1, is sometimes
considered as indifference. For more details the reader can see [9].

Use of a continuous valuation of hesitation between strict preference and in-
difference. In this case we consider valued preference structures, that is pref-
erence relations are considered fuzzy subsetd af A. The reader cas see
more in [20].

2. The structure of the numerical representation of the interVeé consider the fol-
lowing cases:

282

Use of two values. Such two values can be equivalently seen as the left and
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e Use of three values. Again several different interpretations can be considered.
For instance the three values can be seen as the two extremes of each interval
plus an intermediate value aiming to represent a particular feature of the in-
terval. They can be seen as a value associated to each elemémainof two
thresholds aiming to describe two different states of discrimination. They can
also be seen as representing an extreme value of the interval, while the other
extreme is represented by an interval.

e Use of four or more values. The reader will realise that we are extending the
previous structures. The four values can be seen as the two extremes and two
“special” intermediate values or as two imprecise extremes such that each of
them is represented by an interval. The use gélues can be seen as a value
associated to each element#fandn — 1 thresholds representing different
intensities of preference. Possibly we can extend such a structure to the whole
length of any interval associated to each element sfich that we may obtain
a continuous valuation of the preference intensity.

In table 1 we summarise the possible combinations of preference structures and inter-
val structures.

2 values 3 values > 3 values
2 asymmetric Interval Orders Split Interval Orders  Tolerance and
relations and Semi Orders and Semi Orders Bi-tolerance
orders
3 asymmetric PQI Interval Orders Pseudo orders
relations and Semi Orders and double -
threshold orders
n asymmetric Multiple
relations - - Interval Orders
and Semi Orders
valued Valued Preferences
relations Fuzzy Interval Orders and Semi Orders

Continuous PQI Interval Orders

Table 1: A general framework for interval comparison

The reader can see more details in the following references:
- Interval Orders and Semi Orders: [10], [11], [16], [22];
- Split Interval Orders and Semi Orders: [2], [13];
- Tolerance and Bi-tolerance orders: [3], [4], [5], [14], [15];
- PQI Interval Orders and Semi Orders: [17], [18], [28];
- Pseudo Orders and Double Threshold Orders: [24], [25], [27], [30];
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- Multiple Interval Orders and Semi Orders: [6], [8], [9];
- Valued Preference Structures: [7], [19], [20], [21], [29].

4 Further Conditions

The general framework discussed in the previous section suggests that there exist sev-
eral different ways to compare intervals in order to model preferences. Each of such
preference models could correspond to different interpretations associated to the values
representing each interval. For instance consider the case where only the two extreme
values of each interval are available and only two asymmetric relations are used. We can
establish:

- Py(z,y) < l(z) > r(y)

- Pi(x,y) & 1r(y) > U(z) > U(y)

and we obtain a classic Interval Order preference structure

or we can establish:

- Pa(z,y) & U(z) > U(y) Ar(z) > r(y)

- Py(z,y) & r(x) > r(y) > Uy) > (2)

and we obtain a partial order of dimension/2),

A first general question is the following:
- given a set, if it is possible to associate to each elemewff A n functionsf;(x), i =
1,---n, such thatf,(z) > --- > fi(xz), how many preference relations can be estab-
lished?

In order to reply to this question we consider different conditions which may apply to
the values of each interval and their differences. For notation purposes, given an interval
to whichn values are associated, we denotettle sub-interval of any element € A
(from valuef;(z) to value f; ;1 (z)) asz;. When there is no risk of confusian will also
represent the “length” of the same sub-interval (the quarfitity(z) — f;(x)). We are now
ready to consider the following cases:

1. No conditions We consider that the functions describing the intervals are free to
take any value.

2. Coherence condition§Ve impose thati fi(x) > fi(y) — fi(x) > fi(y). Thisis
equivalent to claim thati x; > ;.

3. Weak monotonicity conditiondNe now impose thati, j,« > j =; > y;. In other
terms we demand that there are no sub-intervals iotluded to any sub-interval
of y. Such a condition implies coherence (but not vice-versa).
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free coherent weak monotone monotone

2 values: 3 2 2 2

3values: 10 5 4 3

4 values: 35 14 8 4
| . (2n)! _1 (2n 20n—1)?

nvalues: 575 =) 2" )7 n

Table 2: Number of possible relations comparing intervals

4. Monotonicity conditions We now impose thati =; > y; > z;1 > y;_1 (Sub-
intervals ofx or y are never included and they do not decrease as the inishex
creases). Such a condition implies weak monotonicity (but not viceversa). The
reader can easily check that a representation which satisfies such a condition is the
one where all sub-intervals have the same constant length.

In table 2 we summarise the situation for all the above cases.

A second question concerns the existence of a general structure among the possible
relations that the comparison of intervals allow. Consider for instance the ten possible
relations allowed by the use of three values associated to each interval. Is there any
relation among them?

In order to reply to this question we consider any preference relation as a vector of
2n elements. Indeed, sind®(x,y) compares two vectors:(andy) of n elements each
((fi(x),- - fu(x)) and (fi(y), - - fu(y))), there is a unique sequence of si@ehvalues
which exactly describes each relatibh Consider the case of three values and the ten
possible relations. These can be described as follows:

: ( )
P2<x7y) : <f1(y)7fl(x)vfQ(x)an(y>7f3($)7f3(y)>
P3(I7y) : <f1(y)vfl(x)vf2(y)af2($>7f3(x)7f3(y)>
P4(x,y) : <f1(y),f1(33),f2($),fg(y>,f3(y),f3(l’)>
P5(:C7y) : <f1(y),f1(iv),f2(y),f2($),f3(y),f3(9€)>
P6(£7y) : <f1(y)7f2(y)7fl(x)7f2<x>7f3(x)vf3(y)>
P7<J],y) : <f1(y)7fl(x)vfQ(y)vfii(y)an(x)?f?)(l‘»
Pg(l’,y) : <f1(y)7fz(y),f1($),f2($),f3(y),f3($)>
Py(z,y) + (f1(y), f2(y), 1(), f3(y), f2(2), fs(x))
Pio(z,y) = (f1(y), f2(9), f5(y), f1(2), f2(2), f5(2))

We now introduce the following definition.
Definition 4.1 For any two relations?,, P, [, k € I we write P, > P, and we read “re-
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lation P, is stronger than relatiorP,” iff relation P, can be obtained fron®, by a single
shift of values of andy or it exists a sequence 6% such that?, > --- P, > - - - P.

The reader will easy verify the following proposition.

Proposition 4.1 Relationt> is a partial order defining a complete lattice on the set of
possible preference relations.

In figure 1 we show the lattice for the cases where 2 (3 relations) andv = 3 (10
relations).

The caser = 2

P ~——— P ——m P

The caser = 3
P3 < P6 < Pg

/ AN

P -— P Py =—— Py

AN /

P4 < P5 < P7

Figure 1. Partial Order among Preference Relations

How do well known in the literature preference structures fit the above presentation?
The reader can easily check the following equivalences.

Interval orders:
P=P,I=PUPRPUIUP'UP!
Partial Orders of dimension. 2:
P=PUP, =P Ul UP!

Semi Orders:
P="P;,I=P,Ul,UP;*, P, empty
PQI Interval orders:
P=P,Q=P, =P UIUP*
PQI Semi orders:
P=P;,Q="HF,I1=1, P empty
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Split Interval orders:

P = Py U Py, I the rest

Double Threshold orders:
P:P10Q:P9UP8UP6,]thereSt

Pseudo Orders:
P=PyQ=PUP,I=PUPUlLUP'UP",
Py, Py, P3, Py, Ps empty

Constant thresholds:
P=PyQ=Py,I=PUIlUP",

P,B P P, Fs, Py, B empty

Remark 4.1 The reader should note that in representing an Interval Order under the
equivalence® = Py and/ = P,U P, UI,U P U P; ! we did an implicit hypothesis that

I is separable in the relations,, P, and I,. However, this is not always possible. The
general representation of an Interval Order within our framework requires the existence
of only two asymmetric relation8, and P, such thatP = P, and/ = P, U I, U P; .

How well known preference structures are characterised within our framework? We
give here as an example the translation (within our frame) of two well known preference
structures: interval orders aret) I interval orders.

Theorem 4.1 An interval order is & P, P, I,) preference structure such that:
-P,P, C Py

-PPC P

-P'RC Py

Proof.
FromPP, C P, we getiI,P, C Py
From P, P, ngwegetPgPng C P
FromP;'P, C P, we getP,P,—1P, C P,
SinceP,UI,U P,—1=TandP, = Pwe getPIP C P
this condition characterising interval orders (see [10]).

Theorem 4.2 An interval order is & Ps, P», P, I,) preference structure such that:
-P3Py C P

-PP3 C Py

-P3P C Py

-PPC P

-P7'PC Py
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-P,P,CPUP;
-PP,C P UP,
-PPICPIUP,

Proof.

Frompgpggps,Pg,PQgP3,P3P1gPdwegetP3(P3UP2UP1)gP5
From P;Ps C Py, PPy C Py, PPy C Py we get(P; U P, U PPy C Py
FromP2P3 - Pg, PP, C P2UP3 PQP;I - P_1UP2wegetP2<P3UPQUPf1> -
PsUP,U P!
FromP3P2gpg,PQPQQPQUP;J,,PlPQgplupgweget(P;gUPQUPl)PggP:gUPQUPl
the above four conditions characterising@1 interval order (see [28].

|

5 Conclusions

In this paper we introduce a general framework for the comparison of intervals under
preference modelling purposes. Two possible extensions of such a framework can be
envisaged. The first concerns the comparison of intervals for other purposes such as
comparing time intervals. The second concerns the possibility to derive a general structure
for representation theorems concerning any preference structure which can be conceived
within the above framework.
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