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On the Parameterized Complexity of Manipulating
Pairwise Voting Rules

Rohit Vaish
Indian Institute of Science
India
rohit.vaish@csa.iisc.ernet.in

ABSTRACT

Pairwise voting rules are a generalization of the standard
voting rules where instead of a ranked list, each voter pro-
vides a set of pairwise comparisons between the candidates
and the voting rule picks a unique winner based on these
preferences. In this paper, we study the parameterized com-
plexity of manipulation of pairwise voting rules by a single
manipulator when the votes are unweighted. The manipu-
lator faces a graph orientation problem where the vertices
correspond to the candidates and the edges correspond to
the pairwise comparisons that the manipulator is allowed to
make. We study the effect of various structural parameters
associated with this graph on the computational complexity
of the manipulation problem and provide a comprehensive
classification of the complexity landscape. We also intro-
duce a new parameter called diversity which is shown to
have useful algorithmic implications.

General Terms

Algorithms, Economics, Theory

Keywords

Social Choice Theory, Voting, Manipulation, Pairwise Pref-
erences, Parameterized Complexity

1. INTRODUCTION

One of the most well-studied questions in social choice
theory [1] concerns the problem of manipulation of voting
rules: given the votes of all the other voters, is it possible
for a strategic voter (namely the manipulator) to make a
preferred candidate win the election by casting a possibly
non-truthful vote? Unfortunately, the celebrated Gibbard-
Satterthwaite theorem [2, 3] states that strategic voting is
unavoidable for any voting rule that is non-dictatorial and
under which each of the three or more candidates has some
chance of winning.

Inspired by the work of Bartholdi, Tovey and Trick [4],
a large body of follow-up work has studied when and how
the computational difficulty of finding a manipulative vote
can be used as an effective workaround to this impossibility
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(see [5] for a survey on this topic). Much of this litera-
ture focuses on voting rules that aggregate preferences pro-
vided in the form of complete rankings over the entire set
of candidates. This assumption, however, breaks down for
large-scale settings like recommender systems that involve
extremely large candidate sets (e.g. movies, products, web-
pages etc.). In such settings, it is much more practical to
elicit partial preferences from the users in the form of top-k
preferences [6, 7, 8], partial orders [9] etc. Pairwise pref-
erences are the simplest form of partial preferences where
each voter is only required to provide a set of pairwise com-
parisons between the candidates, without either having to
compare all pairs of candidates (i.e. possibly incomplete) or
provide a transitive vote (i.e. possibly cyclic).

Recent work [10] has studied the problem of manipulation
of pairwise voting rules (i.e. voting rules that aggregate pair-
wise preferences) from both axiomatic and computational
perspectives. It has been shown that while the impossi-
bility of designing reasonable, non-manipulable voting rules
extends to the much larger domain of pairwise preferences,
computational complexity can once again provide a worst-
case barrier against manipulation. The goal of our study
is to develop a deeper understanding of the computational
complexity results in [10] using the toolkit of parameterized
complexity analysis [11, 12, 13, 14]. This involves a fine-
grained analysis of the running time in terms of the various
natural parameters associated with the problem, as opposed
to a coarse dependence on the size of the input as in the clas-
sical setting [15].

Specifically, we follow the framework of [10] where the ma-
nipulator is presented with an undirected graph (called the
action space), where each vertex corresponds to a candidate
and the edges correspond to the pairs of candidates that the
manipulator is allowed to compare. The task of the manip-
ulator is to orient some or all of these edges (via votes of
the form A>B, B>A or skip) in order to make a favorite
candidate win the election. We study how some of the nat-
ural structural parameters associated with this graph (like
vertex cover, feedback vertex set, maximum degree, trecwidth
etc.) affect the computational complexity of the manipula-
tion problem. Our results provide a comprehensive classifi-
cation of the complexity landscape for all combinations of
these parameters (see Table 1). An interesting feature of
our study is the introduction of a parameter called diversity
which, in conjunction with other structural parameters, ex-
plains a complete transition in the complexity of the manip-
ulation problem from computational tractability (i.e. FPT,
XP) to intractability (i.e. W-hardness, para-NP-hardness).
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Table 1: Parameterized complexity results for pBorda-
MANIPULATION under the conditions specified by the corre-
sponding combination of parameters. The notation () is used
to enable the consideration of singleton parameters. Merged
cells indicate combined parameters (refer Section 2 for rele-
vant definitions).

Contributions

Our contributions are as listed below. We refer the reader
to Table 1 for a summary of the results and to Section 2 for
relevant definitions. Figure 2 shows the relationship among
the various parameters considered in this study. All of our
results focus on a specific pairwise voting rule called pairwise
Borda (pBorda) which is defined later. The computational
problem corresponding to the manipulation of pBorda rule
is referred to as pBorda-MANIPULATION. Also note that all
parameters considered by us in this study are defined with
respect to the action space A of the manipulator.

1. We show that pBorda-MANIPULATION is efficiently
solvable when A has bounded treewidth, subject to
bounded mazimum degree parameter. This extends
the tractability result for .4 = tree graph shown in [10].

2. We also define a new parameter called diversity which,
in combination with the parameter vertex cover, pro-
vides tractability even on instances where maximum
degree can be unbounded (i.e. grow with the number
of candidates).

3. Finally, we show computational barriers to extending
the above tractability results to any other combination
of the parameters listed in Table 1.

Organization of this paper.

We provide the relevant definitions and notation in Sec-
tion 2 and describe our results and proof techniques in Sec-
tion 3. We survey the related literature in Section 4 and
conclude with some directions for future work in Section 5.

2. PRELIMINARIES

Our terminology and notation closely follow that of [10].
Let [n] = {1,2,...,n} denote the set of candidates and
U = {u1,us,...,un} denote the set of voters in an election.

Pairwise preferences and pairwise voting rules.

Let >, C [n] x [n] denote the binary relation indicat-
ing the preferences of voter u, so that i >, j indicates that
voter u prefers candidate ¢ over candidate j. For each pair
of candidates 7, j and each voter u, we can have exactly one
of iy j, j>ui or neither (i.e. voter u skips the compari-
son between ¢ and j). We let R denote the set of all such
anti-symmetric and irreflexive binary relations on [n]; and
let IT = (uys™ugs " 5 >um) € R™ denote the pairwise
preference profile of the voters.

{ Number of candidates (n) }

/

[ Maximum degree (A) ]

Vertex Cover (vc)

Pathwidth (pw)

Diversity (d) Treewidth (tw)

Figure 2: A Hasse diagram depicting the relationship be-
tween the parameters. Each arrow is directed from a smaller
parameter to a larger one. The implications for parame-
terized tractability (FPT, XP) propagate upwards along the
figure in the direction of the arrows while intractability (W-
hardness) propagates in the opposite direction.

A pairwise voting rule r maps a pairwise preference
profile TT € U2, R* to a unique candidate r(II) € [n].
Given a preference profile II € R™ and a pair of can-
didates 4,7, let my;(II) denote the number of vot-
ers who strictly prefer candidate ¢ over candidate j,
ie. mi;(IT) = 37", 1(i>w, j) where 1(.) is the indicator
function. A score-based pairwise voting rule is any pair-
wise voting rule r for which there exists a (natural) scoring
function s : U2 ; R¥ — R™ such that =(II) is the highest-
scoring candidate according to s(II) under some fixed tie-
breaking rule. That is, r(II) = T'(arg max; s;(II)) for some
tie-breaking rule 7" : 2" \ {0} — [n] satisfying T((S) € S for
all non-empty S C [n]. Some examples of score-based pair-
wise voting rules are as follows:

(i) Pairwise Borda Rule (pBorda) [16]: The pBorda score
of candidate i under preference profile II is given by':

n

m; (1T)

SPBorda(H) — )
= ma(I1) + myi(ID)

7

(if) Copeland™ Rule [17]: The Copeland®score (« € [0,1])
of candidate ¢ under preference profile II is given by:

S?opelando‘ (H) — Z 1 (mij (H) > my; (H))

Jj=1

+ a - 1(mi; (IT) = my,(10)).

Manipulation of pairwise voting rules.

A pairwise voting rule r is sald to be
manipulable if  there exists a pair of pro-
fileSTT = (uyy ey >um )y LI = (mury- -y =upm 1> =up) €ER™
differing only in the preference of voter wu,, such
that r(I')~,,7(I1).  That is, voter u, (called the
manipulator) strictly prefers the new outcome over the old
one. The corresponding computational problem, referred to

as r~-MANIPULATION, is defined as follows:

'where we adopt the convention 0/0=0.
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(a) Before manipulation

(b) After manipulation

(c) After restricted manipulation

Figure 1: An illustration of the election instance in Example 2.1. (a) Each vertex of the multigraph represents a candidate
and each dashed edge represents the number of voters with that preference (e.g. two voters prefer A-C). (b) The pairwise
comparisons made by the manipulator are represented by solid edges and the pBorda score of the winning candidate is indicated
in boldface. (c) The restricted action space of the manipulator (A = {(A, C)}) is shaded in grey.

DEFINITION 2.1. r-MANIPULATION

Instance: A tuple (IL,i*, A, pref-type) where Il € R™ ™"
is the preference profile of the non-manipulators
(u1,u2, ..., Um-1), i~ € [n] is the distinguished candi-
date, A C ([;]) is the set of pairwise comparisons that
the manipulator is allowed to make and pref-type €
{strict+acyclic, strict, acyclic, unrestricted} is the prefer-
ence constraint with respect to A.

Question: Does there exist a vote =, over A satisfying
pref-type such that r((I1,>.,,)) =" ?

Here A C ([g]) denotes the action space of the manip-
ulator i.e. the pairs of candidates that the manipulator
is allowed to vote over. Alternately, no pair of candi-
dates outside A can be compared by the manipulator. The
parameter pref-type indicates whether the preferences of
the manipulator over A are required to be strict (skip-
ping comparisons is not allowed), acyclic (directed cycles
of the form 1>,2,2>,3,3>,1 etc. are not allowed),
strict+acylic (both strict and acylic) or unrestricted (no
such restriction). The computational complexity of r-
MANIPULATION was studied for various settings of the in-
puts A and pref-type in [10]. In this paper, however, we
only focus on problems where pref-type = unrestricted and
leave the study for other settings of pref-type as a direction
for future work. The following example from [10] illustrates
the role of the space A in the manipulation problem.

EXAMPLE 2.1 (THE ROLE OF ACTION SPACE A).
Consider the election setting shown in Figure 1la, where
the pBorda scores of the candidates A, B & C respectively
are 7/6, 3/2 € 1/3 and B is the pBorda winner. Suppose
we now add the manipulator us to this election whose
favorite candidate is A. Observe that if the manipulator
casts the vote {(A>B),(A>C)} (see Figure 1b), the new
pBorda scores for A, B & C will be 17/12, 4/3 & 1/4
respectively and A becomes the winner. Thus, the answer
to pBorda-MANIPULATION for this election instance is YES
when A= {(A, B), (4,C)} or A= {(A, B), (4,C),(B,C)}.
If, however, the manipulator is allowed to compare only
the candidates A and C (that is, A = {(A4,C)}), then
despite wvoting in favor of A, the manipulator cannot
make A win (Figure Ic). Therefore, the answer to
pBorda-MANIPULATION is NO when A= {(A,C)} .

Excess scores.

The excess score of a candidate ¢ is the amount by which
the score of i exceeds the score of the distinguished candi-
date i* in a given election. For instance, in Figure lc, the
excess pBorda scores of candidates B and C' (with respect
to distinguished candidate A) are 1/4 and —1 respectively.
Hence, -MANIPULATION for a score-based voting rule r can
be restated as finding a vote for the manipulator such that
the final excess scores of all candidates are zero or less.

Vote configuration.

We will often use a shorthand of the form 1:3 for a pair
of candidates (7, j) to denote that one voter votes i>j while
three other voters vote j>~i. We will refer to 1:3 (or more
generally a : b for non-negative integers a,b) as the wote
configuration between i and j.

Parameterized Complexity.

A parameterized  problem is  denoted by a
pair (Q,k) C =" x N. The first component @ is a classical
language and the second component k is a number (called
the parameter). Such a problem is called fized—parameter
tractable (FPT) if there exists an algorithm that decides it
in time O(f(k)n®™) on instances of size n.

Just as NP-hardness is used as evidence that a problem
probably is not polynomial time solvable, there exists a hi-
erarchy of complexity classes above FPT, and showing that
a parameterized problem is hard for one of these classes is
considered evidence that the problem is unlikely to be fixed-
parameter tractable. The main classes in this hierarchy are

FPTC W] CW[2] C---CW[P]C XP

where a parameterized problem belongs to the class X P if
there exists an algorithm for it with running time bounded
by n? ) for some computable function g. We refer the reader
to [11, 12, 13, 14] for further details.

A parameterized problem is said to be para-NP-complete if
it is NP-complete even for constant values of the parameter.
A classic example of a para-NP-complete problem is GRAPH
COLORING parameterized by the number of colors [18] —
recall that it is NP-complete to determine if a graph can be
properly colored with three colors. Observe that a para-NP-
complete problem does not belong to X P unless P = NP.

For any pair of parameterized problems A and B, we say
that A is (uniformly many:1) FPT-reducible to B if there
exist functions f,g : N — N, a constant o € N and an
algorithm ® which transforms an instance (x, k) of A into an



instance (2, g(k)) of B in time f(k)-|z|® so that (z,k) € A
if and only if (2',g(k)) € B. A convenient way of showing
that a problem is W[1]-hard is via an FPT reduction from a
known W[1]-hard problem. Hence, in the above definition,
if the problem A is known to be W[1]-hard in parameter k
and there exists an FPT reduction from A to B, then B is
W/1]-hard in the parameter g(k).

Parameters used in this study.

Let G = (V, E) denote a simple and undirected graph.

Mazimum degree (A): The mazimum degree of G is the
maximum number of edges incident on any vertex of G.

Vertex Cover (ve): A set of vertices V' C V is a vertex
cover of G if for every edge (u,v) € E, either u € V' or
v € V' or both.

Feedback Vertex Set (fvs): A feedback vertex set of a graph
is a set of vertices whose removal makes the graph acyclic.

Tree decomposition: A tree decomposition of a graph
G is a tuple T = (T,{Bi}tev(r)) where T is a tree and
each node t of T is assigned a set of vertices By C V
(called a bag) such that the following hold: (i) for each ver-
tex v € V, there exists a node ¢ such that v € B; (alter-
nately, Uiey (r)Br = V); (ii) for each edge (u,v) € E, there
exists a node ¢ such that u € By and v € By, and (iii) for
each vertex v € V, the set of nodes {t € V(T') : v € B}
forms a connected subtree of 7. Here V(T') is the ver-
tex set of the tree T. The width of a tree decomposi-
tion T = (T, { Bt }+ev (1)) equals max,cy (1) | Bt| — 1, i.e. size
of the largest bag minus one. The treewidth (tw) of a
graph G is the minimum possible width of a tree decom-
position of G. The notions of pathwidth (pw) and path de-
composition are defined analogously in terms of paths.

Diversity (d): Given a preference profile II of non-
manipulators’ votes, the diversity of the action space A is
the maximum number of distinct score transfers that a can-
didate can witness due to a single pairwise comparison made
by the manipulator. As an example, consider the election
instance shown in Figure la and consider the candidate A
in particular. Assuming that A = complete graph, the ma-
nipulator can make a pairwise comparison between any of
the three pairs (4, B), (B,C) or (C, A). If the manipulator
compares the pair (A, B), then the pBorda-score of candi-
date A can change by +1/6, 0 or —1/6 respectively, depend-
ing on whether the manipulator votes A> B, ‘skip’ or B> A.
This can be concisely represented as a score-transfer vec-
tor (+1/6,0,—1/6). Similarly, the score transfer vector for
candidate A for a comparison involving (A4,C) or (B,C)
is (+1/12,0,—1/6) or (0,0,0) respectively. Since there are
three different kinds of such vectors, the diversity for candi-
date A is three. The diversity of an instance is the maximum
diversity witnessed by any candidate. Notice that for a given
election, diversity can be ©(n) under the pBorda rule while
the same for Copeland® is O(1) due to the limited types of
score exchanges permitted under the definition of Copeland
voting rule. For any pairwise voting rule where a pairwise
comparison by the manipulator can only affect the scores of
the two candidates involved (examples include pBorda and
Copeland®), diversity is at most the mazimum degree A.

Elimination problem in sports.
The sports elimination problem [19] asks whether a
team i* can still win a sports competition, given the cur-

rent scores of the teams and the set of games to be played
between them. Sports competitions are often scored accord-
ing to a scoring system, which specifies how many points
are awarded to the home and the away teams depending
on the outcome of a game between them. For example,
the well-known European football scoring system, denoted
by S =[(3,0),(1,1), (0,3)], awards 3 points for win, 1 point
for draw and 0 for loss, regardless of the home-away distinc-
tion. Similarly, the system S = [(3,0), (1,2), (0, 3)] provides
an extra point to an away team under a draw outcome. The
computational problem corresponding to the above question,
called S-ELIMINATION, is defined as follows [20]:

DEFINITION 2.2. S-ELIMINATION

Instance: A tuple (s,i",G) where s = (s1, 82, .., SN)T 18
the vector of current scores of the N teams, i* € [N] is a
distinguished team and G C ([g’]) is the set of remaining
games between the teams.

Question: Does there exist an assignment of outcomes for
the games in G such that " ends up with the (joint) highest
total score among all teams under the scoring system S?%

Partition.

DEFINITION 2.3. PARTITION

Instance: A multiset A = {a1,a2,...,an} of N positive
integers.

Question: Does there exist a partition of A into the sets Ay
1
& Ao such that Eai6A1 a; = ZajeAz a; =3 Zak_eA ar ?

PARTITION is a well-known NP-complete problem [18]. We
assume without loss of generality that a1 < a2 <--- < an.

Capacitated Dominating Set.

DEFINITION 2.4. CAPACITATED DOMINATING SET

Instance: A triple (G,c,k) where G = (V,E) is a
graph, ¢ : V. — N is a capacity function for the vertices
of G and k is a positive integer.

Question: Does there exist a set of vertices V' C V of size
at most k in G such that each verter v € V\ V' is adjacent
to some vertex v’ € V' and no vertex v' € V' is adjacent to
more than c(v") vertices in V' \ V2

CAPACITATED DOMINATING SET was shown to be W([1]-hard
when simultaneously parameterized by the treewidth and so-
lution size k [21]. In fact, the problem remains W[1]-hard
when simultaneously parameterized by the pathwidth and
the size of the feedback vertex set of the graph G, even on
instances with only constantly many distinct capacitiesg.

2This can be shown by carrying out the reduction in [21]
while starting from MULTICOLORED CLIQUE on regu-
lar graphs and observing that the parameters pathwidth,
treewidth and feedback vertex set of the reduced CAPACI-

TATED DOMINATING SET instance are all O(k") in size.



3. OUR RESULTS AND TECHNIQUES

Our classification result for the parameterized complexity
of pBorda-MANIPULATION for any combination of the con-
sidered parameters is summarized by Theorem 3.1 and Ta-
ble 1. We assume throughout that pref-type=unrestricted.

In the parameterized studies of computational problems
that arise in the context of voting, a commonly used param-
eter is the number of candidates (n) [22, 23, 24, 25, 26, 27].
We observe that for any pairwise voting rule that is easy to
evaluate, the problem of manipulation by a single manipu-
lator is trivially FPT for this choice of parameter, because
even a brute-force search over all possible votes of the manip-

ulator will yield the desired running time (i.e. (9(3"2)). The
other natural choice of parameter is the number of voters.
However, we know from [10] that pBorda-MANIPULATION is
NP-complete even with twelve non-manipulators. Given the
extreme behaviors on the two obvious choices of parameters,
we turn to the action space of the manipulator A and try
to understand how the problem complexity is influenced by
parameters associated with the structure of A.

We start by recalling the result in [10] which states that
that pBorda-MANIPULATION is efficiently solvable when A
is a tree/forest/graph with maximum degree two. Given
this result, we follow the “distance from triviality” approach
in parameterized analysis [28] and consider parameters that
measure how far A is from the class of tractable instances
i.e. degree of closeness to being a tree or a forest. This mo-
tivates the study of parameters like treewidth (tw), feedback
vertez set (fvs) and mazimum degree (A); and upper/lower
bounds on these parameters like pathwidth (pw) and vertex
cover (ve) (refer Section 2 for formal definitions). Interest-
ingly, a similar set of parameters was recently used in the
parameterized complexity analysis of the closely-related S-
ELIMINATION problem [29], and studying their influence on
the complexity of pBorda-MANIPULATION allows us to com-
pare the complexity landscapes of the two problems, as we
will see.

Our first set of results shows that the manipulation prob-
lem is, somewhat surprisingly, para-NP-complete for (i) the
mazimum degree parameter, and (ii) any combination of the
parameters in {vc, fvs, pw, tw}. This already establishes a
contrast with S-ELIMINATION which was shown to be in X P
when parameterized by the treewidth of the graph formed
by the set of remaining games [29].

On the other hand, pBorda-MANIPULATION is FPT when
simultaneously parameterized by mazimum degree and any
combination of the other parameters. We ask if there is a
natural parameter that is, in general, smaller than mazimum
degree, but that can still provide tractability when combined
with some of the other structural parameters. We discover
an answer in the form of a novel parameter called diversity
(d), which is a measure of how many different types of score
exchanges the manipulator encounters for any candidate.
Unfortunately, it turns out that pBorda-MANIPULATION is
NP-complete on graphs with constant diversity; in fact, it
remains NP-complete even when the sum of diversity and
mazimum degree is bounded by a constant [10]. On the
positive side, we show that diversity, when combined with
vertex cover, leads us to an FPT algorithm, while we ob-
tain X P algorithms by combining it with any of the other
parameters in {fvs, pw, tw}. We do not expect to improve
this X P result, as the problem remains W[1]-hard in those
cases.

We now state our main result (Theorem 3.1) that sum-
marizes the findings described above (see also Table 1).

THEOREM 3.1. Let P = {ve, pw, fus, tw, A,d} denote
the set of parameters defined over the action space A of
an instance of pBorda-MANIPULATION. Let X denote the
set {ve, pw, fus, tw} and Y denote the set {d, A}. Then

1. For any Q@ C X or Q C ), pBorda-MANIPULATION
is NP-complete even when the sum of all parameters
in Q is bounded by a constant.

2. For all Q@ C P, pBorda-MANIPULATION parameterized
by Q is in X P if Q contains d along with any element
of X. Further, the problem is FPT if Q contains A
along with any element of X, or if it contains both d
and ve.

3. In the remaining case when Q C P does not contain ei-
ther A or ve, pBorda-MANIPULATION 4s W[1]-hard pa-
rameterized by Q, even on instances where d is bounded
by a constant.

We briefly summarize these results and their implications.

(i) We show that pBorda-MANIPULATION remains NP-
complete even for instances where A has a vertez cover
of size two (Theorem 3.2). Since a bound on the size of
the vertex cover implies a bound on the size of the feed-
back verter set, pathwidth and treewidth, we have NP-
completeness of pBorda-MANIPULATION even when pa-
rameterized by all parameters in X combined. To-
gether with the result from [10] showing NP-hardness
of pBorda-MANIPULATION on instances of mazimum
degree A = 3 (and therefore diversity d < 3), this im-
plies statement 1 of Theorem 3.1.

(i) We use dynamic programming over tree decomposi-
tions to show that pBorda-MANIPULATION is FPT
when parameterized by mazimum degree and treewidth
(Theorem 3.4). Since all other parameters in X are
larger than treewidth, this gives an FPT result when A
is combined with any subset of parameters in X. Sim-
ilarly, we use Lenstra’s result [30] on INTEGER LINEAR
PROGRAMMING being FPT in the number of variables
to show that pBorda-MANIPULATION is FPT when si-
multaneously parameterized by the verter cover and
diversity of A (Theorem 3.5). These two results to-
gether imply statement 2 of Theorem 3.1.

(iii) Finally, we show that pBorda-MANIPULATION is W/[1]-
hard when simultaneously parameterized by the feed-
back vertex set and pathwidth of A via an FPT-
reduction from CAPACITATED DOMINATING SET [21].
This proves statement 3 part of Theorem 3.1.

We now provide formal statements and proofs for the
results stated above. Our first result shows that pBorda-
MANIPULATION is para-NP-complete in vertex cover.

THEOREM 3.2. pBorda-MANIPULATION s NP-complete
when A is a general graph with a vertex cover of size two
and pref-type = unrestricted.

PrOOF. The problem is clearly in NP. We show NP-
hardness by reduction from PARTITION.

Construction of the reduced instance: Given an in-
stance A = {a1,a2,...,an} of PARTITION, we construct



an instance (II,¢*, A, pref-type) of pBorda-MANIPULATION
as follows: the set of candidates consists of (i) the selec-
tor candidates X and Y, (ii) a candidate ¢ for each pos-
itive integer a; € A (called the integer candidates), (iii)
the distinguished candidate i* and (iv) the dummy candi-
dates D1, Da,...,Dyn (hence n = 5N + 3 candidates over-
all). The action space A is the complete bipartite graph
between the selectors and the integer candidates. That
is, A = {U;en{(X,7) U(Y,4)}}. The set of voters consists
of 2@ non-manipulators (where @ = (2an + 1) - (2an + 2))
and one manipulator. The votes of the non-manipulators
between the selectors and the integer candidates are set
up in order to ensure that the score transfers resulting
from the manipulator’s vote are a;/Q (if the manipulator
votes X i or Y=i) and (2anx +1—a;)/Q (if the manipulator
votes i>-X or i>-Y). Specifically, for each ¢ € [N], both the
candidate pairs (i, X) and (¢,Y) are in a; : (2an +1 — a;)
configuration. The wotes involving dummy candidates are
set up as follows: for each i € [N], the pair (:*,D;) is
in (2an +1—a;) : a; configuration while the pair (i*, Dn44)
is in a; : (2Q — a;) configuration. For each i € [N], the
pair (i, Dan+s) is in (2an + 1 — 3a;) : 3a; configuration
while the pair (i, D3n+) is in 2a; : (2Q — 2a;) configura-
tion. Finally, for each ¢ € [N] and each k € [N]\ ¢, the
pair (i, Dan+k) is in (2any + 1 — ag) : ar configuration while
the pair (¢, D3n4x) is in ak : (2Q — ax) configuration.

It is easy to check that the excess score of each integer
candidate 4 after this construction is a;/2@Q, while that of
each selector is % ZakeA ar. Also note that the selector
vertices constitute a vertex cover of A of size two.

Equivalence of solutions: (=) Suppose there exists a par-
tition of A into the sets A; and As. A valid manipula-
tive vote can be constructed from this partition as follows:
for each i € [N], the manipulator votes X>i if a; € Ay
or Y>=i if a; € Az and skips all other comparisons. The
final excess score of each integer candidate i is negative,
since 2“&) - % < 0. The final excess score for each selector
equals 0 due to the partition property, making i* the winner.

(<) Suppose there exists a valid manipulative vote that
makes i° win. Then, without loss of generality, each inte-
ger candidate ¢ must lose at least one of its two pairwise
comparisons in A in order to get rid of its positive excess
score (Observation 1). Similarly, no integer candidate ¢ can
win either of its pairwise comparisons against any of the se-
lectors or otherwise it accumulates an excess that it cannot
offload any further (Observation 2). Observation 1 implies
that the combined pBorda score that gets transferred from
the integer candidates to the selectors is at least ZakeA %“
Observation 2 implies that no pBorda score gets transferred
in the reverse direction. Since the selectors can together
handle an influx of at most ZakGA % each integer candi-
date i must lose to exactly one of the selectors while the
other comparison is skipped. A partition can now be natu-
rally inferred from such a vote. []

REMARK 3.1. An implication of Theorem 3.2 is a sepa-
ration of the problems of pBorda-MANIPULATION and S-
ELIMINATION in terms of their computational complexity.
As mentioned earlier, S-ELIMINATION was shown to be
in XP when parameterized by the treewidth of the graph
formed by the set of remaining games [29] while pBorda-
MANIPULATION is para-NP-complete in the same parameter.
Hence, pBorda-MANIPULATION is necessarily harder than S-
ELIMINATION unless P = NP.

Our next result establishes the W[1]-hardness of pBorda-
MANIPULATION in terms of the size of the feedback vertex
set and the pathwidth of A, even on instances where the
diversity of A is bounded by a constant.

THEOREM 3.3. pBorda-MANIPULATION is  W([1]-hard
when simultaneously parameterized by feedback verter set
and pathwidth of A when A = general graph with constant
diversity and pref-type = unrestricted.

ProoF. We show an FPT reduction from CAPACITATED
DoOMINATING SET. Recall from Section 2 that CAPACITATED
DOMINATING SET is W[1]-hard when simultaneously param-
eterized by the feedback verter set and pathwidth of the in-
put graph even on instances with only a constant number of
distinct capacities.

Construction of the reduced instance: Given an in-
stance (G = (V, E), ¢, k) of CAPACITATED DOMINATING SET,
we construct an instance (II,i", A, pref-type) of pBorda-
MANIPULATION as follows: the set of candidates consists of
(i) the source X and the sink Y, (ii) a candidate v; for each
vertex in G (the verter candidates), (iii) a candidate e; for
each edge in G (the edge candidates), (iv) the distinguished
candidate " and (v) the dummy candidates D1, Da,..., Dy
where £ = 7|V | 4 2|E| + A + 2 — 2k and A is the maximum
degree of graph G. Hence, n = 8|V| + 3|E| + A — 2k + 5.
The action space A is the union of all unordered pairs of
candidates connected by dashed edges in Figure 3. That is,

A= {Uicqv(X,v)} U{Ujeqenle;; V) U

{Useqv,jene)(vi, e5) where v; is adjacent to e; in G}}

(IV]-k).B

Z=(B+$)B+d+1)
vote score
configuration transfers
Bre)  Jo-cly) W) ’ ) el
@
B+¢-1<6j>1 1 A Beg-1
z e z
A
2( )B+o-2 2/ B+92
A ® A
~(1V]-k).(B+$-2)
Z
Figure 3: This figure shows the reduced pBorda-

MANIPULATION instance (excluding the dummy candidates
and i*) constructed from the given CAPACITATED DOMINAT-
ING SET instance. The action space of the manipulator A
is shown on the left via dashed lines along with the excess
pBorda scores. The vertex candidates are indicated by cir-
cles in the middle layer and the edge candidates are shown
as triangles. The right side shows the configuration of votes
of the non-manipulators and the resulting scores transfers.

The set of wvoters consists of Z mnon-manipulators
(where Z=(B+¢)-(B+¢+1), B = |V| + |E| +



2viev(a) €(vi) and ¢ = max;ev| c(vi)) and one manipula-
tor. The wotes corresponding to action space A are set up
as follows: for each ¢ € [|V]], the candidate pair (X,v;) is
in (B + ¢(vi)) : (¢ — c¢(vi)) configuration. For each i € [|[V|]
and each j € [|E|] such that v; is adjacent to e; in G, the
candidate pair (vs,e;) is in (B + ¢ — 1) : 1 configuration.
Finally, for each j € [|E|], the candidate pair (e;,Y) is
in 2 : (B + ¢ — 2) configuration. We omit the description
of the votes involving dummy candidates due to space limi-
tations and remark that they are only used to calibrate the
excess scores of candidates as shown in Figure 3. This fin-
ishes the construction of the election instance.

Note that the reduction is efficient since it
uses O((|V|+ |E|)?) voters and O(|V| + |E|) candi-
dates. Also note that the reduction is parameter preserving,
in that if the pathwidth and size of the optimal feedback
vertex set of G are w and t, then the same parameters
for the action space A are O(w?) and (t + 2) respectively.
Furthermore, the diversity of the reduced election instance
is a constant since the original CAPACITATED DOMINATING
SET instance only has O(1) distinct capacity values.

Equivalence of solutions: (=) Suppose S C V(G) is a
valid capacitated dominating set. Then a valid manipula-
tive vote can be constructed as follows: first, the manipula-
tor triggers score transfers from source X to verter candi-
dates in V(G) \ S with a vote v;>=X for all v; € V(G) \ S.
This brings the excess score of X below zero and results
in an excess of B/Z for each v; € V(G)\ S. Next, for
each v; € V(G)\ S, the manipulator votes e;>v; for exactly
one edge candidate e; that connects v; to a candidate v; € S
that v; is assigned to. This results in a negative excess score
for all vertez candidates in V(G) \ S while each edge can-
didate e; chosen above by the manipulator now acquires an
excess score of (B + ¢ — 1)/Z. Finally, for each such edge
candidate e;, the manipulator votes Y=e; and vi>-e;. It
is easy to check that after this step no candidate in A has
positive excess score, making i* the pBorda winner.

(<) Suppose there exists a valid manipulative vote that
makes i* win. Then, without loss of generality, X must lose
against at least (|V| — k) vertex candidates in order to of-
fload its excess. Call this set S’. Hence, |S'| > |V| -k
and each candidate in S’ acquires an excess of B/Z as a
result. Next, observe that any candidate in S can only of-
fload its excess score to the edge candidates adjacent to it
in G. As a result, each edge candidate affected in this man-
ner (there must be at least (|V| — k) such edge candidates
overall) acquires an excess of (B + ¢ — 1)/Z, that it must
offload to the sink Y and the other verter candidate adja-
cent to it. Hence, the sink Y suffers a total inflow of at
least (|[V|— k) (B+ ¢ —2)/Z from the affected edge can-
didates. By design, this is also the maximum inflow that the
sink can handle without gaining positive excess. Therefore,
the set S’ must consist of exactly (|V|—k) vertexr candidates
such that each candidate in S’ is connected to a candidate
in V(G) \ S’ via an edge candidate. Besides, no candidate
in V(G)\ S’ can be adjacent to more than c(v;) candidates
in S’, or else there will be no means for this candidate to
offload its own excess score. Therefore, the set V(G) \ S’
constitutes a capacitated dominating set of G. []

REMARK 3.2. Except for scoring systems of the form
S={@G,t—1):0<i<t} for somet € N, S-ELIMINATION
was shown to be W[l]-hard in the parameters feedback
verter set and pathwidth wvia separate (although simi-

lar) proofs in [29]. By instantiating S-ELIMINATION
for' S =1(3,0),(1,2),(0,3)] and using the observation in [10]
that S-ELIMINATION becomes a special case of pBorda-
MANIPULATION wunder such instantiation, one can alter-
nately derive W[1]-hardness of pBorda-MANIPULATION in
terms of the two parameters individually. By contrast, The-
orem 3.3 provides a single proof for showing W([1]-hardness
in the two parameters simultaneously.

Our first algorithmic result shows that pBorda-
MANIPULATION is FPT when simultaneously parameterized
by the treewidth and mazimum degree of A. We show this by
the standard dynamic programming procedure over a given
tree decomposition [14] and omit the detailed proof due to
space limitations.

THEOREM 3.4. pBorda-MANIPULATION is solvable in

2
time (’)(Ao(dw )(nlog m)o(l)), where A, w and d denote the
mazimum degree, treewidth and diversity of A respectively.

Note that since d < A for pBorda rule, the running time
above is FPT in mazimum degree A and the treewidth of A.
Further, since A < n, the running time is also X P with
respect to the diversity d and treewidth w of A. We restate
these observations as the following corollary.

COROLLARY 3.1. pBorda-MANIPULATION is FPT when
parameterized by the mazimum degree and the treecwidth
of A; and in X P when parameterized by the diversity and
the treewidth of A.

Our next algorithmic result pertains to graphs of bounded
vertex cover number and bounded diversity.

THEOREM 3.5. pBorda-MANIPULATION is solvable in
time O(f(k,d)(nlog m)O(l))’ where k and d denote the size
of a vertex cover and diversity of A respectively and f is a
computable function.

PROOF.  The proof proceeds by partitioning the vertices
of the independent set of A into equivalence classes based
on their interactions with the vertex cover, and exploiting a
size bound on the number of such equivalence classes in the
subsequent ILP formulation.

Specifically, let S C V(A) be a vertex cover of A of
size k and let I = V(A) \ S be the corresponding in-
dependent set. For any T C S, let Ir C I denote
the set of all vertices in I whose neighborhood within A
is exactly the set T. Next, given T ={v1,...,v:} C S
and a vector Er = {(a1, 51),- -, (as, Bt)) consisting of pairs
of non-negative integers (o, f;), define the equivalence
class It g, C It such that for any pair of vertices v; € T
and u € I, g, the candidate pair (v, w) is in «; : §; config-
uration with respect to the votes of non-manipulators. Note
that since the diversity d of the instance is bounded, any
vertex of the independent set must belong to exactly one of
at most 2 - 4 equivalence classes.

Call a vertex u € Ir g, safe with respect to a vec-
tor z € {—1,0,1}71if the excess score of u is zero or less for
the following vote of the manipulator: for each v; € T, u>v;
if z(4) = +1; ‘skip’ the comparison (u,v;) if z(i) = 0
and v;>u if z(i) = —1. Note that fixing the manipulator’s
vote on all pairwise comparisons in 4 involving wu fixes the
pBorda score of u. Similarly, define the safety-set of a ver-
tex u € It g, as the set of all vectors z € {—1,0,1}7! with



respect to which u is safe. We say that a vertex u € It g,
sees a vote z € {—1,0, 1}V if 2 is the restriction of the ma-
nipulator’s vote to the pairwise comparisons in A involv-
ing u.

Given an equivalence class It g, and the safety-set for
each u € It g, define a safe-subclass as the set of all vertices
in It g, with identical safety-sets. Denote the number of
safe-subclasses in I gy by Nr,pp. Thus, Ny g, < 3.

We now claim that any wvalid solution to pBorda-
MANIPULATION can be transformed into another (possibly
different) solution where all vertices inside a safe-subclass
see the same vote vector. Indeed, fix a safe-subclass and
let 2z’ be the restriction of a valid vote > as seen by the
vertex with the highest excess score in that safe-subclass.
An alternate vote can now be constructed as follows: in the
original vote >, replace the vote vector currently seen by
each vertex inside the given safe-subclass by z’, while keep-
ing the rest of the vote unchanged. It is easy to check that
the excess score constraints for all vertices continue to re-
main satisfied in the new vote. Therefore, without loss of
generality, all vertices inside a safe-subclass see the same
vote vector in a valid vote of the manipulator.

Our algorithm takes as input an instance of pBorda-
MANIPULATION, namely (II,:*,.A) and returns a YES/NO
output indicating the existence of a valid manipulative vote
(along with a valid vote, if one exists). The algorithm starts
by guessing the manipulator’s vote within the vertex cover
(call this guess >s). There are at most (S) such pairs, hence

the total number of choices is at most 3°**). For each such
guess, we obtain a new instance of pBorda-MANIPULATION,
namely (IT',i*, A") where IT' is a voting profile representing
the original votes of the non-manipulators combined with
the manipulator’s vote =s over the vertex cover and A’ rep-
resents the restriction of the graph A to the bipartite sub-
graph S x Z. The algorithm now uses ILP to solve this new
problem for each equivalence class in parallel, and checks if
the combined vote constitutes a valid solution.

Formulating the ILP: We now describe the variables and
constraints for the ILP.

Variables: For each subset T' C S, each score vector
Er = {(a1,B1),-.,(at,B)), each 1 <p < 371 and each
1 < q < Nr,g,, define a binary variable Zr1 g, p,q € {0,1}.
Here Zr,pp,p,q = 1 (respectively 0) indicates that given
T, Er and the induced equivalence class It g,, the safe-
subclass indexed by ¢ sees (respectively does not see)
the vote vector indexed by p. Thus, there are at most
2% . 4" . 3%% variables overall. In other words, the number
of variables depends only on the parameters d and k.

Constraints: Our ILP has three types of constraints:

(i) Sanity constraints:

(a) Zr,Bppq €4{0,1} for all T, Er, p and gq.
(b) for every T', Er and q, 3, Z1,B5,p,q = 1 (i.e. each
safe-subclass sees exactly one vote vector).

(ii) Excess score constraints for the vertex cover: for each
vertex v; € S

ZTETU ZET Zq Zp Z7,Ey,pq - 1(pi = 0) - afﬁgi “|q|
+Z7,Brpq - L(pi = —1) - afﬁigfﬂ “lgl

+Z1,Bppq - L(pi = +1) - m gl < 5"

where T, = {T' C S|v € T} and |q| represents the
cardinality of the safe-subclass q. The latter can be
efficiently precomputed.

(iii) Fzcess score constraints for the independent set: for
all T, Er, p and q

safe
ZT,ET,p»q < ZT,ET,p,q

safe

where Z7 g, pg € {0,1} is a (precomputed) binary
indicator specifying whether, given T', Er and the in-
duced equivalence class It g, the vector p belongs to
the safety-set of (any vertex in) the safe-subclass q.

The theorem now follows since ILP feasibility is FPT when
parameterized by the number of variables [30], which, as
remarked earlier, is a function of d and k alone. []

REMARK 3.3. The proof techniques used in our algorith-
mic results (Theorems 3.4 and 3.5) can be readily applied to
S-ELIMINATION to recover the corresponding results in [29].

4. RELATED WORK

Parameterized complexity analysis has proven extremely
useful in scrutinizing the computational behavior of a variety
of problems in computational social choice, namely winner-
determination [22, 31, 24, 32], manipulation [23, 33, 34, 26,
27, 35], bribery [36, 37, 38|, possible and necessary winner
problems [39, 40, 41], etc. We refer the reader to [42, 43] for
detailed surveys on this topic.

Among the studies on the parameterized complexity of
manipulation of standard voting rules, our work shares
the spirit of [34, 35] where parameterization of the pref-
erence domain (in their case, in terms of closeness to single-
peakedness) was used to show special-case tractability re-
sults. Specifically, [34] showed that unweighted Borda ma-
nipulation with two manipulators is efficiently solvable over
the domain of single-peaked preferences, although the prob-
lem is known to be NP-complete over the unrestricted do-
main [44, 33].° This result was later generalized in [35] where
the manipulation problems for Borda and Copeland® rules
by two manipulators were shown to be FPT in the param-
eter single-peaked width (which measures the distance of a
preference profile from single-peakedness).

S. CONCLUDING REMARKS

We studied the problem of manipulation in the model of
pairwise preferences and gave a complete classification of
the parameterized complexity of manipulating the pairwise
Borda rule in terms of various natural parameters relating to
the action space. This involved the introduction of diversity
as a parameter, which we demonstrated to be useful from
an algorithmic perspective.

Our work opens up two very natural directions for fu-
ture work. First, the parameterized complexity of pBorda-
MANIPULATION for other settings of the parameter pref-
type remains to be analyzed. Second, it would be interesting
to compare the parameterized behavior of pBorda rule with
that of other pairwise voting rules like Copeland® [17] (the
classical complexity landscape for this family of rules was
described in [10]), PageRank [45], HodgeRank [46], Ranked
Pairs, Schulze’s rule [47] etc.

®Recall that the problem of unweighted Borda manipulation
by a single manipulator was shown to be efficiently solvable
over the domain of rankings in [4].
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ABSTRACT

Voting systems in which voters are partitioned to districts
encourage accountability by providing voters an easily iden-
tifiable district representative, but can result in a selection
of representatives not representative of the electorate’s pref-
erences. In some cases, a party may have a majority of the
popular vote, but lose the elections due to districting effects.

We define the Misrepresentation Ratio which quantifies
the deviation from proportional representation in a district-
based election, and provide bounds for this ratio under var-
ious voting rules. We also examine probabilistic models for
election outcomes, and provide an algorithm for approxi-
mating the expected Misrepresentation Ratio under a given
probabilistic election model. Finally, we provide simulation
results for several such probabilistic election models, show-
ing the effects of the number of voters and candidates on the
misrepresentation ratio.

1. INTRODUCTION

A voting system is a method by which voters choose be-
tween several alternatives and their opinions are aggregated,
ultimately choosing a winner (or winners). Democratic coun-
tries, in principle, aim to have a representative outcome, by
having a legislature roughly representative of the public’s
beliefs, and in some countries, by having the chief executive
elected directly by the public.

However, many democracies use a district based system
for the selection of their legislature (most prominently, the
Westminster system and the US system). In district based
schemes, voters are divided into geographically based dis-
tricts', and each one selects a representative to the legis-
lature. The selection mechanisms differ: Westminster and
US systems use plurality, France uses plurality with runoff,
while Australia uses STV. Typically, candidates in each con-
stituency are members of political parties, and some systems
have the majority party form the executive (others, such as

"'While we use the term “district”, other terms include “elec-
toral district” (US), “riding” (Canada), and “constituency”
(UK).
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the US, have a similar process for selecting the chief execu-
tive).

Single-member district elections provide voters a single
and easily identifiable district representative, encouraging
service and accountability. However, the proportion of seats
in the legislature belonging to a party may be very different
from the proportion of voters supporting that party in the
overall population; this is known as the “referendum para-
dox” [33]. The disparity between the popular vote and the
district vote has been a source of contention in US elections;
by redistricting constituencies (“gerrymandering”), political
parties have manipulated the elections [25, 10]; indeed, the
US Voter Rights Act of 1965 includes several provisions that
require change in congressional districts in several states to
be approved by federal authorities [36].

Moreover, such a discrepancy is caused not only by gerry-
mandering, but is built into district-based mechanisms. In
the US presidential election of 1876, the losing candidate,
Samuel Tilden, got 6% more votes than the winner, Ruther-
ford Hayes, an occurrence that happened twice since. The
electoral college, through which the president is elected, dis-
plays the problem even more acutely; in the US 1992 presi-
dential election a candidate that garnered 18.9% of the vote,
Ross Perot, was not represented at all. In the UK system,
in 1951 the Conservative party lost the popular vote to the
Labour party while still winning a strict parliamentary ma-
jority; in general, while no party has received a majority
of the popular vote in a British election since 1931, all but
two elections resulted in a parliamentary majority for one
of the parties. Similar scenarios have unfolded in Canada,
Australia and elsewhere.

Such problems may also arise in any multi-level decision
making process. So, if an organization or a sensor analysis
system (e.g., an automated car), attempts to decide on its
next step based on inputs from sub-systems employing their
own decision making processes (e.g., each sensor family is a
district, and sensors are “voting” between themselves), they
may also encounter such a problem, as a small amount of
signals may cause the system to reach a wrong outcome.

Consider the following example. T'wo political parties, A
and B compete in seven districts of equal size, D1, D, ..., D7.
Both parties run a candidate in every district, and the plu-
rality voting rule is used to determine the winner. Now,
suppose that in districts D1, ..., D4, 60% of the vote goes
to the representative of party A; on the other hand, in dis-
tricts Ds, D¢ and D7 the representatives of party B take
100% of the vote. The final vote tally shows party A wins



the election, even though party B has nearly twice as many
voters!

As the example above shows, a minority (those in favor of
party A) may rule over the majority (those in favor of party
B). We refer to the outcome in this case as a misrepre-
sentation of the voters’ preferences. District based electoral
systems tend to be more “stable”: they tend to result in a
smaller number of candidates, and thus less fragmentation
of the parliamentary body. However, misrepresentation is
an inherent byproduct of electoral stability; indeed, stabil-
ity comes at the heavy price of potentially overriding the
preferences of most voters.

One way to quantify the degree to which a system skews
the true desires of the voters — as captured by the total
support for each party — is to examine the ratio between
the number of those who voted for the most popular party in
general, and the number of voters who voted for the winner.
When more people voted for the losing party than for the
winning party this ratio is larger than one. The higher this
ratio is, the more pronounced the misrepresentation effect.

Our Contribution.

We examine the issue of misrepresentation due to district-
based systems under several prominent voting rules. We
first provide a metric for quantifying the misrepresentation
effect, both for elections with two parties and for elections
with more than two parties, which we call the Misrepresen-
tation Ratio. We provide bounds on the Misrepresentation
Ratio for several voting rules, depending on the numbers of
voters, candidates and districts. Finally, we provide some
simulation results regarding the misrepresentation ratio in
certain scenarios, to examine its values under various set-
tings.

2. RELATED WORK

Voting district representability has been the topic of much
public debate and research for two centuries, since the ad-
vent of redistricting in United States (“gerrymandering”) 2

and in United Kingdom, redistricting due to an attempt
to follow population changes in successive reform bills. Most
of the research on these issues focused on historical [8, 7],
sociological [29] and political science [10] issues. Particularly
since the Voting Rights Act of 1965, much legal research
has also dealt with district based system, though usually
focusing on particular countries (mainly — though not solely
— the US) [36, 25].

Political science research on such misrepresentation has
mostly focused on trying to assess when it might occur,
studying the history of elections or using statistic assump-
tions [38] and analysis on election data [16, 31, 32, 27, 28,
22]. This analysis, however, does not try to asses how bad
the misrepresentation can get, and mostly focuses on plural-
ity and its variants. A somewhat similar line of research tries
to assess voter’s misrepresentation as distance of parliamen-
tary seat allocation compared to pure representational set-
tings [19, 17, 20, 15], applying concepts such as the Banzhaf

20ur analysis focused on how bad misrepresentation might
be, rather that the issue of how restructuring districts may
be used as a purposeful manipulation, designed to give an
unfair advantage to a specific candidate, more in line with
othe]zr forms of manipulation and control in elections [11, 13,
1, 3.

index and voting power. However, we deal with the dif-
ferent issue of quantifying the misrepresentation degree by
examining the degree of support of the losing candidate.

The computational social choice community focused on
manipulation by voters [40, 41, 35], and less on more insti-
tutional motivated manipulation. Some work has been done
on control problems, in which a central authority may signif-
icantly influence results (e.g. [23] and the survey by [12]), in-
cluding preliminary work on dividing voters into groups [9].
Optimal gerrymandering strategies have been studied in [34,
18]; however, these have mostly focused on 2 party scenarios,
as in the US.

In establishing our bounds, we encounter the problem of
finding the minimal score a candidate can win with, given a
scoring rule; [39] studies a similar problem, but their results
do not directly apply to our setting. Our problem is a special
case of the bin packing problem with a constant number of
types; this problem has been widely believed to be NP-hard,
but recent advances [37, 26] have eventually established that
it is in P [21].

3. PRELIMINARIES

We have a set of voters, V', and each voter i € V has
a preference order (without ties) over the candidate set C,
denoted <;. For every c,c’ € C, we say that i prefers c to
c if ¢ <; c. We denote the set of linear preferences over C'
as L(C).

A woting rule is a function f : L(C)™ — C, whose input is
a finite list of linear preferences over C' (a profile) of size n
(most voting rules are well defined for any n > 0) and whose
output is a candidate ¢ € C. Voting rules are often assumed
to output a set of candidates, but since in our setting we are
only interested in the winners of the election, the output of
f is a single candidate (f may incorporate some fixed tie-
breaking rule). Since the set of voters and their preferences
is constant throughout the paper, we overload notation and
define f over subsets of V: given a set Q C V, we let f(Q)
be the output of f over the preferences of the voters in Q.

A voting rule is neutral if the outcome is invariant under
candidate name changes. More formally, a voting rule f is
neutral if for any two candidates ¢ and ¢/, if every voter
i € V now ranks c in the position of ¢’ and vice versa, the
outcome of f is unchanged if the winner was neither c or ¢/,
is ¢’ if the winner was ¢, and is c if the winner was ¢’.

We say a voting rule f is score-monotone if it induces a
score for every candidate ¢ € C (i.e., each candidate ends up
with some real number, and the one with the maximal one
is chosen), and the following holds: given two preference
profiles Ry = (<i)icy and Ry = (<})icv, if for all a,b €
C\ {c} we have a <; b <= a < b, and under Ry, c is in
a position that is no lower than its position in R2, then ¢’s
score under R; is at least as high as its score in R2. These
properties hold for the common voting rules which will be
used in this paper.

Scoring Rules: A scoring rule is defined by a vector of
scores, (au,...,am), where a1 > -+ > am =0, a1 >
0% and m is the number of candidates. Given a voter
i € V, let rank;(c) be the rank of candidate ¢ in the
preference order of i. Given a set of voters Q C V,

3 Assuming ., = 0 is no loss of generality: if a,, > 0 score
vector can be normalized by setting a; = aj — am.



let scored(Q) = ZEQ Qrank;(c)- Given a set of voters
@ C V, the output of Scoring,(Q) is a member of
arg maxcec scoreq (Q) (if there are ties, we break them
according to some tie-breaking rule). Many scoring
rules are widely used. For example, the plurality rule,
where oy = 1 and «; = 0 for all j > 2, the veto rule,
where a; = 1 for all j < m, and «a,, = 0, both of
which are specific examples of the family of k-approval

scoring rules, in which a1 = ... = ax =1 and a1 =
. = am = 0. Another common scoring rule is the
Borda rule, where aj =m — j for all j € {1,...,m}.

Copeland Rule: Given a set of voters Q C V, we say that
a candidate ¢ beats ¢’ in a pairwise election under
Q if a majority of the members of @Q prefer ¢ to ¢’
For each candidate ¢ € C, we let scoreS?(Q) to be
the number of candidates that ¢ beats in a pairwise
election, minus the number of candidates that beat
c. The Copeland voting rule outputs Copeland(Q) =
arg maxcec scoreS?(Q).

We note that both scoring rules and Copeland have a nat-
ural notion of a candidate score, and were conceptualized
as such in [6]. This will be instrumental in defining voting
misrepresentation, as we do in the following section.

Definition 1. Given a voting rule f which induces a can-
didate score, we let scores(c,Q) to be the score of ¢ € C
under f, when the voter set is Q C V.

4. THE MISREPRESENTATION RATIO

We are interested in settings where the set of voters is par-
titioned into districts: these are z disjoint sets Di,..., D,
whose union is V. The election winner under this model is
determined by applying the voting rule f to D1, ..., D.; the
candidate who wins the greatest number of districts is the
winner (ties are broken using some tie-breaking rule).

Definition 2. Given a partition of voters into z districts
D ={Ds,...,D.}, let w be the winner of the election when
voters are partitioned into districts as per D. The misrep-
resentation ratio is the ratio between the maximum score of
any candidate under f, and the score of w. Formally:

maxcec scoreg(c, V)
scorey(w, V)

MR(V,D, f) =

Note that MR(V,D, f) > 1; if MR(V,D, f) = 1 then the
winner of the district elections completely captures the pop-
ular vote (as measured by f). The higher MR(V,D, f), the
less popular the winning candidate is in the eyes of the peo-
ple; thus, district elections with a high misrepresentation
ratio are ones where voters’ preferences are not appropri-
ately aggregated, due to the effects of district elections.

Remark 1. In this work we assume all districts have the
same number of voters. Without any assumptions on the
number of voters in each district, the worst case misrepre-
sentation ratio (Definition 2) can be arbitrarily high: con-
sider 2¢ 4+ 1 districts. Suppose £ + 1 of the districts have
only three voters, and ¢ of them have M voters, where M
is a very large number. There are two candidates, A and
B; candidate A wins all votes in the ¢ districts where there
are M voters, and candidate B wins 2 of the 3 votes in the

¢ 4+ 1 districts holding three voters. Thus, the total num-
ber of votes for B is O(¢), and the total number of votes
for A is O(MY), resulting in an arbitrarily high misrepre-

sentation. Our results can be extended by incorporating an
D] .
1D7]»
terest of space and clarity, we assume that districts are of
equal size.

additional parameter: maxp p/ep however, in the in-

S. BOUNDS ON THE MISREPRESENTATION
RATIO

In what follows, we establish upper bounds on the worst-
case misrepresentation ratio; we show that our bounds are
tight, i.e. that there exist district elections where the bound
holds.

Furthermore, we always refer to the district voting in-
stance (V, C, (<i),cy » D, f) as one that maximizes MR, where
|C| =m, |D| =z, for all D € D: |D| =n , and f is some
neutral score-monotone rule. We assume that w € C is the
winner of the district elections; that is, w won a plurality
of the districts. We mark d(c) for ¢ € C' as the number of
districts won by candidate c. We assume that in the case
of a tie for first place in a district, ties are broken against
the district election winner; moreover, the district election
winner must win a strict majority of the districts.

Intuitively, in order to establish our bound, we want to
create the worst possible election. Such an election would
have the candidate w win by as small a margin as possi-
ble, with some other candidate p # w being as popular as
possible while losing a majority of the districts.

Given a score inducing voting rule f, we let L, (f) be the
maximal score that a candidate can get while still losing an
n voter election, and M, (f) be the maximal score that a
candidate can get and win an n voter election. For example,
Ly (Plurality) = [%] — 1, and M, (Plurality) = n. The fol-
lowing lemma offers some insights regarding the number of
districts won by each candidate in an instance maximizing
MR.

LEMMA 1. If f is a score-monotone, neutral rule then
there is a district voting instance mazimizing MR such that:

1. if w does not win the election in a district D, then w
is ranked last by all voters in D.

2. If the candidate p wins in D, then it is ranked first by
all voters in D; if not and the winner is not w, then
the score of p from D is Ln(f).

3. d(p) = d(w) —1ifm > 2 or z is odd, otherwise d(p) =
d(w) — 2.

Proor. If w loses the election in a district D, let ¢ € D
be a voter who did not rank w last; we can simply swap
the candidate that was ranked last by ¢ with w in ¢’s rank-
ing. This will result in a voter profile where the score of
w is weakly lower, and the score of every other candidate
is weakly higher (by the score monotonicity and neutral-
ity of f). Furthermore, if p wins the election in D, but is
not ranked first by some voter ¢ € D, swapping p with the
candidate ranked first by ¢ (this is not w by the previous
observation) will result in p having a weakly higher score.
Whenever p loses the election in a district, its score from
that district is lower than the score that it could have ob-
tained by winning a district, but as we wish to maximize it



(and we do not care for the score of candidates other than
w and p), p should score L, (f).

To show that d(c) < d(p) for all ¢ # w, suppose there
is a candidate ¢ # w,p for which d(c) > d(p). Changing
districts who voted for ¢ to vote for p will only improve p’s
score while not changing w as winner; thus, d(c) < d(p) for
all ¢ # p,w

For 2 candidates and an even number of districts, the dif-
ference between the number of districts must be at most 2;
if it is more, we can take districts voting for w and change
them to p, improving p’s score and hurting w (while hav-
ing w remain the election winner). For 2 candidates, if the
number of districts is odd we do a similar process, reaching
a difference of 1.

Now, suppose w has won ¢ more districts than p, and
q > 2. In this case, we can take some district where w won
and make p the winner in that district. That would strictly
improve p’s score, reduce w’s score and maintain w as the
overall election winner. This establishes that d(w) < d(p) +
2. Now, we wish to show that if m > 3 then d(w) = d(p)+1
If d(c) = 0 for all ¢ # w,p then we are back in the two
candidate case which we have previously covered, and if z is
even, we can give one of w’s district to c¢. If there is some
district D won by some ¢ # w,p and d(w) = d(p) + 2 then
we can make p win c¢’s district, weakly improving its score
while maintaining w’s score at the same level, and keeping
w as the district election winner. [

5.1 Scoring Rules

We begin our investigation by bounding MR when f is a
scoring rule. We begin with a simple technical lemma.

LEMMA 2. For every scoring rule f = Scoring,, where
a = (a1,...,am), if a1 > az, Lo(f) = al([fw -1)+
ag(L%J +1). If a1 = a2, denote ' as the maximal o; such
that ; < a1, then Ly (f) = (n — 1)an + .

PRrOOF. We shall consider some candidate ¢ € C which we
make the winner, while giving candidate p € C' the maximal
score for a runner up. First, showing that there indeed can
be a winner with a higher score, if a1 > oo, if [2]—1 voters
give a1 to p and az to ¢, while the rest of the voters give ay
to ¢ and a2 to p, we reach the desired score for p while c is
the winner. If a; = aa, for n — 1 voters giving a1 or as to
both p and ¢, and the final voter giving a1 points to ¢ and
o/ points to p, we again reach the desired score while ¢ is
the winner.

Now, we shall show no higher score is possible. For the
case oy = «2 it is obvious: the only higher score possible
is nap, which is the maximal one, hence the winner’s. For
a1 > ae, suppose there is a better L, (f), which is described
as z101 + 2200 + ...+ Zzman. If 21 < [%w — 1, then this
sum is smaller than that suggested in the lemma. If z; >
[%] — 1, this means the winner ¢ has a score of at most
o1([2] —2) 4+ a2(|%| + 1). This score needs to be higher
than zia1 + 2200 + ... 4+ zZmaum, but it is lower than the
lemma’s suggested L, (f), reaching a contradiction. [

COROLLARY 1. If f =
My (f) for any z > 1.

PRrROOF. Given a vector a = (ai,...,an) we have that
M, (f) = nai. Now, by Lemma 2, we know that

L, (Scoring,) > ([g—‘ — 1) a1,

Scoring,, then (z + 1)Ln(f) >

from which the claim trivially follows. []

The following lemma tells us the number of districts that
must be won by the winning candidate in a district election
that maximizes MR.

LemMA 3. Let (V,C,(<i);ey , D, f) be a district voting
instance which maximizes MR, where f is a scoring rule. z
(number of districts) can be written as fm~+r (£, € NU{0}
and r < m). There is an MR mazimizing instance where
the number of districts that w wins is at most £ + 2, and
every other candidate wins at least £ — 1 districts.

PROOF. Recall that d(c) be the number of districts that
each candidate ¢ € C wins. In order to win the district
election, w needs to win a plurality of the districts; that is,
d(w) > d(c) + 1 for all c € C'\ {w}. Now, let us denote the
score of w from winning a district as x.,; by Lemma 1 w gets
no votes from all districts where it loses (the case where there
are two candidates and an even number of districts can be
handled similarly, and is omitted due to space constraints).
Now, p gets a score of ), from a district that w wins, a score
of M, (f) from a district that it wins, and a score of Ly(f)
from a district that some other candidate wins. Putting it

all together we have:

@pd(w)+Mn (£)d(P)+Ln () (Tecor fw,p) 4€))

:cwd )
Since d(w) = d(p) + 1, 3 confuw,py ) = z — 2d(w) + 1,
hence our equation is
xP+Mn(f)72Ln(f) 4 (Z+1)Ln(f)7Mn(f) (1)
Taw Ty d(w) '

We are interested in maximizing (1) as a function of d(w);
the derivative of (1) with respect to d(w) is

(z+ VLu(f) ~ Malf) 1
ZTw —d(w)?

which is positive if and only if (z + 1)Ln(f) < Mn(f). Ac-
cording to Corollary 1, (z + 1)Ln(f) > My (f) then (1) is
maximized when d(w) is as small as possible. If 7 = 0 then
d(w) = £+ 1 while every other candidate gets ¢ (if d(w) < ¢
more than one candidate will have such a score). If r > 1,
then d(w) must be more than ¢ + 1, as more than one can-
didate must get that score, so d(w) = £ + 2 and other can-
didates can get £ + 1 districts or less. []

The following lemma discusses the score that w receives
in districts that it wins.

LEMMA 4. For every scoring rule f, if n > 2z, z > 3
(i.e., number of voters in each district is far larger than
the number of districts), the score given to w in districts in
which it wins must be the minimal possible score needed to
win a district in an instance maximizing MR.

PrOOF. Note that this is not trivial — it is not obvious
that we do not wish to increase w’s score to allow p to receive
a higher score as a 2nd place candidate.



For simplicity, we shall assume n is an odd number and
a1 > az. The proof is equivalent in the other cases. We
can also assume m > 2, as otherwise this is already set by
Lemma 1.

From Equation 1, we know that we seek to maximize

£y + Ma(f) = 2L0(f) (24 DEa(f) ~ Ma(f)
Tow ZTowd(w) ’

We know M,(f) = non and Ln(f) = oa([%] — 1) +

a2(| 2| +1) from Lemma 2, hence we wish to maximize:

zpt+nor—(n—1)og —(n+1)as +

(z+1)(|7%—|a1i|_%Jaz)*nal
Twd(w)
zptai—(n+laz + (Z+1)<|—%-|a1+tgjo‘2)fna1
Top T d(w) '

Now, whatever x,, is, we wish to maximize z, as long as
Zw > Tp. For a particular scoring rule f, zp = xw — $n(f)
for some function s,*. Therefore, looking at the derivative
of our equation according to ., we get

(500 -0+ (4 D

HD([F]or+] 5 |az)tna
d(w)

n—d(w)—(z+1)| &
_ %(sn(f)+m%m+

d(w)(n+1)—(z+l)LﬁJ
a2 a(w) 2 )

As n > z and z > 3, this is always negative as the a; and
a components overwhelms all others (since s, (f) < naa),
hence z,, needs to be minimal in size. [

LEMMA 5. For k-approval voting rules, the minimal score
a winner can get in an election is L%kj +1ifm L%’“J +1=
nk. Otherwise, it is ["—k] + 1.

PROOF. Since nk points are allocated by voters, a winner
must have at least a score of L%“J +1. If m L%’“J + 1 = nk,
then it is possible that w gets L%’“J + 1 votes, while all
other candidates get L%J If m L%’“J + 1 < nk, there is
no allocation of nk points such that only a single candidate
gets L%J + 1, hence the winner will need to get one more
point, with the rest of the points to be allocated among the
other candidates, with none of them getting more than (%’“]

votes. [

Armed with Lemmata 1 — 5, we now proceed to analyze
specific voting rules.

THEOREM 1. Suppose that n = gqm + s and z = ¢m +r,

where q, s,£,7 € NU{0} and s, < m; then MR(V, D, Plurality)

is at least
1+n—2[g}+1 E+)(2]-1)—n
q+2 (€+2)(g+2)
and at most
1+n—2|—%-‘+1 +1)([2]-D-n

q+1 (C+1D+1)
In particular, MR(V, D, Plurality) is in ©(m?).

4Obviously, ., —n max;(a;—ait1) < Tp, as x, can always be
ranked below z,,. On the other hand, x, < ., — min;(a; —
a2‘71).

Proor. By Lemma 3 and Corollary 1, we know that w
wins either £ 4+ 1 or £ + 2 districts. Plugging in the values
Ly (Plurality) = [%] —1 and M, (Plurality) = n into (1), we
have that MR(V, D, Plurality) equals

zpo+n—2[2]+2 (z+1)([2]-1)—-n
Tw Zwd(w)

(zw and z, denote the score of w and p (respectively) when
w wins a district). We are left just with determining the
value of z, and x,,. For reasons similar to the ones detailed
in Lemma 1, it holds that z, = z,, — 1.

Due to Lemma 4, MR(V, D, Plurality) is maximized when
T, is minimal; We have that w receives ¢ + 2 votes if s > 2,
and ¢ + 1 otherwise. Plugging this into (1) we obtain the
desired result.

The second expression in the upper bound of Theorem 1,
n23]
q+1

Thus, if the number of voters dominates the number

of candidates, this expression has little effect on MR. The
second expression can be upper bounded as follows

L+1)(g+1) T+ 1)(g+1) T

can be upper bounded by ﬁ, which is at most

m

A similar lower bound of Q(m?) can be shown as well, which
concludes the proof. [J

Note that tightness is achieved as our constructed expres-
sions were dependent on particular voting profiles (as de-
scribed in Lemma 1), and hence carry on to these expres-
sions.

As some parliamentary systems require not a plurality of
districts to become a winner, but a majority, we also note
the MR in these cases.

COROLLARY 2. If the number of districts needed for a vic-
tory is above 50%, MR for plurality is ©(m).

PROOF. Suppose that n = gm + s for ¢gm € N, s <
m. As d(w) in our expression is now |% |+ 1, and thanks
to Lemma 4 we know we should minimize x,. Hence, w
receives q + 2 votes if s > 2, and ¢+ 1 otherwise. Thanks to
Lemma 1 d(p) = [%] — 1, and its score in the other districts
is ©w — 1. The formula turns out to be, for s > 2 (very

similar figure for s < 1):

q+1 n([3]-1) n-y o0
a+2  (¢+2)(|2]+1)

O

THEOREM 2. Suppose that the number of districts is ex-
pressed as z = fm+r, where £,7 € NU{0} and r < m; then
MR(V, D, k-approval) for k > 1 is at least

n(z+4£+2)—(z—€+1)

o (e+2)([%’ﬂ 11

and at most
n(z+£+1)—(z—1¢)

(+ (| 2] +1)

PrOOF. By Lemma 3 and Corollary 1, we know that w
wins either £ + 1 or ¢ 4 2 districts. Plugging in the values
L, (k-approval) = n—1 and M, (k-approval) = n into (1), we

have that MR(V, D, k-approval) equals I"Ij;" k;;éiz;)




(zw and x, denote the score of w and p (respectively) when Algorithm 1 Monte-Carlo MR Approximation

w wins a district).As before, for reasons similar to the ones 1: procedure EXPECTED-MR ( M , B, ¢, §)
detailed in Lemma 1, ), =z, — 1. B2.In2
Due to Lemma 4, MR(V, D, k-approval) is maximized when 2: §= [ 2e2 -‘
Ty 18 minimal; According to Lemma 5, x,, = L%’“J + 1 if 3: T=0
m L%J + 1 = nk. Otherwise, it is z,, = H—,’f] + 1. Plug- 4: fori=1to sdo
ging these values into the equation, we receive the desired 5: Sample an election outcome E from M
result. [J 6: w = argmaxcec score(c,V) // The winner
7 Sm = maxcec score(c, V) // Maximal score
One of the main challenges in computing a closed form 8: Rf‘””” = % // sampled MR
formula for MR for general scoring rules is that one must 9: T =T+ R

first decide what is the minimal score that w can obtain 10:
while winning a district for a given score vector «. This )
problem can be thought of as a bin packing problem: can-
didates can be thought of as bins, and the scores must be

return # = T // average of sampled MRs

packed into them. It is only recently that a polynomial time voters who have p > w > a. A third district contains 41
algorithm has been proposed for bin packing problems with voters with the preference p = w > a. w wins the 2 first
a constant number of types (also commonly referred to as districts, becoming the ultimate winner. But, looking glob-
the one-dimensional cutting stock problem) [21]. Thus, for ally, p’s Copeland score is 2, while w’s Copeland score is 0,
general scoring rule we offer looser bounds on the number making MR(V, D, Copeland) undefined.

of votes needed to win:

The Copeland score can be additively adjusted by adding
to each candidate’s score a fixed amount that is larger than
m. However, Copeland’s performance remains bad, as is

Let So = 377, aj; then the minimal number of votes

needed to win a district is at most ["S”] + a1, and at least

{%] we allocate the scores as evenly as possible among captured by Theorem 4.

the candidates, and break the tie in favor of the winner

using at most a; points. Of course, in some cases this can THEOREM 4. Under Copeland, the winner w may have

be improved, but it depends on «, and on the divisibility of the worst possible Copeland score, while another candidate

nSq and m. The following theorem uses these loose bounds has the best possible Copeland score.

to bound MR for the Borda scoring rule. PROOF. The worst possible Copeland score is —(m — 1),
THEOREM 3. MR(V, D, Borda) is in 9(m2). while the best is m — 1. Taking z = fm +r, z > 4 and

m > 2, we take ¢ + 2 districts, in each of them all voters

PROOF. According to Lemma 2, L, (Borda) = (m—1)(| 2] -

1)+ (m—2)(| 2| +1), and M,(Borda) = n(m—1). We again
write x, and z, to be the number of votes that are won by

rank w > p > .... We now take ¢ + 1 districts, in each of
them all voters rank p > ... > w. Finally, the rest of the
districts are divided between the m — 2 other candidates,

w and p (respectively) in a district where w wins. Thus, MR each candidate ¢ € C\ {p, w} getting at most £+ 1 districts,
18 in which every voter ranks ¢ > p > ... = w. Since £+2 < 7,
zp +n(m—1)—2(m—2)(n—1) w has lost to all candidates for most voters, and therefore
T + w’s Copeland score is —(m — 1). p, on the other hand, is
(z+1)(m—1)(m—2)n preferred by most voters over any other candidate, leading

Twd(w) : its score to be m — 1. [

We can also show the score p receives in a district won by
w is at least ., — (m — 1), and at most z, — 1. Further- 6. THE MISREPRESENTATION RATIO UN-
DER UNCERTAIN VOTES

In Section 5 we established bounds on the misrepresen-
tation ratio by constructing pathological examples: settings
where districting effects were so pronounced as to cause an
+ (m — 1), which is at most w Thus, extremely unpopular candidate to win the elections, despite
the existence of a clearly better alternative. We now take
the average-case, rather than the worst-case, approach, and
2m((m =2)n(m+1)(m — 1)+ (m — 1)) ask how common are instances where misrepresentation is

(m—2)%n ' high.

We do this in the form of a probabilistic generative model,
utilizing partial information to inform our assumptions on
the general population. Any instantiation of the model is a
voting domain for which we can compute the misrepresenta-
5.2 Copeland tion ratio. Thus, MR is a random variable and we evaluate
the expected MR. A naive solution is to exhaustively search
over the space of possible election outcomes; for each such
outcome we can compute its probability of occurring under
the generative model, and the MR value for that outcome;

Example 1. Let us have two identical districts, each con- we can then sum the product of the two across all outcomes
taining 21 voters with the preference w > p > a and 20 to get the expected MR. However, such an exhaustive search

more, we observe that z,, is at least [

m

(m—2)%n

is at least 5
m

{ (m=1)(m-2) ,

m

. Furthermore, x,, is upper bounded by

MR is upper bounded by

We note that the final expression has n in both the numera-
tor and denominator and is thus O(m?). We may similarly
lower bound MR(V, D, Borda) by a similar value. []

When using the Copeland voting rule, one can get an un-
defined value for MR, as a score of 0 is possible for the
winner.



is intractable, as the space of outcomes can be prohibitively
large, especially when there are many candidates, voters and
districts. We propose an alternative approximate solution,
based on a Monte-Carlo algorithm. Our algorithm requires
a bound on the MR for the examined domain, and such can
be found for many cases (see previous section).

We assume the generative model is given in the form of a
black-box, which outputs a sampled election outcome, con-
sisting of the votes of every voter in every district. We fur-
ther assume that the winner of the election can be computed
in polynomial time®. Denote the generative model as M, and
by r = Eam(MR) the expectation of MR under the model
M. Our proposed algorithm is “probably approximately cor-
rect”: given two parameters, € and d, the algorithm returns
an approximation 7 to r, such that with high probability 1—0
the returned value 7 is very close to 7, so that |f —r| < e.
The running time of the algorithm depends on ¢ and §; it is
quadratic in i and logarithmic in %.

Our proposed algorithm is a Monte-Carlo algorithm, but
it is only appropriate to voting rules where there is a known
bound on the possible MR values. ¢ The minimal MR value
is 1 (as this is the ratio between the maximal score of any
candidate and the score of a specific candidate, namely the
winner). Given a bound H on the maximal MR in a domain,
we refer to the MR value range as B = H — 1. The runtime
of our algorithm is quadratic in B. The method is given in
Algorithm 1, and we provide a proof for its correctness.

THEOREM 5. The value returned by Ezpected-MR is an
€,0 approzimation for the expected MR under M : with prob-
ability at least 1 —§ the returned value 7 is within a distance
€ ofr = Eym(MR), ie: |F —r|] <e.

PRrROOF. We note that the R;*"” computed inside the loop
is the MR in a specific instantiation of an election outcome
E sampled from the generative model M (see Definition 2),
so each R;“™ is a random variable, whose expectation is
r = Ey(MR) (ie. E[R;"™] =r). Our algorithm computes
T = >, R, the sum of s i.i.d draws, each of which
has a value of 7 in expectation, so E[f] = E[L] = r. We
use Hoeffding’s inequality [24] to show that the number of
samples s that we use achieves the desired accuracy ¢ and
confidence 6. Hoeffding’s inequality states that if Ry, ..., Ry
are independent random variables, where each R; is bounded
so that R; € [ai,bs], and if T = >, Ri, then Pr(|T —
E[T]| > se) < 2exp (7%)

R;*™ is the MR in an election outcome obtained under
the generative model M, so R;""” is bounded in the range
[1, H] (i.e., by our assumption, the MR value range is B =
B2.1n 2

2¢e2 .

H—-1). Applying Hoeffding’s bound and substituting
% — @) > 6) < ¢ as required. [

for s, we get Pr (

7. SIMULATIONS

We now use our Algorithm Expected-MR to analyze the
MR in several voting domains. We begin with a noisy ver-
sion of the example domain described in the introduction.

5Not all voting rules admit a polynomial winner determina-
tion algorithm. As our algorithm samples election outcomes,
its runtime in this case would not be polynomial.

5Our method is akin to Monte-Carlo methods used for an-
a]lyzing voting under various forms of uncertainty [14, 2, 4,
5].
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Figure 1: The effects of the noise on the MR

We fix C = {w,p}, and the number of districts to 11: 6
districts of type “A” and 5 of type “B”, modeling heteroge-
neous and homogenous districts respectively. In type A dis-
tricts, every voter v votes randomly with Pr[v votes for w] =
% + ¢, and Pr[v votes for p] = % — g; in type B districts,
Pr[v votes for w] = ¢, Pr[v votes for p] = 1 — ¢, for € €
(0, %) Figure 1 shows the averaged MR as a function of
the noise ¢ (z-axis). Each point is average MR obtained
for many elections sampled using this probabilistic model;
MR first increases as the noise € grows, until it reaches a
sweet-spot from which it drops. This indicates that for some
models the model noise may not have a monotone effect on
the MR.

In our second experiment, we fix the number of districts
to 15, and range the number of voters in every district
from 100 to 5000. We examined MR of elections with m &€
{3,4,...,7} candidates. Figure 2a shows the averaged MR
where the preference of every voter in every district is uni-
formly drawn from the set of all m! possible orders of can-
didates, under Borda scoring. The figure shows that in-
creasing the number of voters tends to lower MR. This is
not surprising, as all candidates will likely have nearly the
same score. Next, we consider the Mallows model [30] for
generating voter preferences, where we assume that there
is a “ground truth” for every district, o* (representing the
common ranking of candidates in that district) and disper-
sion parameter ¢ € (%, 1]. Under the Mallows model every
voter compares every pair of candidates independently and
ranks them correctly (according to o*) with probability ¢.
For every district, c* was drawn uniformly at random and
¢ ~U(%,1). We used the plurality scoring rule (Figure 2b)
and Copeland voting rule (Figure 2¢). As predicted by our
theoretical results, MR grows when there are more candi-
dates. Under Copeland, a fixed amount of m was added
each candidate’s score so that MR would be positive.

Our simulation results indicate that voting misrepresen-
tation may occur in several natural domains. Our second
experiment is “fair” in the sense that there is no preferred
candidate, and yet the MR values are quite high. Also, our
theoretical results agree with experiments in some natural
domains.

8. CONCLUSIONS

This work analyzes district-based elections. We demon-
strate the representability issues that arise in such elections,
and show tight bounds on misrepresentation. We further
show that misrepresentation is a common occurrence under
various natural voter distributions, and that its effect may
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Figure 2: Simulations results

not diminish even when the number of voters is large.

District based elections tend to under-represent smaller
parties; this is a long observed phenomenon (and, in some
countries, a welcome stabilizing feature). However, we do
not focus on smaller parties, but rather show that the pref-
erences of large majorities may be completely unrepresented
(the UK elections of 1951, where the Labour party with
48.8% support lost the elections, and the Conservative party
with 44.3% not only beat it, but had a strong parliamentary
majority, is just one example of these occurrences).

Research into the institutional bias in voting procedures,
beyond control issues, is one which we think deserves more
attention by the computational social choice community.
Very few election systems in the world are proportional,
and the effect this has on the expression of voters’ views
has mostly focused (in political science research) on how
small minorities are hurt. As our analysis shows, large ma-
jorities may also be affected. Further research is needed
with regards to other voting methods. Moreover, further
and complementary concepts may be developed, indicating
unfairness, lack of representation and other problems with
various voting procedures (parliamentary entrance bounds,
common in some countries, are an obvious candidate for
such directions). In addition, while we have focused on an
outcome of a single winner, a coalitional analysis of district
settings may also be of interest.
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ABSTRACT

Kidney exchanges are organized markets where patients swap will-
ing but incompatible donors. In the last decade, kidney exchanges
grew from small and regional to large and national—and soon, in-
ternational. This growth results in more lives saved, but exacerbates
the empirical hardness of the A/P-complete problem of optimally
matching patients to donors. State-of-the-art matching engines use
integer programming techniques to clear fielded kidney exchanges,
but these methods must be tailored to specific models and objective
functions, and may fail to scale to larger exchanges. In this paper,
we observe that if the kidney exchange compatibility graph can be
encoded by a constant number of patient and donor attributes, the
clearing problem is solvable in polynomial time. We give neces-
sary and sufficient conditions for losslessly shrinking the represen-
tation of an arbitrary compatibility graph. Then, using real com-
patibility graphs from the UNOS nationwide kidney exchange, we
show how many attributes are needed to encode real compatibil-
ity graphs. The experiments show that, indeed, small numbers of
attributes suffice.

1. INTRODUCTION

There are over 100,000 needy patients waiting for a kidney trans-
plant in the United States, with similar, and increasing, demand
worldwide.! Complementing potential cadaveric transplantation
via the deceased donor waiting list, a recent innovation—kidney ex-
change [30, 32]—allows patients with willing living donors to par-
ticipate in cyclic donor swaps or altruist-initiated donation chains
to receive a life-saving organ. Kidney exchange now accounts for
roughly 10% of living donation in the US, with that percentage in-
creasing every year.

In reality, participating patients and donors are endowed with
a set of attributes: blood type, tissue type, age, insurance, home
transplant center, willingness to travel, and myriad other measure-
ments of health, personal preference, and logistical constraint. While
some of these features can, at a cost, be temporarily or permanently
changed, the attributes determine the feasibility of a potential do-
nation from each donor to each patient. As a concrete example, a
donor with blood type AB can only give to a patient with that blood
type.

A central aspect of kidney exchange is the clearing problem,

1
https://optn.transplant.hrsa.gov/converge/data/

Appears at: 3rd Workshop on Exploring Beyond the Worst Case in Com-
putational Social Choice. Held as part of the 15th International Conference
on Autonomous Agents and Multiagent Systems. May 9th-10th, 2016. Sin-
gapore.

that is, determining the “best” set of cyclic and chain-based swaps
to perform in a given compatibility graph, which consists of all
participating patients, donors, and their potential feasible transac-
tions. For even simple (but realistic) models of kidney exchange,
the clearing problem is A/P-hard [1, 6] and also extremely difficult
to solve in practice [18, 3, 29].

In this paper, we tackle the complexity of the clearing problem
via the introduction of a novel model for kidney exchange that ex-
plicitly takes into account all attributes of the participating patients
and donors. Under the assumption that real kidney exchange graphs
can be represented using just a constant number of attributes, we
show that our model permits polynomial-time solutions to central
NP-hard problems in general kidney exchange. Inspired by classi-
cal results from intersection graph theory, we give conditions on the
representation of arbitrary graphs in our model, and generalize to
the case where participants are allowed to have a thresholded num-
ber of negative interactions between attributes. Noting that real-life
kidney exchange graphs are not arbitrary, we show on actual data
from the United Network for Organ Sharing (UNOS) US-wide kid-
ney exchange that our model permits lossless representation of true
graphs with far fewer attributes than the worst-case theoretical re-
sults require.

2. ANEW MODEL FOR KIDNEY EXCHANGE

In this section, we formalize our model of kidney exchange. We
prove that under this model certain well-known N P-hard problems
in general kidney exchange are solvable in polynomial time. We
also show that, given a compatibility graph, determining the best
set of attributes to change (at some cost) is solvable in polynomial
time.

2.1 Notation & Preliminaries

A kidney exchange can be represented by a directed compati-
bility graph G = (V, E). Each patient-donor pair, or unpaired
altruistic donor, forms a vertex v € V, and a directed edge exists
from one vertex to another if the donor at the former can give to the
patient at the latter, i.e., are compatible [32, 33, 34].

In kidney exchange, patients and donors participate in cycles or
chains. In a cycle, each participating vertex receives the kidney of
the previous vertex. All transplants in a cycle must be performed
simultaneously to ensure participation, and thus are limited to some
small length in practice. This ensures that no donor backs out after
her patient has received a kidney but before she has donated her
kidney. Most fielded kidney exchanges—including UNOS—allow
only 2- and 3-cycles. In a chain, a donor without a paired pa-
tient enters the pool, donating his kidney to a patient, whose paired
donor donates his kidney to another patient, and so on [27, 35, 31].
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Chains can be executed non-simultaneously? and thus chains can
be longer (but typically not infinite) in length. Most exchanges—
including UNOS—see great gains through the use of such “altruist-
initiated” chains.

We consider a model that imposes additional structure on an ar-
bitrary compatibility graph. For each vertex v; € V/, associate with
its constituent donor and patient attribute vectors d; and p,, re-
spectively. Here, the gth element d of d; takes on one of a fixed
number of types—for example, one of four blood types (O, A, B,
AB), or one of a few hundred standard insurance plans. Then, for
v; # vj € V, we define a compatibility function f(d;,p;), a
boolean function that returns the compatibility of the donor of v;
with the patient of v;.

Given V and associated attribute vectors, we can uniquely deter-
mine a compatibility graph G = (V, E) such that E = {(v;, v;) :
f(di,p;) =1 Vu; # v; € V}. We claim that this model accu-
rately mimics reality, and we later support that claim with strong
experimental results on real-world data. Furthermore, under this
new model, certain complexity results central to kidney exchange
change (for the better), as we discuss next.

2.2 The Clearing Problem is Easy (in Theory)

We now tackle the central computational challenge of kidney ex-
change: the clearing problem. Well-known to be N"P-hard [1, 6],
a variety of custom clearing algorithms address adaptations of the
clearing problem in practice.’> We show that, in our model, the
clearing problem itself is solvable in polynomial time.

Formally, we are interested in a polynomial-time algorithm that
solves the L-CYCLE-COVER problem—that is, finding the largest
disjoint packing of cycles of length at most L. For ease of expo-
sition, in this section we use “cycles” to refer to both cycles and
chains; indeed, it is easy to see that altruist donors are equivalent to
standard patient-donor pairs with a patient who is compatible with
all non-altruist vertices in the pool. Then, a chain is equivalent to
a cycle with a “dummy” edge returning to the altruist. Also, again
for ease of exposition, we assume the value of a chain of length L
is equal to a cycle of length L, due to the donor at the end of the
chain giving to a patient on the deceased donor waiting list.

Recall that we are working in a model where each vertex v;
belongs to one of a fixed number of types determined solely by
its attribute vectors d; and p;. Let © be the set of all possible
types, and 6 € O represent one such individual type. Then, with a
slight abuse of notation, we can define a type compatibility function
£(6,0") = 1if and only if there is a directed edge between vertices
of type 6 and ¢’. (Note that this captures chains and altruist donors
as described above.)

A key observation of this section is that any additional edge
structure that is imposed on the graph—such as a cycle cover—
would be independent of the identity of specific vertices, rather, it
would only depend on their types, as vertices of the same type have
the exact same incoming and outgoing neighborhoods. For exam-
ple, in any cycle cover, if v; and v; are two vertices of the same
type, we can insert v; in place of v;, and v; in place of v;, and ob-
tain a feasible cycle cover of the same size. This observation drives
our theoretical algorithmic results.

In more detail, for a vector of types 8 = (01,...,0;) € OF, let

2To see why this is, take the case where a donor backs out of a
chain after his paired patient received a kidney, but before his own
donation. Unlike in the case of a broken cycle, no pair in the re-
maining tail of the planned chain is strictly worse off; that is, no
donor was “used up” before her paired patient received a kidney.
3For an overview of practical approaches to solving the clearing
problem, see a recent survey due to Mak-Hau [25].

us denote fc(€) = 1 if and only if f(6,0:41) = 1 forall ¢ < k,
and f(0k,01) = 1. In other words, fc(6) = 1 if every k vertices
i1,...,% of types 61, . .., O, respectively, are involved in a cycle
in the graph. Furthermore, for L < n = |V, denote

T(L)={6c©": k< Land fc(8) =1}.

That is, 7 (L) contains all vectors of types that induce feasible cy-
cles of length at most L.

Now consider the following algorithm for L-CYCLE-COVER in
our model:

Algorithm 1 L-CYCLE-COVER

1. C*« 0

2. for every collection of numbers {ma}eeT(L) such that
> ecT(r) Mo <1

o if there exists cycle cover C such that ||C|,, > [|IC*||,,
and for all @ € T (L), C contains me cycles consisting of
vertices of the types in 6 then C* < C

3. return C*

Here, ||C||,, denotes the number of unique vertices matched in a
cycle cover C. We claim that, in our setting, Algorithm 1 is optimal
and computationally efficient.

THEOREM 1. Suppose that L and |O| are constants. Then Al-
gorithm 1 is a polynomial-time algorithm for L-CYCLE-COVER.

PROOF. We start by verifying that Algorithm 1 is indeed opti-
mal. Consider the optimal cycle cover C*. For each 8 € T (L),
let mp be the number of cycles in C* that are consistent with the
types in 0. Clearly 2967_( L) mpg < m, as there are only n vertices
so there cannot be more than n cycles (in fact, n/2 is also a valid
upper bound). Therefore, Algorithm 1 considers the collection of
numbers mg in Step 2. Because this collection of numbers does
induce a valid cycle cover that is of the same size as C*, the algo-
rithm would update its incumbent cycle cover if it was not already
optimal.

We next analyze the running time of the algorithm. First, note
that it is straightforward to check whether the numbers {me }oc7 (1)
induce a valid cycle cover. Since 7 (L) consists only of valid cycles
according to the compatibility function fc, we just need to check
that there are enough vertices of type 6 to construct all the cycles
that require them. This simply amounts to multiplying each mg
by the number of times type 6 appears in 8, and verifying that the
sum of these products over all @ in 7 (L) is at most the number of
vertices of type 6.

Second, we argue that there is only a polynomial number of pos-
sibilities to construct a collection of numbers {me}oc(r) such
that 3 g7 ,yme < m. Indeed, this number is at most (n +

DT Moreover, |T(L)| < L - |©|*. Because |©| and L are
constants, |7°(L)| is also a constant. The expression (n + 1)!7 (%)
is therefore a polynomial in n. [J

Even for constant L, the running time of Algorithm 1 is exponen-
tial in k. But this is to be expected. Indeed, any graph can trivially
be represented using a set © of types of size n, where each vertex
has a unique type, and a compatibility function fc that assigns 1
to an ordered pair of types if the corresponding edge exists in G.
Therefore, if the running time of Algorithm 1 were polynomial in
n and k, we could solve the general L-CYCLE-COVER problem in
polynomial time—and that problem is A/P-hard [1].



2.3 Flipping Attributes is Also Easy (in The-
ory)

While patients and donors in a kidney exchange are endowed
with an initial set of attributes, it may be possible in practice to—at
a cost—change some number of those attributes to effect change in
the final matching. For example, the human body naturally tries to
reject, to varying degrees, a transplanted organ. Due to this, nearly
all recipients of kidneys are placed on immunosuppressant drugs
after transplantation occurs.* However, preoperative immunosup-
pression can also be performed to increase transplant opportunity—
but at some cost to the patient’s overall health.

With this in mind, we extend the model of Section 2.2 as follows.
Associate with each pair of types 6,0’ € © a cost function ¢ :
© x © — R representing the cost of changing a vertex of type 6
to type 6’. Then, the L-FLIP-AND-CYCLE-COVER problem is to
find a disjoint packing of cycles of length at most L that maximizes
the size of the packing minus the sum of costs spent changing types.
Building on Theorem 1, this problem is also solvable in polynomial
time.

THEOREM 2. Suppose that L and |©| are constants. Then L-
FLIP-AND-CYCLE-COVER is solvable in polynomial-time.

PROOF PROOF SKETCH. For any type 6; € ©, there are n;
vertices. Then, for each of the (|©| — 1) choices of which type
0 # 0; to switch to, choose how many vertices from 6; will switch
to a different type; there are (n; + 1) choices. Do this for all |©|
types, resulting in J], .o [(ni + 1)(]©| — 1)] choices. Note that
2 0,e0(ni+1) =n+[0], meaning [T, o [(ni +1)(|0] - 1)] <
(n+18]) - (18] = /|eN!® < (n + |6])°!. Since |O] is
a constant, this is polynomial in n; invoking an adaptation of the
polynomial time Algorithm 1 that subtracts out c(6, 8’) for every
vertex that switches from @ to @', for each of the polynomially-
many choices, concludes the proof. [

3. A CONCRETE INSTANTIATION:
THRESHOLDING

As motivated in Sections 1 and 2, compatibility in real kidney
exchange graphs is determined by patient and donor attributes, such
as blood or tissue type. In particular, if an attribute for a donor and
patient is in conflict, they are deemed incompatible. Motivated by
that reality, in this section, we associate with each patient and donor
a bit vector of length k, and count incompatibilities based on any
shared activated bits between a patient and potential donor.

As a concrete example, consider human blood types. At a high
level, human blood contains A antigens, B antigens, both (type
AB), or neither (type O). AB-type patients can receive from any
donor, A-type (B-type) can receive from O-type and A-type (B-
type) donors, and O-type patients can only receive from O-type
donors. In our bit model, this is represented with k = 2, such that
a donor’s first (resp. second) bit is set if his blood holds A (resp. B)
antigens. and a patient’s first (resp. second) bit is set if she cannot
receive from blood containing A (resp. B) antigens. Thus, the type
space @ = 2{Pashhas B} o ginomAno B} iy oeneral, |Q| = 2%,

Formally, unless otherwise stated, throughout this section G will
refer to a directed graph with vertex set V. = [n] := {1,...,n}
and edge set E, and with each ¢ € V associated with two k-bit
vectors d;, p; € {0,1}*. Let Qa(i) = {q € [k] : diq = 1} be the
set of conflict bits for the donor associated with vertex 7 € V/, and
similarly let Qp (i) = {q € [k] : p;, = 1}. For4,j € V such that

https://www.kidney.org/atoz/content/immuno

i # 4, the threshold feasibility function fiegp is defined as

t _ 1 if|Qd(i)me(j)‘ <t
Jfihresh (dia Pj) = { . '
0 otherwise.
Note that |Qq(i) N Qp(5)| < tif and only if (d;, p;) < t.

Kidney exchange graphs constructed using threshold compati-
bility functions are closely related to complements of intersection
graphs [26], which are graphs that have a set associated with each
vertex and an edge between two vertices if and only if the sets in-
tersect. Given a nonnegative integer ¢, the function fiesn is related
to p-intersection graphs [9, 13], in which an edge exists between
two vertices if their corresponding sets intersect in at least p > 1
elements.

Our model is similar to that of intersection digraphs [36], or
equivalently bipartite intersection graphs [19], both also consid-
ered in [28]. Both of these have mainly been studied under the
assumption that the sets used to represent the graph have the “con-
secutive ones” property, i.e., each set is an interval from the set of
integers. Our model is more general: we do not place such an as-
sumption on the set of conflict bits. Moreover, most treatments of
intersection digraphs consider loops on the vertices, whereas in the
thresholding model we have defined, whether or not donor ¢ and
patient ¢ are compatible is not considered. In addition, the directed
and bipartite intersection graph literature has focused on the case
that ¢ = 0 (in our terminology). To the best of our knowledge, this
paper is the first treatment p-intersection digraphs, and certainly
their first real-world application.

3.1 Existence of Small Representations

It is natural to ask for what values of ¢ and k& can we select ver-
tices with bit vectors d; and p; of length k such that fi e, can
create any graph of a specific size?

Formally, we say that G is (k,t)-representable (by feasibility
function fiesn) if, for all i € V' there exist d;, p; € {0, 1}* such
that for all j1 € V, jo € V \ {j1}, (j1,j2) € E if and only if
ftﬁresh (djy, ij) =1L

It is known [14] that any graph can be represented as an inter-
section graph with k& < n?/4. In contrast, the next theorem shows
that, in our model, k < n suffices to represent any graph. It is
akin to a result on the term rank of the adjacency matrix of G [28,
Theorem 6.6].

THEOREM 3. Let G = (V, E) be a digraph on n vertices. Let
n1 be the number of vertices with outgoing edges, Let na be the
number of vertices with incoming edges, and n' = min{n; +
1,n2 + 1,n}. Then G can be (n’,0)-represented.

PROOF. We first show that the graph can be (n1+1, 0)-represented.

Assume without loss of generality that vertices 1, . .., n; have out-
going edges. We show how to set d;, p, € {0,1}"**! for each
vertex ¢ in V. To set the donor attributes, for each i € [n4], let
d; be e;, the ith standard basis vector, i.e., the vector of length
n1 + 1 with a 1 in the ¢th coordinate and O everywhere else. For
i > mnq, set d; to be e,, +1. For the patient attributes of vertex
J € [n], for each i € [n] such that (4,5) € E, set p;; = 0, and
set p;; = 1 otherwise. Note that if all the vertices have outgoing
edges, then n1 = n unit vectors suffice. A similar approach works
to (min{n,ns + 1}, 0)-represent G, by using the n2 unit vectors
as the patient vectors of those vertices with incoming edges, and (if
needed) one additional unit vector for any remaining vertices. In
both of these cases, (d;, p;) = 0 if and only if (4, j) € F, which
represents G' by fiesn- L[]
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Theorem 3 implies that any graph is (n, 0)-representable. The
next theorem shows a matching lower bound. The same construc-
tion and bound also hold if loops are considered [36].

THEOREM 4. For any n > 3, there exists a graph on n vertices
that is not (k, 0)-representable for all k < n.

PROOF. Define G to be the digraph on n vertices, V' = [n], with
an edge from vertex ¢, for each ¢ € V, to every vertex except ¢ — 1
(and itself), where vertex n is also referred to as vertex 0.

Assume that G is (k,0)-representable, and consider vertex 1.
Since (1,n) ¢ E, and (i,n) € E forall i ¢ {1, n}, there exists a
conflict bit g1 € Qq4(1) N Qp(n) such that ¢1 ¢ Qp(V \ {1,n}).
More generally, there exists such a conflict bit ¢; forall i € V.

We claim that these conflict bits are all unique, which directly
implies that £ > n. Indeed, otherwise we can assume that g1 = ¢;
for some @ # 1 (without loss of generality, as the graph is symmet-
ric subject to cyclic permutations). But then (1,7 —1) and (¢, n) do
not appear as edges in G, which is not true forany : € V\{1}. O

More generally, it is easy to see that any graph that is (k, 0)-
representable is also (k + t, t)-representable for any ¢ > 0. Indeed,
simply take the (k,0)-representation of the graph, and append ¢
ones to every vector. Together with Theorem 3, this shows that any
graph is (n + ¢, t)-representable. However, the lower bound given
by Theorem 4 does not extend to ¢ > 0. We conjecture that for any
n and t there exists a graph that can only be (k, t)-represented with
k = Q(n)—this remains an open question.

3.2 Computational Issues

Given any real compatibility graph with n vertices, we know by
Theorem 3 that we can (k, 0)-represent that graph for &k = n. But,
in practice, how large of a k do we actually need?

Various problems related to intersection graphs are A/P-complete
for general graphs [23, 28], but we work in a setting with addi-
tional structure. And while we do not show that finding a (k, t)-
representation is NP-hard, we do show that a slightly harder prob-
lem, which we refer to as (k, t)-REPRESENTATION WITH IGNORED
EDGES, is N'P-hard. Given an input of a directed graph G =
(V, E), a subset F of (‘2/), and integers kK > 1 and ¢t > 0, this
problem asks whether there exist bit vectors d; and p, of length &
for each ¢ € V such that for any (¢, j) € F, we have (i, j) € F if
and only if (d;, p;) < t.

THEOREM 5. The (k, t)-REPRESENTATION WITH IGNORED EDGES

problem is N'P-complete.

The theorem’s nontrivial proof is omitted due to lack of space.’
Here we give a proof sketch. One major idea is the construction
of a bit-grounding gadget G—a subgraph where the bits are set
uniquely (up to permutations) in any valid representation, and can
be used to set the bits in other vertices. The gadget has (’;) ver-
tices; we prove that there is a unique (up to permutations) (k, 1)-
representation of G, where each donor vector has a unique pair of
ones, and similarly for each patient vector. Figure 5 shows G4.

Then, we prove A'P-hardness by reduction from 3SAT. In the
constructed instance of our problem, we set the threshold to 1. The
crux of the reduction is to add a vertex for each clause in the given
3SAT formula, where in the patient vector, the bit corresponding
to each literal in the clause is set to 1. This can be done by con-
necting the vertex to the bit-grounding gadget. Moreover, there is
a special vertex that does not have outgoing edges to any of the
clause vertices. This means that it must have a 1 in a position that

5The complete proof is given in Appendix A.

corresponds to one of the literals in each clause. A different part of
the construction ensures that there is at most a single 1 in the two
positions corresponding to a variable and its negation. Therefore,
a valid assignment of the donor bits corresponds to a satisfying as-
signment for the 3SAT formula.

dy : 1100 dp : 1010
p1: 1010  po : 1001

A@A"

de : 0011 =2 ds : 1001

ps - 1100 21 @ ps : 0110

B}
ds : 0101 d4 : 0110
ps 1 0011  p4 : 0101

Figure 1: Gadget G4 with a subset of non-edges shown; all edges
between circle vertices (those in G2) are also not in E.

4. COMPUTING SMALL REPRESENTATIONS

OF REAL KIDNEY EXCHANGE COM-
PATIBILITY GRAPHS

In this section, we test our hypothesis that real compatibility
graphs can be represented by a substantially smaller number of at-
tributes than required by the worst-case theoretical results of Sec-
tion 3. We begin by presenting general mathematical programming
techniques to determine, given k,t € Z, whether a specific graph
G = (V, E) is (k, t)-representable. We then show on real and gen-
erated compatibility graphs from the UNOS US-wide kidney ex-
change that small & suffices for (k, 0)-representation, and conclude
by exploring the allowance of greater thresholds ¢ on match size.
We ﬁﬁnd even small thresholds ¢ > 0 result in substantial societal
gain.

4.1 Mathematical Programming Formulations

Implementation of fi, s can be written succinctly as a quadratically-
constrained discrete feasibility program (QCP) with 2k|V| binary
decision variables, given as M1 below.

(diyp;) <t V(vi,v;) €E
(di,py) > (H+1) V(oivy) & B 1)
d;,p; € {0,1}1C Vv, €V

The constraint matrix for this program is not positive semi-definite,
and thus the problem is not convex. Exploratory use of heuris-
tic search via state-of-the-art integer nonlinear solvers [7] resulted
in poor performance (in terms of runtime and solution quality) on
even small graphs. With that in mind, and motivated by the pres-
ence of substantially more mature integer linear program (ILP)
solvers, we linearize M1, presented as M2 below.

6All code for this section can be found at https://github.
com/JohnDickerson/KidneyExchange.
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min ZviEV Z'L)j#'uiGV {z]
s.t. d? chj/\ijcg. Yv; #vj € V,q € [k]

d§+p§§1+cg; Vi #vj € V,q € [k]

4G St (k—1)&; V(vi,vj) € E

Z%cgj > (t+ 1)&; V(vi,vu;) €E - (M2)
qcij2t+1fk§ij V(Ui,vj)QE
chj Sk}—(k—t)fij V(’U“Uj)QE
dl,p! € {0,1} Yv; € V,q € [k]

;& €{0,1} Vv #vj € V,q € [K]

M2 generalizes M1; while M1 searches for a feasible solution to
the (k, t)-representation problem, M2 searches for the “best” (pos-
sibly partially-incorrect) solution by minimizing the total number
of edges that exist in the solution but not in the base graph G, or do
not exist in the solution but do in G. This flexibility may be desir-
able in practice to strike a tradeoff between small k and accuracy
of representation.

Interestingly, neither the fully general ILP nor its (smaller) in-
stantiations for the special cases of feasibility and/or threshold ¢ =
0 were solvable by a leading commercial ILP solver [22] within 12
hours for even small graphs, primarily due to the model’s loose LP
relaxation. Indeed, the model we are solving is inherently logical,
which is known to cause such problems in traditional mathemati-
cal programming [21]. With that in mind, we note that the special
case of t = 0 can be represented compactly as a satisfiability (SAT)
problem in conjunctive normal form, given below as M3.

A (ﬁdg V ﬁpg) Y(vi, ’Uj) ceFrE
q€[k]

(zilj v zfj V...V z{fj) A (M3)
A [(_\ij V; dg) A (—\ziqj vpzl_)] V(vi,vj) € B
q€[k]

This formulation maintains two sets of clauses: the first set en-
forces no bit-wise conflicts for edges in the underlying graph, while
the second set enforces at least one conflict via k auxiliary variables
z;; for each possible edge (vi, v;) € E. M3 was amenable to par-
allel SAT solving [5]. Next, we present results on real graphs using
this formulation.

4.2 (k,0)-representations of Real Kidney Ex-
change Graphs

Can real kidney exchange graphs be represented by a small num-
ber of attributes? To answer that question, we begin by testing on
real match run data from the first two years of the United Network
for Organ Sharing (UNOS) kidney exchange, which now contains
143 transplant centers, that is, 60% of all transplant centers in the
US. We translate each compatibility graph into a CNF-SAT formu-
lation according to M3, and feed that into a SAT solver [5] with
access to 16GB of RAM, 4 cores, and 60 minutes of wall time.
(Timeouts are counted—conservatively against our paper’s qualita-
tive message—as negative answers.)

Figure 2 shows a classical phase transition from unsatisfiability
to satisfiability as k increases as a fraction of graph size, as well
as an associated substantial increase in computational intractability
centered around that phase transition. This phenomenon is com-
mon to many central problems in artificial intelligence [8, 20, 38].
Indeed, we see that substantially fewer than |V/| attributes are re-
quired to represent real graphs; compare with the lower bound of
Theorem 4.

Figure 3 explores the minimum £ required to represent each
graph as a function of |V|, compared against the theoretical up-
per bound of k = |V|. The shaded area represents those values of
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Figure 2: Classical hardness spike near the phase transition for
(k, 0)-representation on real UNOS compatibility graphs.

k where the SAT solver timed out; thus, the reported values of k
are a conservative upper bound on the required minimum, which is
still substantially lower than |V/|.

160 i i
—— Theoretical bound
140+ -- Proved SAT
Proved UNSAT
120+ Unknown
100
=~z 80t
60
40t
20¢
% 60 80 100 120 140 160

V]

Figure 3: Comparison of number of bits (y-axis) required to (k, 0)-
represent real UNOS compatibility graphs of varying sizes (x-axis).
The theoretical bound of & = |V/| is shown in red,; it is substantially
higher than the conservative upper bound of k solved by our SAT
solver (upper dotted line).

4.3 Thresholding Effects on Matching Size

One motivation of this work is to provide a principled basis for
optimally “flipping bits” of participants (via, e.g., immunosuppre-
sion) in fielded kidney exchanges, in the hope that additional edges
in the compatibility graph will result in gains in the final algorith-
mic matchings. We now explore this line of reasoning—that is, in-
creasing the ¢ in fien instead of the k, which is now endogenous
to the underlying model—on realistic generated UNOS graphs of
varying sizes.

Figure 4 shows the effect on the percentage of patient-donor
pairs matched by 2- and 3-cycles as a global threshold ¢ is raised
incrementally from ¢ = 0 (the current status quo) to ¢ = 5. In-
tuitively, larger compatibility graphs result in a higher fraction of
pairs being matched; however, a complementary approach—making



the graph denser via even small increases in t—also results in tremen-
dous efficiency gains of 3—4x (depending on |V|) over the baseline
for ¢ = 1, and quickly increasing to all pairs being matched by
t =5.
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Figure 4: Pairs matched (%, y-axis) in generated UNOS graphs of
varying sizes (lines), as ¢ increases (x-axis).

We note that any optimal matching found after increasing a global
threshold ¢ could also be created by paying to change at most ¢
bits per vertex in a graph; however, the practical selection of the
minimum-sized set of at most ¢ bits per vertex such that the size
of the resulting optimal matching is equal to that found under the
global threshold of ¢ is a difficult two-stage problem and is left as
future research. The large efficiency gains realized by moving from
f2 esh to even filoen motivate this direction of research.

5. CONCLUSIONS & FUTURE RESEARCH

Motivated by the increasing size of real-world kidney exchanges,
in this paper, we presented a compact approach to modeling kidney
exchange compatibility graphs. Our approach is intimately con-
nected to classical intersection graph theory, and can be viewed as
the first exploration and practical application of p-intersection di-
graphs. We gave necessary and sufficient conditions for losslessly
shrinking the representation of an arbitrary compatibility graph in
this model. Real compatibility graphs, however, are not arbitrary,
and are created from characteristics of the patients and donors; us-
ing real data from the UNOS US-wide kidney exchange, we showed
that using only a small number of attributes suffices to represent
real graphs. This observation is of potential practical importance;
if real graphs can be represented by a constant number of attributes,
then central A/P-hard problems in general kidney exchange are
solvable in polynomial time.

This paper only addresses the representation of static compati-
bility graphs; in reality, exchanges are dynamic, with patients and
donors arriving and departing over time [37]. Extending the pro-
posed method to cover time-evolving graphs is of independent the-
oretical interest, but may also be useful in speeding up the (presently-
intractable) dynamic clearing problem [4, 10, 2, 11, 17]. Better ex-
act and approximate methods for computing (k, t)-representations
of graphs would likely be a prerequisite for that line of research.
Furthermore, adaptation of the theoretical results to alternate organ
models like lung [15, 24], liver [16], and multi-organ [12] exchange
would be of practical use.

Appendix A: Omitted Proofs

In this section, we provide the full proof of Theorem 5. Recall the
(k,t)-REPRESENTATION WITH IGNORED EDGES: given an input
of a directed graph G = (V, E), a subset F' of E, and integers
k > 1andt > 0, this problem asks whether there exist bit vectors
d; and p, of length & for each ¢ € V such that the {i,j} € F if
and only if (d;, p;) < t.

Consider the gadget G defined as follows on a graph on (’;) +k

vertices. Let G be the graph defined in Theorem 4 on (’2“) vertices,
i.e., the complement of a directed cycle on this many vertices. As-
sociate with each vertex u € G a unique element from (U;]) (all
subsets of [k] of size 2). Let G be an independent set of k vertices.
For each vertex i € G, i € [k], add an incoming edge into i from
u € G if and only if i € S,,. Figure 5 shows Gl4.

dy : 1100 do : 1010
p1 : 1010 p2 : 1001

fol

ds: 0011 —% = ds : 1001
pe : 1100 LO) X p3:0110

ds : 0101 ds : 0110
ps : 0011 pa : 0101

Figure 5: Gadget (G4 with a subset of non-edges shown; all edges
between circle vertices (those in G2) are also not in E.

Denote the donor neighborhood of i € V by Ny(i) = {j € V :
(i,7) € E,i # j}, ie., the set of patients compatible with donor
1. Similarly, the patient neighborhood of j € V is Np(j) = {i €
Vi {i,j} € Eyi # j}.

LEMMA 1. There is a unique (up to permutations) (k, 1)-representation
Oka

PROOF. First consider G4. For all u € V(G}), since {u,u —
1} ¢ E(G}), and the compatibility function is fifyesh, there ex-
ist two distinct conflict bits ¢i and ¢3 in Qa(u) N Qp(u — 1).
Moreover, for any u, v distinct, {qf', ¢5} # {47, g5 }. Otherwise,
{¢t, 45} C Qp(v—1) and {q7, 5} C Qp(u— 1), but at least one
of the edges {u,v — 1} or {v,u — 1} exists in G}..

In addition, |Qq4(u)| = 2 for all u € V(G}). Suppose not,
and there exists a third distinct (from ¢i* and ¢5) conflict bit g3
in Qq4(u). As the number of vertices is (;) there exists a vertex
v1 with {g;%,95*} = {qf’, ¢5}, and a (different) vertex vo with
{¢7?%,4952} = {45, ¢35 }- Then {u, v1 — 1} and {u, vo — 1} are both
not in E(G},). However, u has edges to all vertices except itself
and u — 1, which is a contradiction, as u, v1, and vo are all distinct.
From this, it also follows that |Q, (u)| = 2.

We have thus shown that every vertex v € Gi has exactly two
bits set to one in its donor attribute vector, with a unique pair of
bits per vertex, and Qq(u) = Qp(u — 1). However, without more
structure, it is not possible to tell in which donor vectors a particular
conflict bit appears. The additional graph G2 allows us to identify
this, up to permutations.



Since there are no outgoing edges from any of the vertices in G,
and every pair of bits in ([’2"]) appears in exactly one patient vector
of a vertex in G}, each donor vector in G must be the all-ones
vector of length k.

Consider vertex 4 € [k] in G3. It has an incoming edge from
each vertex u € V(G}) such that i € S, and it is missing the
(k;I) other possible incoming edges from G, (note that the label-
ing of the vertices, as well as the choices of the sets S, are made
without any knowledge of the bit-vectors associated with the ver-
tices). We next show that |ﬁueNp(i)Qd(u)| = 1. That this quantity
is at most 1 is clear, as Q4(u) and Qg (v) intersect in at most one
conflict bit for all u,v € V(G}), u # v. If this quantity were
0, then for some u,v € N,(7), Qa(u) N Qa(v) = (. But then
at least two zeroes would appear in Qp (), which is a contradic-
tion as it implies that ¢ would have more than k incoming edges.
Thus, the patient vector p; for i € V(G?) has exactly one zero and
ones elsewhere. Moreover, since N (i) # Np(j) for any distinct
i,j € [K], it follows that p; # p, so each patient vector is distinct
and the position of its only zero is unique. [

LEMMA 2. Consider a digraph G having Gy, as a subgraph
and an additional vertex © ¢ V(Gr). We use the compatibil-
ity function fihes, and seek to find a (k, 1)-representation for the
induced subgraph G[V(Gy) U {z}]. Let U C V(G}) having
that property that if v € V(G},) with Qa(v) C UuerQalu),
thenv € U. Let U = {u € V(G) : u+1 € U}. Let
Q = UuevQa(u).

IFN,(2) = V(GD\U, then Qy(x) = Q. If Na(w) = V(GE)\
U’, then Qa(x) = Q.

PROOF. We use the fact that there are exactly two bits set to
one in the donor and patient vectors of each vertex in Gy, in any
(K, 1)-representation. For the first statement, since x has no edge
from u € U, Qp(z) 2 Qa(u). Thus Qp(z) O Q. Now let
v € V(GH)\U and ¢, € Qa(v)\ Q. If ¢, € Q,(z), then for each
q € Q, there exists a vertex w in G with Q4(w) = {q, ¢}, so
that {w, z} would also not be an edge of G, a contradiction. Hence,
Qp(z) = Q. The second statement follows analogously. []

THEOREM 5. The (k,t)-REPRESENTATION WITH IGNORED EDGES

problem is N'P-complete.

PROOF. Consider a 3SAT formula on n variables and with m
clauses. Set kK = 2n + 2, and build the following graph on 2 +n +
m + (g) + k vertices. The first two vertices are labeled v and u.
Then there is a vertex v; for each variable ¢ € [n], a vertex ¢ for
each clause ¢ € [m]. Call the subgraph induced by these 2+n+m
vertices G”. The last vertices come from the gadget G’

The vertices in G ground the k bits used in each donor and pa-
tient vector.. We think of the k bits, in order, as corresponding to the
n positive literals, then their n negations, followed by two “extra”
bits. Then the index of literal x; will be 4, and the index of literal z;
will be n + 4. For i and j distinct in V (G2), | Np(i) N Np(5)| = 1
within G,. Denote this vertex of G, by v(4, j), and without loss of
generality we can assume that Qq(v(%,5)) = {i,7}.

The edges among vertices in the induced subgraph Gy, are al-
ready defined; we define (a subset) of the rest of the edges. To-
gether, these comprise precisely the subset F' of the edges and non-
edges specified as an input the instance we are creating of (k, t)-
REPRESENTATION WITH IGNORED EDGES.

Vertex v has no incoming edges, and the only outgoing edges
from v to V(G') are to every variable vertex v;, i € [n]. The
rest of the vertices that are not in GGy, have no outgoing edges at
all, to either V(G’) or V(G), and the only incoming edges are
from vertices of G. Vertex u has an incoming edge from every

vertex of G, except v(2n + 1,2n + 2). For each variable vertex
vi, @ € [n], it has an incoming edge from every vertex in V' (G})
except v(i,n + ). For each clause ¢ € [m], let {c1, ¢2, cs} be the
indices of the three literals that appear in ¢. Let C C V(G}) be
{U(Cla 62)7 U(Clv 03)7 U(627 63)7 ’U(Cl, k)v v(627 k)v U(C37 k)} Then
the vertex corresponding to ¢ has an incoming edge from every
vertex in V(G3) \ C.

Every vertex of V(G') except for v will have a donor vector
with every bit set to one because there are no outgoing edges to any
vertex of G, and v will have an all-ones patient vector because
it has no incoming edges from G}. By Lemma 2, in any (&, 1)-
representation of G, vertex u will have Qp,(u) = {2n+1,2n+2}.
Variable vertex v;, ¢ € [n], will have Qp(v;) = {¢,n + i}. Clause
vertex ¢ € [m] will have Q,(c) = {c1, c2, ¢3,2n + 2}.

Since the graph does not have an edge from v to u, {2n+1, 2n+
2} C Qua(v) (these are the only two conflict bits in Qp,(u) and
the threshold is 1). Since the graph has an edge from v to each
variable vertex v;, ¢ € [n], Qq(v) must contain at most one of the
indices corresponding to the variable or its negation (there are no
conflicts from the extra bits, which are set to O in the patient vector
of v;). Since the graph does not have an edge from v to any of the
clause vertices, it has to have at least one conflict bit in a position
corresponding to one of the three literals in the clause (the other
conflict comes from the extra bit 2n + 2).

Thus, finding a suitable (k, 1)-representation that satisfies the
adjacencies of edges that appear in F' would involve finding an ap-
propriate set Q4(v), which we have shown corresponds to choosing
at most one value for each x;, as well as choosing at least one lit-
eral that appears in each clause. This is the same as the problem of
finding a satisfying formula for the initial instance of 3SAT.

As an example, consider the 3SAT formula z; VZ2 V3. Figure 6
shows the most relevant part of the graph used in the reduction. One
possible (k, 1)-representation may have Qq(v) = {1, 7,8}, indi-
cating 1 = 1 and the rest of the variables are arbitrary. Another
example of a possible representation is Qq(v) = {1,3,5,7,8},
meaning 1 = 1, z2 = 0 (index 5 appears), and z3 = 1. [

- [eees) ] 10100000

@ | v(z1,22) | 10001000

" [ v(aa, 22) | 00101000

D _ [o@1.8) ] 10000001

) v(z3,8) | 00100001

) T o@2,8) ] 00001001
(v3)

v(z1,Z1) | 10010000

v(z2,72) | 01001000

E [ o(xs, 73) | 00100100
[ o(n,8) 00000011

Figure 6: Example of 3SAT reduction to (k, t)-representation.
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ABSTRACT

Iterative voting is a social choice mechanism whereby voters
are allowed to strategically change their stated preferences
as the vote progresses, until an equilibrium is reached; at this
point, no voter can make a beneficial strategic change. We
study iterative voting for several common voting rules and
show that, for these rules, such an equilibrium may never
be reached. We also consider several variations of iterative
voting (restrictions on the allowable changes to votes), and
show that with these variations equilibrium may also not be
reached. Finally, we do an empirical analysis of the quality
of candidates elected through iterative voting.

1. INTRODUCTION

The topic of voting, that is, how to aggregate diverse in-
dividual preferences into a collective decision, is of great
importance in many automated agent scenarios; it has thus
been the topic of much research in multiagent systems. One
innovative voting model that was recently proposed is that
of iterative voting [12]. Whereas classic voting rules usually
consist of a single round of ballot submission and announce-
ment of the winner, in iterative voting there can be many
such rounds. After each iteration, if any voter wishes to
change their vote they may do so, and potentially a new
winner replaces the previous one (when multiple such voters
exist, an arbitrary voter is chosen). The process terminates
when no voter wishes to change their vote. Iterative voting
thus embraces the inevitable manipulability of voting shown
in the Gibbard-Satterthwaite theorem [20, 6], and considers
agents’ uniform ability to vote strategically as a collective
opportunity.

Besides being an intriguing method for reaching consen-
sus, iterative voting has been proposed as a formal solution
concept for voting games. Standard Nash equilibria are of
limited usefulness in voting games where the group outcome
is generally robust to changes in any single voter’s action.
The set of iterative voting equilibria, however, is a subset
of Nash equilibria, and in particular those iterative voting
equilibria reachable from the truthful profile could be con-
sidered a more natural (or meaningful) solution concept.

The most salient questions regarding iterative voting thus
have two interpretations. Regarding iterative voting as a
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method for reaching an outcome, we ask whether the pro-
cess terminates; if so, with what complexity; and does it
arrive at “good” outcomes. Regarding iterative voting as a
solution concept, we must explore the existence of solutions;
the equilibria computation; and notions of price of stabil-
ity /anarchy.

Most previous research on iterative voting has focused
on plurality, with several extensions to other scoring rules.
However, in this work we look into previously unexplored
voting rules which are not scoring rules—Maximin, Copeland,
Bucklin, STV, Second Order Copeland (SOC), and Ranked
Pairs. In the process of investigating these voting rules,
we design dynamics under which the iterative voting might
evolve. While we show that convergence is not guaranteed,
we proceed to analyze the outcomes of the iterative dynamic
empirically, showing that cycles are not very common, and
moreover, the outcomes are generally very good.

2. RELATED LITERATURE

There has been extensive research on solution concepts of
voting games, and an overview of the research can be seen
in Meir et al. [11]. Due to space constraints, we focus in this
section on the iterative model which we extend.

Our model of iterative voting was initiated by Meir et
al. [12], who showed that Plurality voting converges under a
natural restricted best-response dynamic and linear ordered
tie-breaking (a dynamic refined in [10]). Lev and Rosen-
schein [8] (and in parallel [19]) later showed that Veto, with
a similarly natural restricted best-response dynamic, also
converges. However, [8] and further work showed that no
other scoring rules converge for best-response dynamics, as
well as showing that allowing non-linear tie-breaking will
result in Maximin not converging (though they showed no
result on Maximin with linear tie-breaking).

Reijngoud and Endriss [18] added an epistemic element by
varying the amount of information revealed at each stage,
and also showed that any scoring rule converges under the
k-pragmatism dynamic. Grandi et al. [7] showed that, for
two additional restrictive dynamics, scoring rules (as well as
Copeland and Maximin), converge, and Loreggia [9] added
another very restrictive dynamic, showing that Copeland
and Maximin converge under it. Obraztsova et al. [16] ab-
stracted these ideas and put forth two theoretical properties
which suffice to guarantee convergence. Not in connection to
iterative voting, Obraztsova and Elkind [13] proposed sev-
eral dynamics, of which we adopt, for example, the Kendall-
Tau dynamic.

Research examining the properties of iterative voting oc-



curred in parallel. Meir et al. [11] showed that a generaliza-
tion of iterative voting, where voters act under uncertainty,
also converges for Plurality. [17, 14] considered questions of
computational complexity related to iterative voting, with
and without assumptions about “truth bias” and “lazy bias”
on the part of voters.

Branzei et al. [3] examined the quality of iterative voting,
via the notion of the dynamic price of anarchy. They showed
lower bounds for Plurality, Veto, and Borda, and a tight up-
per bound for Plurality. Additional work on the quality of
iterative voting includes that of [11, 18, 7] (all mentioned
in other contexts, above) who showed through simulations
some improvements in the outcome of elections, in their vari-
ous versions of iterative voting. However, the closest work in
its pattern of simulations and quality measures is Thompson
et al. [21], which analyzed truth-biased equilibria, without
any assumption regarding their dynamics.

3. PRELIMINARIES

Our setting will be the standard voting model that in-
cludes a set of voters V,|V| = n, and a set of candidates
C,|C| = m. Each voter i has a strict preference order >;
over C, that is, a complete, reflexive, transitive, and anti-
symmetric binary relation over C'. Denote the set of all such
preference orders as P(C). A profile

S = (>1,>2,..., =n) € P(C)"

is a vector of n preference orders, one for each voter. We
denote by

S i = ( 1y ey ie 1y =it 1y -y mn) € P(C)"T!

the profile of the voters excluding ¢ and (;4, i) =
shall denote the truthful preferences of voters as 7
P >—$:‘).

We model a collective decision through one of two func-
tions. A social welfare function is a function f : P(C)" —
P(C)\{0} and a wvoting rule is a function F : P(C)" —
26\{0}. So, given a (not necessarily truthful) vector of pref-
erences, a social welfare function chooses a preference order
and a voting rule chooses a set of candidates. When a voting
rule is irresolute, and we would like a unique winner, we use
a tie breaking rule, a function t : 2¢ — C. A linear-ordered
tie breaking rule is a rule that breaks ties according to a fixed
linear order. It will be without loss of generality throughout
this paper that the linear-ordered tie breaking rule we use
is the lezicographic tie breaking rule, where ties are broken
according to the lexicographic order of candidates’ names.

3.1 Voting Rules

We shall investigate the following voting rules:

=. We
= (>_t1r

Maximin For each pair of candidates c1,c2 let P(ci,c2) =
[{z € V|e1 >+ c2}|. For each candidate c, let sc(c) =

min P(c,c’). The candidates with the maximum score,
c'#ceC

arg max sc(c), win.
ceC

Copeland Let P(ci,c2) = [{z € Vl|er =2 c2}|, as above.
For a € [-1,1], let sc(c) = |{c'|P(c,c') > n/2}| —
{'|P(c,c') < n/2} +a-|{c|P(c, ) =n/2}|, and the

candidates with the maximum score, argmax sc(c),
ce

win. (Generally o = 0 is assumed).

Bucklin For each ¢ € C, let
sc(e) = ming<rm [{z € V|3er, ... cm—k s.t. ¢ =5 i} >
n/2. The winner is the candidate with the smallest
score, arg min sc(c).

ceC

STV Under Single Transferable Voting (STV), the elec-
tion proceeds in rounds. In each round, the candidate
with the lowest plurality score is eliminated and any
voter voting for them transfers their vote to their next
ranked candidate. The last remaining candidate is the
winner.

SOC Second Order Copeland (SOC) chooses winners as in
Copeland, except that ties are broken according to the
score of defeated candidates. If sc(c) is the Copeland
score of ¢, then Second Order Copeland chooses ¢ €
argmaxsc(c) s.t. Y. sc(¢’)  is maximal.

ceC c:P(c,c’)>n/2

Ranked Pairs (RP) Let P(c1,c2) = [{z € Vl]er =4z c2},
as above. Let

0= (P(Cil,1acil,z)vp(ciz,lvciz,z)v-~~7P(ci Ci ))

(7;),17 1(7;)12
be the sorted list of pairs of candidates’ P-score such
that

P(Cij,uCi]‘,Q) > P(Cij+1,1vcij+1,2)'

If P(cijmc,-j,z) = P(ciHl,l,Cin,z), then

P(Cij,ucij,z) =0 P(Cij+1,1vcij+1,2)

iff ij,l < ij+1,1 or ij,1 = ’I:j+171 and ij}g < ij+172; i.e.,
break ties in order lexicographically (first candidate,
second candidate). A ranking is constructed by the
following algorithm. For j=0 to (%) fix ¢i;, > ci;,
unless this contradicts a previous step (including by
transitivity). The candidate at the top of the con-

structed ranking is selected as the winner.

An interesting property of which we will make use regards
the Condorcet winner. A Condorcet winner is a candidate
who is preferred to each other candidate by more than half of
the voters; however, such a winner does not always exist. A
voting rule is Condorcet consistent if whenever there is such
a Condorcet winner, it is the election’s outcome. Among
the voting rules we discuss, Maximin, Copeland, SOC and
Ranked Pairs are Condorcet consistent, while Bucklin and
STV are not.

3.2 Dynamics

We will call a binary relation D C P(C)" x P(C)" a
dynamic. We call a (possibly finite) sequence of profiles
(£1,%2,...) € P(C)* a profile sequence and a (possibly fi-
nite) sequence of voters (vi,vs2,...) € V* a voter sequence.
A profile sequence (1, =2, ...) for which = are the truthful
preferences, is called an initially truthful profile sequence.

We will say a profile sequence is valid for a dynamic D
if Vi(=;, =i41) € D. We will mainly be concerned with dy-
namics for which all elements differ in a single preference,
ie.,

V(=D 2P eD] 3ieV st 88 = 2C)

In such a case, a profile sequence induces a voter sequence
(v1,v2,...) where v; is the voter whose preference changed



at stage ¢. Likewise, a voter sequence defines a set of profile
sequences by which it is induced. A voter sequence will be
called wvalid if it is induced by some valid profile sequence.

The final element of a (finite) valid profile sequence
(51,%2,...,=%) will be called an equilibrium if there is no
= such that (S, =) € D.

For a dynamic D and voting rule F' with tie breaking rule
t, let Z(D, F;) = {s|s is a valid profile sequence for D(Fy)}.
We will say that iterative-F converges (or always converges)
under D if every element of Z(D, F}) is finite. Otherwise,
we will say that iterative-F under D cycles (or may cycle)
or does not converge (or may not converge). Notice that,
as defined, the semantics of convergence are asynchronous.
Z(D, F;) converges if every element is finite, and is not lim-
ited to, say, a “fair schedule of play.”

The dynamics we shall consider will be influenced by the
truthful preferences, i.e., a dynamic in which a voter’s vote
changed must have increased the utility of that vote. T'wo

main dynamics have been investigated (e.g., in Meir et al. [12]).

An ordered pair of profiles is in the better response dynamic
if the preferences of all voters but one are identical in the
two profiles, and the voter whose preference changes prefers
the outcome of the second profile to that of the first profile.
In game-theoretic terms, any time a single player can make

a better response to a given state, such a move is included
-1 (@)

in the dynamic. Formally, for two profiles ="', =" and a
voting rule F, (> s ;(2>) € BetterResponse iff:
JievV st 28 =2 and FE®) = pEW).

Such an 7 is called the manipulator, >-( ) is called the new

vote, and >£ ) is called the old vote. Notice that a stable
state under this dynamic is a Nash equilibrium.

Similarly, an ordered pair of profiles is in the best response
(BR) dynamic if the preferences of all voters but one are
identical; the voter whose preference changes prefers the out-
come of the second profile to that of the first profile (so it is
contained in the better response dynamic); and of all possi-
ble changes to his preferences, the outcome under the second
profile is preferred at least as much as the outcome under

any other possible profile. Formally, (> = _'<2)) € BR iff:

JieV st. ;-(,12 = >_'-<,21) and F(> (2)) - F(= _‘(1))

and
v ="cP(C) s

The above description clearly defines a game form. The
set of voters is the set of players, the set of preferences is
the set of strategies available to each player, and the voting
rule determines the outcome of a strategy profile. Ordinal
utilities are given by true preference orders. An equilibrium
under Best Response (or Better Response) is a Nash equi-
librium.

4. DYNAMICS

The study of best response dynamics is prolific, but in the
iterative voting context, particular forms of best response
have been utilized in the convergence proofs of both plural-
ity [12] and veto [8]. For non-scoring rules, however, there
is no immediately clear choice of best response form (in-
deed, in some cases, like STV, it is NP-complete to calcu-
late what it is). We present here several dynamics that may

o (50 =) # 5P R 2 FEDL),

serve as natural heuristics for a potential voter. There have
been dynamics designed with the express purpose of ensur-
ing convergence, as in k-pragmatism, M1, and M2 [18, 7].
However, we propose the following as possibly more natural
correspondences to the strategic behavior of self-interested
agents.

TOP: This dynamic assigns the candidate which the voter
wishes to make a winner the top spot in the new preference
order. In many of the voting rules we consider (and any
weakly-monotone rule) this dynamic is a subset of the best-
response dynamic (i.e., TOP(P(C)) C BR(P(C))), and,
indeed, it generalizes the dynamic used in Meir et al. [12].

TB: This dynamic requires the new winner to be at the
top of the new ballot, and the previous winner to be at
the bottom. While in many scoring rules (e.g., plurality and
veto) this is a subset of best response moves (and generalizes
those used in Lev and Rosenschein [8]), this is not true in
general, and particularly in the voting rules we study in this
work.

KT: This dynamic restricts best response to those with
minimum Kendall-Tau distance from the previous vote. That
is, among all possible moves whose outcome will be the most
preferred possible candidate, one with the minimal Kendall-
Tau distance’ from the current vote is chosen.

SWAP: This dynamic, inspired in part by notions from
the literature on bribery (see, e.g., [5, 4]), is quite restrictive.
It restricts manipulations to a single swap (called a ‘shift’ in
the bribery literature) or even a single adjacent swap (i.e.,
changing to a vote within Kendall-Tau distance of one from
the current vote; a ‘swap’ in the bribery nomenclature).

5. CONVERGENCE

In this section we consider the convergence of iterative
voting for several voting rules. We distinguish between the
first three, for which there exists a polynomial time algo-
rithm for a single voter to compute a best response manip-
ulation, and the last three for which such a computation is
NP-Complete [2, 1, 22]. In reversal of the common situation
in computational social choice, for iterative voting polyno-
mial manipulation is actually quite felicitous.

A note on reading the examples: each column represents
a profile of submitted ballots (beginning with the truthful
one). The final row in the column indicates the winner of
the profile. The i-th entry in a column represents voter i’s
submitted preferences, where, for example, ABC is to be
read A >; B »; C. Arrows highlight the changed prefer-
ence between two profiles at a given stage. The profile se-
quence formed by continual repetition of the indicated pro-
files thus forms an infinite element of Z(D, F;) and proves
non-convergence. Due to space constraints, we omit several
proofs and examples.

5.1 Maximin

Similar to plurality and veto, Maximin changes gradually.
The difference in score between the previous winner and the
new one, when a single voter manipulates, can go up or down
by at most one point. One might thus expect there to be an
argument for convergence, similar to plurality /veto. But in
fact, convergence with Maximin turns out to be elusive even

'For a,b € P(C), the Kendall-Tau distance between them
is defined as dzst(a b) = {i,7} € V|G »a jand j =
1) or (j >=qiand i >y j)}



after major restrictions on the allowable moves.

THEOREM 1. Mazimin with linear order tie-breaking does
not converge for the dynamics BR, TOP, TB, KT and SWAP.

Proor. For BR, the example is:

N

BAC BAC —— CBA CBA
CAB —— ABC ABC ——= CAB
CAB CAB CAB CAB
BCA BCA BCA BCA
B A B C

For TOP, the example is:

T

CDAB CDAB —— DABC DABC

ACBD —— ADBC ADBC —— ACBD

BCDA BCDA BCDA BCDA
C A D A

For TB, the example is:

TN

ACDBE - ACEBD ACEBD = ADEBC ADEBC
DBCEA DBCEA-=CBDEA CBDFEA-=DBCEA
EBDCA EBDCA EBDCA EBDCA EBDCA

D A C A D
For KT, the example is:
DBACE BDCAE BDCAE  BDCAFE
EDCAB EDCAB - DECAB DECAB
CEADB CEADB CEADB — FACBD
A B D A
DBCAE DBCAE  DBCAE
EDCAB EDCAB <- DECAB
CEADB <- EACBD FEACBD
C E D

And, finally, for SWAP, the example is:

CABD C(CABD CABD C(CABD = CADB C(CADB
BDCA BDCA BDCA BDCA BDCA BDCA
DBAC DBAC DBAC DBAC DBAC DBAC
DCBA DCBA-=CDBA C(CDBA CDBA-= DCBA

ABCD - ACBD ACBD - ABCD
B A C B

ABCD ABCD
A D

The example for BR:

T

BDCA BCDA ——- DBCA DBCA

CDAB ——s DABC DABC ——= CDAB

ABCD ABCD ABCD ABCD
B A D C

The example for the TOP dynamic:

T

DABC DABC —— ACBD ACBD

BDAC —— BACD BACD —— BDAC

CDBA CDBA CDBA CDBA
D B A B

Using the TB dynamic and moving the desired winner to
the top and the current undesired winner to the bottom does
not suffice to avoid cycles:

T

ACB ACB —— ABC ABC
BCA——- CBA CBA—— BCA
A C A B

The exact same example as TB also serves to show re-
stricting best response by minimum Kendall-Tau distance
does not suffice to avoid cycles.

Finally, restrictions to a single adjacent swap does not
suffice:

T

BCA BCA——> CBA CBA [
ABC —— ACB ACB —— ABC
B A C A
5.3 Bucklin

THEOREM 3. Bucklin with linear order tie-breaking does
not converge for the dynamics BR, TOP, TB, KT and SWAP.

PrOOF. The example for BR:

N

Although the changes to the winner’s score are as grad-
ual in Maximin as in plurality and veto, the exponential
blowup in strategy space seems to make convergence harder.
Whereas in plurality and veto, a voter’s ballot reduces to a
single candidate, in Maximin a ballot depends on the entire
ranking. [

5.2 Copeland

THEOREM 2. Copeland with linear order tie-breaking does
not converge for the dynamics BR, TOP, TB, KT and SWAP.
This holds for Copeland® for any .

PRrROOF. Since the number of voters in all our examples is
odd, they hold for Copeland® for any a.

ACB ACB —— CBA CBA
BAC —— CBA CBA —— BAC
ABC ABC ABC ABC
CBA CBA CBA CBA
A B C B

The example for TOP:

T

BACD BACD > CBAD C(CBAD > ADBC ADBC

DBAC - DCAB

BDAC BDAC

CDBA C(CDBA

ADCB ADCB
B D

DCAB = DABC

BDAC BDAC

CDBA CDBA

ADCB ADCB
C D

The example for the TB dynamic:

DABC - DBAC
BDAC BDAC
CDBA C(CDBA
ADCB ADCB
A D



ADBC ADBC —— ACBD ACBD
CBDA —— DBCA DBCA ——- CBDA
CADB CADB CADB CADB
DBAC DBAC DBAC DBAC
A D A C
The example for the KT dynamic:
ABCD ABCD —— ACBD ACBD
DCBA—— DBCA DBCA —— DCBA
CBAD CBAD CBAD CBAD
DACB DACB DACB DACB
A B A C

The example for the SWAP dynamic:

T

DCBA DCBA —— DBCA DBCA [
ABCD —— ACBD ACBD —— ABCD
CDAB CDAB CDAB CDAB
BDAC BDAC BDAC BDAC
D C D B
54 STV

THEOREM 4. STV with linear order tie-breaking does not
converge for the dynamics BR, TOP, TB, KT and SWAP.

ProOF. The example for the BR dynamic:

TN

BCDA — DCAB DCAB — BADC BADC

ADBC ADBC — DBCA DBCA — ADBC

CDAB CDAB CDAB CDAB CDAB
A C D B A

The example for the TOP dynamic:

TN

CDAB — DABC DABC — CABD CABD
ABCD ABCD — BACD BACD — ABCD
DACB DACB DACB DACB DACB
CBDA CBDA CBDA CBDA CBDA
A D B C A

The example for the TB dynamic:

T

CABD CABD —— ACDB ACDB

DBCA —— BADC BADC —— DBCA

DBCA DBCA DBCA DBCA

CDAB CDAB CDAB CDAB
C B A D

The example for the KT dynamic:

DBAC DBAC —— BDAC BDAC
ACBD —— CABD CABD —— ACBD
CDBA CDBA CDBA CDBA
DABC DABC DABC DABC

D C B A
The example for the SWAP dynamic:
ADCB ADCB —— DACB DACB [O
DBAC —— BDAC BDAC —— DBAC
CBDA CBDA CBDA CBDA

A B C D

5.5 Second Order Copeland

THEOREM 5. SOC with linear order tie-breaking does not
converge for the dynamics BR, TOP, TB, KT and SWAP.

PrOOF. The example for BR is:

T

BCDA BCDA —— CBDA CBDA
DABC —— DACB DACB —— DABC
B D C A

The examples for the other dynamics are the same as those
for Copeland. [

5.6 Ranked Pairs

In Ranked Pairs, as in other voting rules which output
a complete ranking, a stronger convergence property could
be defined for the entire ranking, but convergence is elusive
even for just the top element of the ranking (the winner of
Ranked Pairs).

THEOREM 6. Ranked pairs with linear order tie-breaking
does not converge for the dynamics BR, TOP, TB, KT and
SWAP.

PROOF. The example for the BR dynamic:

T

BDCA BDCA-= DACB DACB-=CBAD C(CBAD
CBAD - CDAB CDAB - BACD BACD = CDAB

B C D A B C
The example for the TOP dynamic:

ADBC ADBC —— ACBD ACBD

CDAB ——s DABC DABC ——= CDAB

BCDA BCDA BCDA BCDA
A D A C

The example for the TB dynamic:

T

DABEC DABEC —— BADEC BADEC

CADEB —— CABED CABED ——= CADEB

ECADB ECADB ECADB ECADB

BDECA BDECA BDECA BDECA
D C B C



The example for the KT dynamic:

T

DABC DABC DABC DABC = ADBC ADBC
BDCA BDCA-= BDAC BDAC BDAC = BDCA
CABD - CADB CADB = CABD CABD CABD
CBDA C(CBDA C(CBDA C(CBDA CCBDA C(CBDA

B C D B A C
The above example, is also for the SWAP dynamic, as all
changes are of Kendall-Tau distance of one.

O

6. EMPIRICAL ANALYSIS OF OUTCOMES

We now consider the behavior of iterative voting, and the
quality of its outcomes, through the results of empirical sim-
ulations. Assessing the quality of a voting method can be
subtle. One general methodology is the a posteriori ap-
proach, to judge a rule by the quality of its outcome. Yet
there is no definitive agreed-upon measure of quality of vot-
ing rules. Moreover, some voting rules have been designed
with a particular measure of quality in mind, such as Max-
imin, ensuring the core number of supporters a candidate
has, against any other one, is maximal.

Another compelling criterion is Condorcet efficiency. If a
candidate is preferred to each other candidate by a majority
of voters, there is reason to think it should be the winner.
Thus it could be interesting to consider how often, for a
given distribution of voter preferences, a rule chooses the
Condorcet winner.

Furthermore, we wish to estimate social welfare. Social
welfare’s utility is limited in voting settings as we gener-
ally do not have the cardinal utility functions of our voters.
However, as has been suggested in previous research, we can
use the Borda score on the truthful preferences, in which the
utility of each voter of an outcome is m — i, if the winner is
candidate ¢ € C' which the voter ranks in place i.

As noted before, among the rules we considered in the
previous section, Maximin, Copeland, Ranked Pairs, and
Second Order Copeland are all Condorcet consistent. For
these, therefore, we can only consider how much worse iter-
ative voting can be than truthful voting (though, of course,
we know voters do not actually always vote truthfully, so
it is not as if iterative plurality is necessarily worse than a
non-iterative model). For both STV and Bucklin—which
are not Condorcet consistent—there is a possibility that it-
erative voting could have greater Condorcet efficiency than
static voting. And for all rules, we can compare the Borda
score of the truthful winner with the (truthful) Borda score
of the equilibrium winner.

Our method is influenced by those of [21, 18, 7, 11]. Un-
like [18, 7], however, which study iterative voting under re-
strictive dynamics (M1, M2, and k-pragmatism), we choose
to analyze iterative voting under best-response dynamics.
Unrestricted best-response is both computationally taxing
as well as possibly cyclical. Nevertheless, as the most basic
form of iterative voting, it seems to us to be of the greatest
interest.

Our findings are the results of simulations of iterative vot-
ing for the six rules we have studied. Simulations were run
for each rule twice, once with 10 voters and once with 25.
Both runs had 4 candidates. For each set of parameters,

10,000 initial (truthful) profiles were sampled uniformly at
random. Each profile evolved, for each voting rule, under
best response dynamics and was run to completion (or detec-
tion of a cycle) 20 times. In keeping with the asynchronous
conception of iterative voting, each of the 20 executions were
developed at each step by uniformly sampling a voter with
a potential move and uniformly sampling a move from all of
that voter’s possible best-response moves.

We begin with statistics regarding the behavior of best re-
sponse in the iterative version of the various rules. Table 1
shows the average number of steps in each of the 200,000
paths considered per setting. Many of the 10,000 initial pro-
files were Nash equilibria, and so non-manipulable. There-
fore, a significant fraction of the paths were of length zero.
For convenience, we also include the average path length
among non-zero-length paths. Finally, we show the maxi-
mum length among the 200,000 paths.

Voting rule Avg. Corrected | Max Nash
length avg. length | equilibrium

length share in
truthful

prefs

Maximin 10 2.29 8.66 143 73.5%
Maximin 25 4.97 25.19 325 80.24%
Copeland 10 | 6.42 19.42 269 66.55%
Copeland 25 | 5.51 24.69 504 77.65%
Bucklin 10 3.24 7.32 232 55.55%
Bucklin 25 4.67 11.66 301 59.94%
STV 10 0.94 4.46 97 78.84%
STV 25 1.65 8.00 182 79.32%
SOC 10 5.55 17.38 254 67.76%
SOC 25 5.66 26.00 306 78.18%
RP 10 2.13 8.55 131 75.03%
RP 25 4.18 22.83 376 81.7%

Table 1: Path Lengths

Unsurprisingly, as the number of voters grows, the prob-
ability of sampling a Nash equilibrium grows as there is
a larger probability of the difference between the winner
and the runner up being large enough so a single voter
cannot change it (using similar reasoning, increasing the
number of candidates would have increased the chances of
strategic moves). On the other hand, the path lengths with
more voters are longer than those with fewer voters. In the
(rarer) case that an elections is close, more voters can partic-
ipate in the strategic process. Copeland (and Second Order
Copeland) tended to have longer paths and STV had espe-
cially short paths, but in general the NP-Complete rules did
not have shorter paths than polynomial rules.

Before we begin analyzing the quality of the outcomes, we
remark on an important point of relevance to the previous
section.

For all of the rules, cycles occur quite rarely—the highest
share of cycles was 0.57%, though most were well under
0.1%; see Figure 1. So although we have shown that all
these rules can cycle, the frequency with which they do is
very low. Copeland (and SOC), which exhibited the greatest
(non-cyclic) path length, also tends to cycle more often than
other rules, but it too cycles quite infrequently. STV, which
has especially short paths, also cycles less frequently, but



[ Borda decrease
1 —

I Borda increase | Truthful outcome I Cycles

0.5

Maximin 10 25 Copeland 10 25 Bucklin10 25 STV 10 25 SOC10 25 RP 10 25

Figure 1: Out of all iterative processes (i.e., not in-
cluding cases where the truthful preferences were a
Nash equilibrium), the share of outcomes which de-
creased the Borda score, increased it, truthful out-
come (of each voting rule), and the share of runs
which ended in a cycle.

in general there does not appear to be a distinction in the
number of cycles between NP-Complete rules and P rules.

For more voters, there are many fewer cycles, apparently
because of the sparsity of cycles and uniform choice of paths.

The rarity of cycles suggest that perhaps iterative voting
could be used even with these rules and best response dy-
namics. In the rare case of a cycle it could be detected and
turned over to some cycle-breaking rule, e.g., either run-
ning the election again or deciding amongst the different
outcomes in the cycle.

Turning to assess the observed outcomes of iterative vot-
ing, we first note that quite often iterative voting leads to
the original outcome. Many such instances are the result
of original profiles which are non-manipulable. But many
are also the result of manipulations, whose equilibrium re-
verted to the original winner. Of the manipulable profiles
(see Figure 1), the non-Condorcet consistent rules (Bucklin
and STV) behave differently than the others—both of them
have fewer than 50% of the outcomes truthful, but their ratio
increases as voters grow, unlike the rest of the voting rules.
Copeland exhibited the most consistency when increasing
the number of voters.

Next we assess the change in Borda score (our proxy for
social welfare) and Condorcet efficiency. As can be seen in
Figure 1, once again Bucklin and STV behave significantly
differently than other voting rules—for them, a significant
number of outcomes increase the Borda score as compared to
the truthful outcome. This is almost always not the case for
the Condorcet consistent rules. However, in all Condorcet
consistent rules except Maximin the share of outcomes which
decreased the Borda score was close to the share of those that
increased it. In all of them but Ranked Pairs this difference
was decreased further when the number of voters increased.
In all Condorcet consistent voting rules the average Borda
score of the outcome was below that of the truthful outcome,
but only slightly so—less than 1 point difference. Contrary
to that, both Bucklin and STV’s average Borda score was

above their truthful one, and for Bucklin significantly so
(above a 2 point difference).

With regard to Condorcet efficiency, we consider, for each
of the 10,000 profiles, whether a Condorcet Winner existed
in the original profile, whether it is selected by the voting
rule, and whether it is was the outcome in a reached equilib-
rium. The latter is presented in Table 2 in terms of efficiency
(out of 10,000) after aggregating equilibria over non-cycling
paths.

Voting rule # of Profiles Share of outcomes
with a Condorcet with Condorcet
winner winner

Maximin 10 4764 0.47
Maximin 25 8413 0.82
Copeland 10 4764 0.47
Copeland 25 8413 0.81
Bucklin 10 3717 0.45
Bucklin 25 4461 0.58

STV 10 4610 0.47

STV 25 7795 0.83

SOC 10 4764 0.47

SOC 25 8413 0.81

RP 10 4764 0.47

RP 25 8413 0.82

Table 2: Comparing Condorcet Efficiency (of 10,000
profiles)

Of the 10,000 profiles sampled with n=10, there were
4764 for which a Condorcet Winner existed; among those
with n=25, there were 8413 with a Condorcet Winner. As
mentioned, Maximin, Copeland, Ranked Pairs, and Second
Order Copeland are Condorcet-consistent, so efficiency has
only one direction to move (downward). Yet it does so by
very little, although slightly more when there are more vot-
ers.

Of the two rules that are not Condorcet consistent, Buck-
lin and STV improve their efficiency under iterative voting.
These two rules also fared well under Borda criteria, sug-
gesting that iterative Bucklin and iterative STV could be
considered improvements on their static counterparts. In-
terestingly, Bucklin is also the most manipulable among the
rules (it contained the fewest number of paths of size zero).

7. CONCLUSION AND DISCUSSION

In this work we have continued the exploration of iterative
voting. We have done so in two dimensions. In the first,
we expanded the set of dynamics to include some which
reflect strategic behavior, but restrict best response in a,
to a certain extent, natural way—whether by constraining
the placement of affected candidates, or by prioritizing mi-
nor ballot changes. In the second dimension, we have ven-
tured beyond scoring rules, and have shown that for Max-
imin, Copeland, Bucklin, STV, Second Order Copeland, and
Ranked Pairs, iterative voting under best response dynamics
does not always converge. Even after restricting the dynam-
ics to allow voters only limited changes to their ballots they
still do not always converge.

On the other hand, we have shown empirically that cycles
seem to occur rather infrequently with all of these rules. Fur-
thermore, we have shown that iterative voting, according to



certain common criteria, does not perform much worse, and
sometimes does better, than non-iterative voting. Notably,
in non-Condorcet consistent rules—Bucklin and STV—the
winners tend to improve significantly through iterative vot-
ing with regard to both their Borda score and Condorcet
efficiency.

Continuation of this line of work would include analysis of
convergence conditions for more voting rules and additional
dynamics, with an aim towards discovering convergence dy-
namics, or establishing broader impossibility results. The
empirical aspect of this work would benefit from expand-
ing the analysis, for example by analyzing more distribu-
tions than we had space to include here (e.g., the Mallows
model). More generally, the study of iterative voting would
be greatly enhanced by incorporating voter learning into the
model, and endowing voters with a greater degree of strate-
gic (non-myopic) capabilities (early work in this direction
includes Obraztsova et al. [15]).
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ABSTRACT

The stable marriage problem and its extensions have been
extensively studied, with much of the work in the literature
assuming that agents fully know their own preferences over
alternatives. This assumption however is not always prac-
tical (especially in large markets) and agents usually need
to go through some costly deliberation process in order to
learn their preferences. In this paper we assume that such
deliberations are carried out via interviews, where an in-
terview involves a man and a woman, each of whom learns
information about the other as a consequence. If everybody
interviews everyone else, then clearly agents can fully learn
their preferences. But interviews are costly, and we may
wish to minimize their use. It is often the case, especially
in practical settings, that due to correlation between agents’
preferences, it is unnecessary for all potential interviews to
be carried out in order to obtain a stable matching. Thus
the problem is to find a good strategy for interviews to be
carried out in order to minimize their use, whilst leading to a
stable matching. One way to evaluate the performance of an
interview strategy is to compare it against a naive algorithm
that conducts all interviews. We argue however that a more
meaningful comparison would be against an optimal offline
algorithm that has access to agents’ preference orderings un-
der complete information. We show that, unless P=NP, no
offline algorithm can compute the optimal interview strat-
egy in polynomial time. If we are additionally aiming for a
particular stable matching (perhaps one with certain desir-
able properties), we provide restricted settings under which
efficient optimal offline algorithms exist.
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1. INTRODUCTION

Two-sided matching markets model many practical set-
tings, such as corporate hiring and university admission [21,
16]. The classical stable marriage problem is perhaps the
most widely studied matching problem in this class, where
participants are partitioned into two disjoint sets — men and
women — and each participant on one side of the market
wishes to be matched to a candidate from the other side of
the market, and has preferences over potential matches. A
matching is called stable if no pair of participants would
prefer to leave their assigned partners to pair with each
other. Gale and Shapley’s seminal paper [4] proposed a
polynomial-time algorithm for finding a stable matching.
The books by Knuth [13], Gusfield and Irving [6], Roth and
Sotomayor [21], and Manlove [16] provide excellent intro-
ductions and surveys.

A key assumption in much of this literature is that all mar-
ket participants know their full preference orderings. The
classical Gale-Shapley (GS) algorithm [4] and its variants
require participants’ preferences as input. This assumption
is reasonable in some settings. However, as markets grow
large (e.g., in the hospitals-residents matching market [20,
8] or college admission market [4, 22]) it quickly becomes
impractical for participants to assess their precise prefer-
ence rankings. Instead, participants usually start out with
some partial knowledge about their preferences and need
to perform some deliberation in order to learn their precise
preference ordering. In this paper we assume that delib-
erations are carried out via interviews, where an interview
is a unit operation that involves one agent from each side
of the market and is informative to both participants. For
example, in the hospitals-residents problem (which models
the entry-level labor market in which graduating medical
students, or residents, are seeking to be assigned to hospi-
tal posts), hospitals are likely to be able to identify their
“top-tier” residents, “second-tier” residents and so on, and in
order to rank the residents in each tier they need to inter-
view them. An interview between a hospital h and a resident
r yields information about the qualities of each party to the
other. Thus we initially assume that each agent’s preference
list is in general expressed in terms of a partial order, and af-
ter an agent has interviewed ¢ members of the opposite side
of the market, he/she has discovered enough information to
rank those elements in strict order.

In order to be able to use the GS algorithm to find a sta-
ble matching in this setting, a naive solution is for each par-
ticipant to conduct all potential interviews and fully learn
their preferences. Interviews however are usually costly both



in terms of time, mental energy, and money, therefore we
wish to minimize their usage. Indeed, the naive approach
may impose unnecessary deliberation. For example, in the
hospitals-residents problem, one expects some degree of cor-
relation across hospitals in the assessment of the most de-
sirable residents, and likewise residents are expected to have
correlated views (at least to some extent) on the desirabil-
ity of hospitals. Therefore, it is expected that more desir-
able residents get matched to more desirable hospitals and
so on. It is then not hard to see that it is wasted effort
if a top-tier resident is to interview low-tier hospitals, or a
second-tier resident is to interview top-tier hospitals. For
a concrete example, consider a setting with four residents
and four hospitals where each hospital can admit (at most)
one resident. Assume that residents r1 and ro are top-tier
residents and r3 and r4 are second-tier residents. Likewise
assume that h; and ho are top-tier hospitals and hz and ha
are second-tier hospitals. The preference lists of all agents
are correlated according to these hierarchies, although each
agent’s individual strict ranking (initially unknown) within
these hierarchies may differ. It is not hard to verify that no
matter what the true (initially unknown) preference order-
ings of the participants are, under a stable matching r; and
r2 each gets matched to either hi or he, and r3 and r4 each
gets matched to either hs or hy. Thus an interview between
r1 and either hs or h4 is unnecessary, for example.

Unfortunately, we cannot always avoid unnecessary inter-
views. For example consider a setting with two residents and
two hospitals, where initially agents have no information on
their preference orderings and hence cannot compare the two
alternatives. W.l.o.g. assume that h; interviews both resi-
dents and learns that it prefers r1 to ro. If 1 additionally
interviews he and learns that he prefers hy to hsa, then a
stable matching p is found after 3 interviews, in which h;
is matched to r; (1 <4 < 2). Now imagine that 1 instead
learns that he prefers hs to hi. It is easy to verify that the
identity of a stable matching is not yet revealed and hence
more interviews are required. The only remaining interview
is between ho and ro after which one can definitely identify
a stable matching. If ho learns that it prefers r2 to r1 then
1 is a stable matching. Assume that ro also prefers ha to hi.
In this case the interview between h; and r; is unnecessary
as the three other interviews would have provided enough
information — that hs and ry are each others’ top choice —
for p to be identified as a stable matching. However, a priori
we can not always rule the interview between h; and r; as
unnecessary; for example when ha’s top choice is r2 but r2’s
top choice is h;.

Any interviewing strategy leads to refinements of the par-
tial orders contained in the original problem instance that
represented uncertainty over the true preferences. A key aim
could be to carry out sufficient interviews so as to arrive at
an instance that admits a super-stable matching p. Super-
stability will be defined formally in the next section, but
informally it ensures that p will be stable regardless of how
the remaining uncertainty is resolved. The original instance
need not admit a super-stable matching (see [9] for an ex-
ample) but we are guaranteed that a super-stable matching
is always achievable (e.g., by conducting all possible inter-
views, we will arrive at a strictly-ordered instance, where
super-stability and classical stability become equivalent, and
the existence of a stable matching is assured [4]).

Thus our aim is to find a good strategy that conducts as

few interviews as possible so as to obtain a refined instance
that admits a super-stable matching. In general any such
strategy will be an online algorithm, since the next interview
to be carried out might depend on the results of previous
ones.

This leads to the question of how to evaluate the perfor-
mance of any given interview strategy. One could compare it
against the naive algorithm described above that conducts
all interviews. We argue however, by analogy with online
algorithms and their competitive ratio, that it makes more
sense to compare it against an optimal “offline” algorithm.
Here, the optimal offline algorithm has access to agents’ pref-
erence orderings under full information and has to compute
the optimal (i.e., minimum) number of interviews required
in order to reach an information state under which it can
identify a super-stable matching. In this paper we show that
unless P=NP, no offline algorithm can compute an optimal
interview strategy in polynomial time.

Some stable matchings have desirable properties, and we
may be interested in refining the preferences further so as
to obtain such matchings. For example, in the man-optimal
stable matching, each man has the best partner that he could
obtain in any stable matching, whilst the woman-optimal
stable matching has a similar optimality property for the
women. As described above, after a certain number of inter-
views we may reach an instance that admits a super-stable
matching p. But by carrying out more interviews, some
men, for example, may end up with better partners than
they had in p. This would be the case if p is not the man-
optimal stable matching in the instance with the strict (true
underlying) preferences.

If we wish to evaluate the performance of an online algo-
rithm that aims for potential improvements in men’s part-
ners even after a super-stable matching has been identified,
then a suitable offline benchmark for the competitive ratio
would be the minimum number of interviews required to re-
fine the original instance so as to make a specified matching
super-stable. In this paper we show that, whilst this prob-
lem is NP-hard in general, there are restricted cases that are
solvable in polynomial time.

Related work.

Until very recently, the problem of incremental preference
elicitation has received little attention. Several works in the
past few years however have addressed this problem from
different angles [12, 14, 1, 3, 19, 7, 2]. Those closest in spirit
to ours are [1, 19, 2].

In [19] the authors introduced a stable matching model
in which participants start out with incomplete information
about their preferences, in the form of partially ordered sets,
and are able to refine their knowledge by performing inter-
views. They investigated the problem of minimizing the
number of interviews required to find a matching that is
stable w.r.t. the true underlying strict preference ordering
and additionally is optimal for one side of the market. They
presented several results among which are the following two:
(i) finding a minimum certificate, that is a set of partial pref-
erences that supports an optimal (for one side of the mar-
ket) stable matching is NP-hard, and (ii) in a setting where
participants on one side of the market have the same par-
tially ordered preferences, an optimal interview policy can
be found in polynomial time.

In [1], the authors studied a setting where deliberation is



in the form of pairwise comparison queries (that is, a query
leads to strict order of preference being determined over
two acceptable agents for a given agent). They proposed
a method for finding approximately stable matchings, using
minimax regret as a measure, while keeping the number of
required comparisons relatively low. In [2] the authors com-
bined the comparison query model of [1] with the interview
model of [19] and introduced a unified model where both
types of elicitation can take place. They provided an effi-
cient (polynomial-time) scheme for generating queries and
interviews, and examined the effectiveness of their scheme
via empirical evaluation including comparison against the
polynomial-time algorithm of [19] for the restricted setting
in which participants on one side of the market have the
same partially ordered preferences.

Our work is also related to the body of literature studying
variants of stability defined in settings where agents’ pref-
erences may include ties. As discussed above, super-stable
matchings are relevant in the context of incomplete prefer-
ence information, because they are stable no matter which
refinements represent the true (strict) preferences. Poly-
nomial time algorithms have been proposed for finding a
super-stable matching, or reporting that none exists, in var-
ious two-sided matching markets [9, 15, 10, 18].

In the next section we provide definitions of notation and
terminology, leading to formal statements of the problems
under consideration in this paper. A roadmap of the re-
maining sections is then given at the end of Section 2.

2. PRELIMINARY DEFINITIONS AND
RESULTS

SMPI, SMTI, and levels of stability.

In an instance of the Stable Marriage problem with Par-
tially ordered preferences and Incomplete lists (SMPI), there
are two sets of agents, namely a set of men M = {m17 mo, ...,
mp}, and a set of women W = {wy,ws,...,wp}. We as-
sume without loss of generality that |M| = |W| (we can
easily reduce the case where the two sets are of different
sizes to our setting). Let [i] denote the set {1,2,...,i}. We
use the term agents when making statements that apply
to both men and women, and the term candidates to refer
to agents on the opposite side of the market to that of an
agent under consideration. Each agent a finds a subset of
candidates acceptable — we refer to these as a’s acceptable
candidates. An agent a’s preferences over his/her accept-
able candidates need not be strict. That is, given two can-
didates, a might not be able to compare them against each
other. We denote by pm, and p.; the partial orders that
represent the preferences of m; and wj, respectively. We
let parw = (Pmas -3 Pmns Pwis- - - s Pwyn) and call parw a
partial preference ordering profile.

Let I = (M, W, pam,w) be an instance of SMPI, let a be
an agent and let ¢; and cz be two acceptable candidates for
a in I. We say that a strictly prefers c1 to ¢z if (c1,c2) € pa,
and we say that a cannot compare ¢1 and c2 (or that a finds
c1 and ¢z incomparable) if (c1,c2) ¢ po and (c2,¢1) ¢ pa-
We sometimes use the graph-theoretic representation of p,
where candidates in p, correspond to vertices and there is
an arc from a candidate ¢; to a candidate ¢; if and only if
(cis i) € pa.

An instance I' = (M, W, p)y w) of SMPI is a refinement

of I if for each agent a, any strict total order that is a linear
extension of p,, is also a linear extension of p,. We may
also refer to psy being a refinement of pas,w (or indeed
I) using the same definition. Also we can define p}, being a
refinement of p, for some specific agent a similarly.

OBSERVATION 1. Given two instances I and I' of SMPI,
I' is a refinement of I if and only if the following condition
holds: for each agent a and every two candidates c¢1 and ca
acceptable to a, if (c1,c2) € po then (c1,c2) € pl,.

A well studied special case of SMPI is the Stable Marriage
problem with Ties and Incomplete lists (SM'T1), in which in-
comparability is transitive and is interpreted as indifference.
In SMTI, each agent has a partition of acceptable candi-
dates into indifference classes or ties such that he or she is
indifferent between the candidates in the same indifference
class, but has a strict preference ordering over the indiffer-
ence classes. In an instance of SMTT, let C{* denote the ¢t-th
indifference class of agent a, where ¢t € [n]. We assume that
Cf = 0 implies C;; = () for all ¢ > t. The Stable Marriage
problem with Incomplete lists (SMI) is the special case of
SMTT in which each tie is of size one. Similarly the Stable
Marriage problem with Ties (SMT) is the special case of
SMTTI in which each man finds each woman acceptable and
vice versa.

Given an instance I of SMPI, a matching p is a pairing of
men and women such that each man is paired with at most
one woman and vice versa, and no agent is matched to an
unacceptable partner. If m and w are matched in p then
u(m) = w and p(w) = m. We say that u(a) = @ if a is
unmatched under p. Different levels of stability can be de-
fined in the context of SMPI [9, 15]. A strong blocking pair
is an acceptable (man,woman) pair, each of whom is un-
matched or strictly prefers the other to his/her partner. A
weakly stable matching is a matching with no strong block-
ing pair. Every instance of SMPI admits a weakly stable
matching [17]. An acceptable (man,woman) pair is a weak
blocking pair if each member of the pair is either unmatched
or strictly prefers the other to his/her partner or cannot
compare the other with his/her partner, and one member of
the pair is either unmatched or strictly prefers the other to
his/her partner. A strongly stable matching is a matching
with no weak blocking pair. Finally a very weak blocking
pair is an acceptable (man,woman) pair, each of whom is
unmatched or strictly prefers to other to his/her partner or
cannot compare the other with his/her partner. A super-
stable matching is a matching with no very weak blocking
pair. It can be easily verified that a matching is super-stable
if and only if it is weakly stable w.r.t. all strict total orders
that are linear extensions of the given partial preference or-
derings [16, Lemma 3.2.4]. In instances of SMI, weak sta-
bility, strong stability and super-stability are all equivalent
to classical stability.

Interviews to refine the partial orders.

In a given instance I = (M, W, py,w) of SMPI in this pa-
per, we assume that pas,w, the partial preference ordering
profile, represents the agents’ initial information state. That
is, agents may not have enough information initially in order
to rank their acceptable candidates in strict order. However
in the problem instances that we will later define in this sec-
tion, we will assume that each agent a has a strict preference
ordering >, over his or her acceptable candidates. This rep-



resents the true (and strict) underlying preferences over a’s
acceptable candidates, although crucially, @ may not (and in
general will not) initially be aware of the entire ordering. We
let =m,w= (mqs-- s =mns =wis---, =wy,) and call = w a
strict (true underlying) preference ordering profile. The task
of the agents is to learn enough information about their ac-
ceptable candidates in order to refine their preferences, in a
manner consistent with >z, w, to obtain an SMPI instance
I' that admits a super-stable matching p (thus p will be
stable with respect to >, w ).

Following the model introduced in [19], we assume that
instances can be refined through interviews. Each interview
pairs one man m with one woman w. An interview is infor-
mative to both parties involved. Hence saying “m interviews
w” is equivalent to saying “w interviews m”. When agent a
interviews ¢ candidates, this results in a new refined SMPI
instance which is exactly the same as I except that a now
has a strict preference ordering over the £ interviewed can-
didates.

Notice that if an agent interviews only one candidate, no
refinement takes place. Note also that not all refinements
of I can be reached by a set of interviews. For example,
suppose that in I we have one man m; and three women wj,
w2, and ws. Suppose m; finds the three women acceptable
and incomparable. Assume that in I’ man m; prefers w; to
both wy and ws, and cannot compare w2 and ws. It is easy
to see that I’ is a refinement of I, but no set of interviews
can reach I’: for m; to learn that he prefers w; to the other
two women he must interview all three women, but then he
will have a strict preference ordering over the three of them.

We say that an SMPI instance I’ is an interview-compatible
refinement of an SMPI instance I if I’ can be refined from
I using interviews. We now show that interview-compatible
refinements can be recognized easily.

PROPOSITION 2. Let I and I’ be two instances of SMPI.
We can determine in O(n®) time whether I' is an interview-
compatible refinement of 1.

PRroOF. To verify whether I’ is a refinement of I, it is
sufficient to check whether the condition of Observation 1
holds. With a suitable data structure, we can do this in
O(n?) time. For each agent a identify the edges present in p/,
that are not in p,, and let S(a) be the set of candidates in p},
that form an endpoint of at least one such edge. For I’ to be
an interview-compatible refinement of I, it is necessary and
sufficient that, for every a, S(a) forms a complete subgraph
in the undirected graph corresponding to pl,. This can be
tested in O(n®) time overall. [

Let I’ be an SMPI instance that is an interview-compatible
refinement of a given SMPI instance I. We define the cost
of I’ given I to be the minimum number of interviews re-
quired to refine I into I’. The following proposition shows
how to compute this cost efficiently.

PROPOSITION 3. Let I be an SMPI instance and let I' be
an interview-compatible refinement of I. We can determine
in O(n®) time the cost of I' given I.

PrROOF. We identify the set of interviews T' that refines
I into I’ as follows. Initially 7 = (). For each agent a and
every two candidates ¢; and c2, if a cannot compare ¢; and
ce under I, but prefers one to the other under I’, a must
have interviewed both c¢; and c2. Add both of these inter-
views to 1. Notice that we might have already accounted

T1 h1h2 h1: T2 T1
T2 @ h2h1 hg: T2 T1

Figure 1: A stable marriage problem instance.

for one or both of these interviews. However since T is a set,
no interview is going to be included in 7" more than once.
With a suitable data structure, the aforementioned proce-
dure terminates in O(n®) time overall, and once it does, |T)|
denotes the cost of I'. [

Problem definitions.

The motivating problem is as follows: given an instance
I = (M,W,pam,w) of SMPI, find an interview-compatible
refinement I’ of minimum cost such that I’ admits a super-
stable matching. Since the result of one interview might
influence which interview/s to carry out next, any strategy
for carrying out interviews should be regarded as an online
algorithm.

In fact there may be no online algorithm that can guaran-
tee to provide an optimal solution in all cases. To see this,
let us return to the example of Section 1 involving two resi-
dents and two hospitals, and suppose that initially everyone
finds the two agents on the other side of the market accept-
able and incomparable. Let the true underlying preferences
be given by Figure 1 (here, preference lists are ordered from
left to right in decreasing order of preference). Any online
interviewing strategy must start with one interview in the
absence of any knowledge; w.l.o.g. suppose that the first in-
terview involves r1 and h;. Then it may be verified that the
algorithm is bound to use 3 more interviews before a super-
stable matching can be found. (If one interview does not
take place then two agents on opposite sides of the market
cannot compare the two candidates in their preference list;
it then follows that each of the two possible matchings would
be blocked according to super-stability.) On the other hand
the interview involving r1 and h; was unnecessary and an
optimal strategy uses only 3 interviews.

Towards computing bounds for the competitive ratio of an
online algorithm, the offline scenario is of interest, and that
is what we consider in what follows. In the offline case, the
mechanism designer is given > 7w, the strict (true under-
lying) preference ordering profile of the agents, and would
like to compute an optimal interviewing schedule, i.e., an
interview-compatible refinement I’ of I, such that =ar,w
refines I’. This is reflected in the definition of the follow-
ing problem, named MIN-ICR, which is an abbreviation for
“Minimum-cost Interview Compatible Refinement problem”.

DEFINITION 4. An instance of MIN-ICR comprises a tu-
ple (I,>n,w), where I is an instance of SMPI and > n,w
is a strict preference ordering profile that refines I. The
problem is to find an interview-compatible refinement I' of
I such that (i) =wmw refines I', (1) I' admits a super-
stable matching, and (iii) I' is of minimum cost amongst
interview-compatible refinements that satisfy (i) and (ii).

The decision version of MIN-ICR is defined as follows.

DEFINITION 5. An instance of ICR-DEC comprises a tu-
ple (I,>=mw, K), where I is an instance of SMPI, »nw



is a strict preference ordering profile that refines I, and K
is a mon-negative integer. The problem is to decide whether
there exists an interview-compatible refinement I' of I, with
cost at most K, such that =a,w refines I' and I' admits a
super-stable matching.

As discussed in Section 1, it is sometimes the case that we
aim for a particular matching, stable under > s,w, that has
some desirable properties, for example the woman-optimal
stable matching. The offline problem can then be viewed
as a restricted variant of MIN-ICR where, in addition to 1
and >,w, we are also equipped with a matching p. This is
reflected in the definition of the following problem, named
MIN-ICR-EXACT, which is an abbreviation for “Minimum-
cost Interview Compatible Refinement problem with Exact
matching”.

DEFINITION 6. An instance of MIN-ICR-EXACT comprises

a tuple (I, =n,w, p), where I is an instance of SMPI, s w
is a strict preference ordering profile that refines I, and p is
a matching that is weakly stable w.r.t. >y, w. The problem
is to find an interview-compatible refinement I' of I, such
that (i) =nw refines I', (i) p is super-stable in I', and (iii)
I’ is of minimum cost amongst interview-compatible refine-
ments of I that satisfy (i) and (i1).

The decision version of MIN-ICR-ExXAcT, called ICR-
ExaAcT-DEC, is then defined analogously to the way that
ICR-DEC was obtained from the definition of MIN-ICR.

The remainder of this paper is organized as follows. In
Section 3 we first show that ICR-DEC is NP-complete even
under quite restricted settings. The proof is by reduction
from Vertex Cover. We also leverage the same proof to show
that ICR-EXACT-DEC is also NP-complete. Then in Section
4 we provide a reverse reduction, from Vertex Cover to ICR~
ExacT-DEC, and utilize it to show that MIN-ICR-EXACT
is polynomial-time solvable for several restricted settings.
Some concluding remarks are presented in Section 5.

3. NP-COMPLETENESS RESULTS

We show that ICR-DEC is NP-complete even if I is an
instance of SMTI in which each indifference class is of size
at most 3. Further, we prove that ICR-DEC is NP-complete
even for SMT instances, and even if all men are indifferent
between all women. We first provide a lemma that will come
in handy in proving our claims; the proof is straightforward,
and is omitted.

LEMMA 7. Let G = (V, E) be an undirected graph where
for each vertex v, deg(v) < 3. We can direct the edges in E
such that for each v, deg™ (v) <2 and deg™ (v) < 2.

Unlike many problems that are NP-complete, the mem-
bership of ICR-DEC in the class NP is not trivial. Hence,
we provide a proof via the following lemma.

LEmMmA 8. ICR-DEC is in NP.

ProOF. To prove this, it is sufficient to show that given
SMPI instances I and I’, a strict preference profile =n,w
and an integer K, we can decide in polynomial time whether
(i) I’ is an interview-compatible refinement of I, (ii) I’ has
cost at most K, (iii) =n,w refines I’, and (iv) I’ admits a
super-stable matching.

Both (i) and (ii) are established by Propositions 2 and
3 respectively. For (iii), it is straightforward to check in
polynomial time whether >as w refines I .

Finally to establish (iv), we can use the polynomial time
algorithm of [18], SUPER-SMP, to decide whether I’ admits
a super-stable matching or not. [

We show that ICR-DEC is NP-hard by reducing from the
decision version of the Vertex Cover problem (VC). VC is
defined as follows: given a graph G = (V, E) and an integer
K, decide whether G admits a vertex cover of size at most
K. VC is NP-complete even if each vertex has degree at
most 3 [5]; let VC-3 denote this restriction. We denote by
MIN-VC the optimization version of VC, that is the problem
of finding a minimum vertex cover in a given graph G.

THEOREM 9. ICR-DEC is NP-complete even for SMTI
instances in which each indifference class has size at most 3.

Proor. By Lemma 8, ICR-DEC belongs to NP. To show
NP-hardness, we reduce from VC-3. Let the undirected
simple graph G = (V, E) be given such that deg(v) < 3,
Vv € V. Let V = {v1,...,v,}. Let G' = (V,E’) be a
digraph where (l) V(’Ui, U]') € E‘l7 (Ui,U]') € FE, (ii) V(’Ui,Uj) €
E, either (v;,v;) € E' or (vj,v;) € E' (but not both), and
(iii) Yo € V, deg™ (v) < 2 and deg™ (v) < 2. Note that by
Lemma 7 such a graph G’ exists. We create an instance
I=(M,W,py,w) of SMTI as follows:

e For each vertex v; € V there is a man m; € M and
a woman w; € W. That is M = {m;|Vv; € V} and
W = {wi\vm S V}

e Each man m; finds acceptable w; and all women w;
such that (v;,v;) € E’. Moreover, each man m; is
indifferent between all his acceptable women.

e Each woman w; finds acceptable m; and all men m;
such that (v;,v;) € E’. Moreover, each woman w; is
indifferent between all her acceptable men.

Note that the total length of the men’s preference lists
is equal to |E| + |V|. Also note that as degt(v) < 2 and
deg™ (v) < 2 for all v € V, hence the indifference classes are
of size at most 3. Let >, w be a strict preference ordering
under which m,; and w; rank each other at the top of their
preference lists. We prove that G has a vertex cover of size
at most K if and only if there exists a refinement I’ of I, of
cost at most K’ = K + |E|, such that >7w refines I’ and
I’ admits a super-stable matching. Notice that = w ad-
mits only one stable matching, that being = {(m;, w;)|Vi}.
This implies that I’ must admit exactly one super-stable
matching, that being u.

Proof of the only-if direction: Assume that G has a vertex
cover C' of size k < K. We show that there is a refinement
I' of cost k' = k + |E| < K' such that =u,w refines I' and
1 is super-stable in I'. We create I’ as follows. For each
vertex v; € C refine I such that both m; and w; now have
strict preferences as in > 7w This refinement can of course
be achieved by having both m; and w; interview all candi-
dates in their lists; this includes an interview between m;
and w;. Notice that since interviews are informative to both
parties involved, partial refinements in the preference order-
ings of those persons whose corresponding vertices are not
in C' must have taken place as well. For example, consider a
case in which v;,v; € C, v ¢ C, and (vs, vx), (vj,v) € E’.



Then both m; and m; interview wy and hence wj must now
rank m; and m; in strict order of preferences as in >rw.
An interview is either between same indexed agents, e.g., be-
tween m; and w;, or between agents of different indices, e.g.,
between m; and w; where i # j. We refer to an interview of
the former type as a same-inder interview and an interview
of the latter type as a different-index interview. The total
number of interviews performed by all agents is going to be
k same-index interview plus a number of different-index in-
terviews. The number of different-index interviews under
any refinement can be at most |E|, and under our proposed
refinement is exactly |F| (since C is a vertex cover). There-
fore the total number of interviews is exactly k + |E|. It
remains to show that p is a super-stable matching in I’. We
call a (man,woman) pair a fized pair if they are matched
in every stable matching of every strict order refinement of
I'. We show that (m;,w;) is a fixed pair for all i < n, hence
proving that p is the only stable matching in every strict
order refinement of I’ and therefore definitely a super-stable
matching in I’. Take any pair (m;,w;) such that v; € C.
By our construction, m; and w; rank each other at top, so
clearly (m;,w;) is a fixed pair. Now take any pair (m;, w;)
such that v; ¢ C. Since v; is not in the vertex cover, there-
fore it must be the case that all neighbors of v; are in C.
Thus, for any vy that is a neighbor of v;, it has been already
established that (my,wy) is a fixed pair. Therefore (m;, w;)
is also a fixed pair. Moreover, neither m; nor w; can form a
very weak blocking pair with a person they are not matched
to.

Proof of the if direction: Assume that I has a refinement
I' of cost k' < K’ such that =, w refines I' and u is super-
stable in I'. We show that G admits a vertex cover of size
at most k' — |E| < K. We first show that in order to arrive
at I', every agent should have interviewed every candidate
s/he finds acceptable and to whom s/he is not matched. As-
sume for a contradiction that this is not the case. Take a
pair (m;,w;), acceptable to each other, who have not in-
terviewed. Therefore, under I’, m; is indifferent between
w; and w; (to whom he is matched in u), and w; is indif-
ferent between m; and m; (to whom she is matched in p).
Hence (m;,w;) constitutes a very weak blocking pair in p
under I’, a contradiction. We have established so far that
every agent must have interviewed acceptable candidates to
whom s/he is not matched, which means that each agent
has interviewed all candidates in his/her list who have a dif-
ferent index from him/her. This amounts to the total of
|E| interviews. The only remaining interviews for which we
have not yet accounted are those corresponding to matched
pairs. Let C be a set of vertices such that vertex v; is in
C if and only if m; and w; have interviewed under I’. No-
tice that |C| = k' — |E|. Take any v; ¢ C. We show that
all neighbors of v; are in C, establishing that C is a vertex
cover. Since v; ¢ C, it follows from the construction of C
that m; and w; have not interviewed under I'. Assume for
a contradiction that v; has a neighbor, say vk, who too is
not in C'. Therefore my and wy have not interviewed under
I' either. W.lo.g. assume that (vj,vx) € E’. (A similar
argument applies if (vg,v;) € E’.) Therefore m; and wy
are acceptable to each other. Furthermore, since neither m;
nor wy have interviewed their partners in pu, it is the case
that m; is indifferent between w; (his partner in u) and wg,
and wy, is indifferent between my, (her partner in p) and m;.
Therefore (m;,wy) constitutes a very weak blocking pair in

w under I’; a contradiction. []

We next show that ICR-DEC is also NP-complete under
a different restricted setting by making small alterations to
the proof of Theorem 9.

COROLLARY 10. ICR-DEC is NP-complete even for SMT
instances and even if agents on one side of the market are
indifferent between all the candidates.

PrOOF. W.l.o.g. assume that all men are indifferent be-
tween all women. Modify the reduction presented in the
proof of Theorem 9 as follows.

e For each vertex v; € V there is a man m; in M and
a woman w; in W. That is M = {m;|Vv; € V} and
W = {w;|Vv; € V'}.

e Each man m; finds all women acceptable and is indif-
ferent between them.

e Each woman w; finds all men acceptable and has two
indifference classes. In the top indifference class are m;
and all men m; such that (v;,v;) € E. In the second
indifference class are all other men.

Note that the total length of the women’s first indifference
classes is equal to 2| E|+|V|. Let >as,w be a strict preference
ordering under which m; and w; rank each other at the top
of their preference lists. We prove that G has a vertex cover
of size at most K if and only if there exists a refinement
I' of I, of cost at most K’ = K + 2|E|, such that >urw
refines I’ and I’ admits a super-stable matching. Notice
that >n7,w admits only one stable matching, that being u =
{(m;,w;)|Vi}. This implies that I’ must admit exactly one
super-stable matching, that being p. Modify the proof of
Theorem 9 as follows.

In the only-if direction: For each vertex v; € C refine I
such that m; has a strict preference ordering, as in >,,, over
women in {w;} U {w;|(vs,v;) € E} and w; has a strict pref-
erence ordering, as in >, over men in {m; }U{m;|(vs,v;) €
E}. Consequently, for all v; adjacent to v;, m; prefers w;
to w; and likewise w; prefers m; to m;. This refinement
can be achieved by having m; interview w; and all w; such
that (vi,v;) € F, and additionally having w; interview all
m; such that (v;,v;) € E. The number of different-index
interviews under any refinement can be at most 2|E|, and
under our proposed refinement is exactly 2|E| (since C is a
vertex cover). So the total number of interviews is exactly
k+2|E|. It remains to show that u is a super-stable match-
ing in I’. Assume for a contradiction that there exists a very
weak blocking pair (m;, w;).

o If (vs,v5) € E, then v; or v; isin C. If v; € C then m;
and w; have interviewed and therefore w; >m,; w;. If
v; € C then m; and w; have interviewed and therefore
m; »w; m;. Both cases imply that (m;,w;) is not a
very weak blocking pair, a contradiction.

o If (vi,v;) ¢ E then m; ., m, therefore (m;,w;) is
not a very weak blocking pair, a contradiction.

In the if direction: We show that in order to arrive at I,
every man m; should have interviewed all women w; such
that (v;,v;) € E, and likewise every woman w; should have
interviewed all men m; such that (v;,v;) € E. The proof is



similar to that presented in the proof of Theorem 9. Hence
we can conclude that at least 2| E| different-index interviews
must have taken place in the refinement. The rest of the
proof is similar to that presented in the proof of Theorem 9,
with the difference that |C| < k¥ —2|E|. O

In the proof of Theorem 9, i is the unique stable match-
ing under >nr,w. Therefore, it follows from the proofs of
Theorem 9 and Corollary 10 that ICR-ExXAcT-DEC is also
NP-complete for the restrictions stated in those results.

COROLLARY 11. ICR-EXACT-DEC is NP-complete even
for SMTT instances, and even when each indifference class
is of size at most 3. ICR-EXACT-DEC is also NP-complete
even for SMTI instances and even if agents on one side of
the market are indifferent between all the candidates.

We remark that Theorem 4.4 of [19] implies that ICR-
ExacT-DEC is NP-complete and, likewise, Corollary 11 im-
plies Theorem 4.4 of [19]. However, Corollary 11 is stronger
as it is stated for a more restricted setting.

4. POLYNOMIAL-TIME SOLVABLE
VARIANTS

4.1 Preliminaries

In this section we explore the tractability of MIN-ICR-
EXAcCT under various restricted settings. Recall that we
have reduced from VC to ICR-DEC and ICR-ExXAcT-DEC
in order to show that these problems are NP-hard. Here we
present a reverse reduction, from ICR-ExacT-DEC to VC,
that will come in handy in proving our claims.

Let an instance (I, >, w, 1) of ICR-EXACT-DEC be given.
As p is weakly stable w.r.t. I, it admits no strong blocking
pair. If p is not super-stable w.r.t. I, then pu must admit
some very weak blocking pairs. We refer to such blocking
pairs as potential blocking pairs. We distinguish between be-
tween potential blocking pairs by the degree of choice one
has when attempting to resolve them.

DEFINITION 12 (POTENTIAL BLOCKING PAIr (PBP)).
Given an ICR-EXACT-DEC instance (I,>n,w,p), a pair
(m,w) is a potential blocking pair (PBP) if (m,w) is a
very weak blocking pair under I. Each PBP (m,w) belongs
to either of the following classes.

e Potential Blocking Pair of Degree 1 (PBP-D1) if either
m or w strictly prefers the other to his or her current
partner under = nrw .

e Potential Blocking Pair of Degree 2 (PBP-D2) if both
m and w strictly prefer their partners to each other
under >, w .

Let I’ be an interview-compatible refinement of I. We say
that a given potential blocking pair of I, (m,w), is resolved
under I if (u(m), w) € p, or (u(w),m) € pl,.

If (m,w) is a PBP-D2, then it must be that m and w
cannot compare each other and their current partners under
I. Thus in order to resolve (m,w) it is sufficient, and nec-
essary, that m or w learn his/her true preference ordering
over his/her partner and the other side.

Let (m,w) be a PBP-D1 and assume that m strictly prefers
w to u(m) (the argument is similar if m =, p(w)). There-
fore, w must find m and p(w) incomparable under I, or

(m,w) either blocks u or is not a PBP, and u(w) > m, or
(m,w) blocks u. Furthermore, in order to resolve this PBP
w has to learn that she prefers u(w) to m.

In what follows we use PBP, PBP;, and PBP» to refer
to the set of potential blocking pairs, and those of degree 1
and degree 2 respectively.

PROPOSITION 13. Let (I, =n,w, i) be an instance of ICR-
EXACT-DEC and I’ be an interview-compatible refinement of
I. Then p is super-stable under I' if and only if all PBPs

in I are resolved under I'.

It is easy to see that for a potential blocking pair (m, w) to
be resolved, at least one of m or w needs to interview both
the other side and his or her current partner and conclude
that s/he prefers his or her current partner to the other side.
The next proposition then immediately follows.

PROPOSITION 14. Let (I, > w, i) be an instance of ICR-
EXACT-DEC and I’ be an interview-compatible refinement of
I. Then p is super-stable under I' only if, for all (m,w) €
PBP, m and w have interviewed under I'.

For each agent a € M UW let PBPi(a) denote the set of
candidates ¢ such that either (a,c) or (¢,a) is in PBP; and

a >c p(c).

LEMMA 15. Let (I, =n,w, it) be an instance of ICR-EXACT-
DEC and I’ be an interview-compatible refinement of I. Then
w is super-stable under I' only if a has interviewed p(a)under
I' for all agents a where PBP;(a) # 0.

PROOF. Assume for a contradiction that there exists an
agent a where PBP;(a) # () and a has not interviewed u(a).
Therefore for every ¢ € PBP;(a) it is still the case that a
cannot compare ¢ and u(a), and ¢ prefers a to p(c). Hence
there exists at least one unresolved PBP under I’. [

4.2 Reduction from ICR-Exact-Dec to VC

Let (I, >ar,w, p) be an instance of ICR-EXACT-DEC. Let
M' = {m|PBPi(m) # 0V PBPi(u(m)) # 0}. Let G(I, ) =
(V, E) be an undirected graph whose vertices V' correspond
to matched pairs (m, u(m)). Let PBP; = {(m,w)|(m,w) €
PBPy,m ¢ M’ , u(w) ¢ M'}. Let there be an edge between
any two vertices (m, u(m)) and (m’, u(m')) if (m, u(m’)) €
PBP; or (m’,u(m)) € PBP;. Remove any vertex with
degree zero. Note that for any remaining vertex (m, u(m))
it is the case that m ¢ M'.

THEOREM 16. G(I, 1) has a vertex cover of size at most
K if and only if there exists a refinement I' of I, of cost at
most K' = |PBP|+|M'|+ K, such that =m . refines I' and
1 is super-stable in I'.

PROOF. Assume that G(I, 1) has a vertex cover C of size
at most K. Let I’ be a refinement of I under which the
following interviews have taken place.

1. Each pair (m,w) € PBP interview each other — a total
of |PBP)| interviews.

2. Each m € M’ interviews his partner u(m) — a total of
|M’| interviews.

3. Each pair (m, u(m)) € C interview each other — a total
of K interviews.



The total number of interviews is then equal to |PBP| +
|M'| + K. As a result of the above interviews, each agent
a learns his or her strict preference ordering over the inter-
viewed candidates, as in >,. (Recall that the interviews are
informative to both sides.) It is then easy to see that all
PBP-D1’s are resolved. It is also straightforward to see that
for a PBP-D2 (m,w), if either m € M’ or u(w) € M’, then
(m,w) is resolved under I’. Tt remains to show that the re-
maining PBP-D2’s, that is those in PBP;, are resolved as
well. Let (m,w) be such a PBP-D2. By the construction
of G(I,u), V includes (m, u(m)) and (u(w),w) and there
is an edge between these two vertices. As C' is a vertex
cover, at least one of (m, u(m)) or (u(w),w) belongs to C.
If (m,p(m)) € C then, following the results of the inter-
views, m prefers pu(m) to w under I’. (A similar argument
holds for w if (u(w),w) € C.) Therefore (m,w) is resolved
under I'.

Conversely, assume that I admits an interview-compatible
refinement I’ of size at most K’ such that y is super-stable
in I'. We show that G(I,p) admits a vertex cover of size
at most K’ — (|JPBP| + |[M’|). Let C be a set of vertices
(m, p(m)) in V where m and p(m) have interviewed under
I’. Note that as we have removed all vertices of degree zero
from G(I,u), hence all remaining vertices are adjacent to
at least one edge corresponding to a member of PBP;. We
show that C is a vertex cover and then prove an upper bound
on the size of C.

C is a vertex cover: Let ((m,p(m)),(m’, u(m’))) be
any edge in E. By the construction of G(I, ), (m,u(m’)) or
(m’, u(m)) is in PBP;. Assume that ( u(m')) € PBP;.
(The argument for the case where ( ,,u( )) € PBP; is
similar.) As (m, u(m’)) is resolved under I’, either m prefers
his partner to pu(m') under I’ or p(m’) prefers her partner
to m under I’. If the former, then m must have interviewed
w(m) and hence (m, u(m)) € C, and if the latter then p(m’)
must have interviewed m’ and thus (m’, u(m’)) € C . Thus
C is a vertex cover.

C'is of size at most K'— (|PBP|+|M’'|): We prove this
by computing a lower bound on the number of interviews
that do not correspond to a vertex in C. It follows Proposi-
tion 14 that all PBPs must have interviewed, hence a total
of |PBP)| interviews. It also follows Lemma 15 that each
agent a with PBPi(a) # 0 must have interviewed his/her
partner. Looking at this from men’s perspective, all men m
must interview pu(m) if PBP1(m) # 0 or PBPi(u(m)) # 0 —
hence a total of |M’| interviews. Recall that (m, u(m)) ¢ V
if m € M'. Therefore none of the interviews we have ac-
counted for so far, a total of |[PBP| + |M’'| interviews, cor-
respond to a vertex in C. [

Theorem 16 essentially tells us that an instance (I, >, w
, ) of MIN-ICR-EXACT is polynomial-time solvable if MIN-
VC is polynomial-time solvable in G(I, ). Equipped with
this knowledge, we provide three different restricted set-
tings under which ICR-ExAcT-DEC, and hence MIN-ICR-
EXAcCT, is solvable in polynomial time.

THEOREM 17. MIN-ICR-EXACT is solvable in polynomial
time if one side has fully known strict preference ordering.

PROOF. Assume that women have strict preferences and
the target matching is p. Note that all PBPs must be of
degree 1. Therefore G(I,p) is an empty graph with ver-
tex cover of size zero. It follows from Proposition 14 and

Lemma 15 that MIN-ICR has a solution of size |PBP| +
(M. O

THEOREM 18. MIN-ICR-EXACT is solvable in polynomial
time under the restriction of SMTI in which indifference
classes are of size at most 2.

PROOF. We show that G(I, u1) is a collection of cycles and
paths, and hence its minimum vertex cover can be computed
in polynomial time. The size of a minimum vertex cover for
any path or cycle of length £ is {ﬂ

Take any vertex vi = (m, u(m)) in V. Recall that if any
vertex v = (m’, u(m’)) is a neighbor of vy, then it must be
that at least one of (m,u(m’)) or (m',u(m)) is in PBP;.
Note that if (m,u(m’)) € PBP;, then under I man m is
indifferent between p(m) and p(m’). Since each indifference
class is of size at most 2, at most one such neighbor exists.
Likewise, if (m’,u(m)) € PBP; then p(m) is indifferent
between m and m’. However, since each indifference class
is of size at most 2, at most one such neighbor exist. Thus,
each vertex has degree at most 2, hence G(I, i) is a collection
of cycles and paths. [

THEOREM 19. MIN-ICR-EXACT is solvable in polynomial
time under the restriction of SMTI in which all men are
endowed with the same indifference classes, as well as all
women. That is C{" = Clml for all m,m’ € M and all
i €[n], and CP = C¥" for allw,w' € W and all i € [n].

PROOF. We show that G(I, ) is a collection of complete
graphs, and hence its minimum vertex cover can be com-
puted in polynomial time, since the size of a minimum vertex
cover for any complete graph K is equal to £ — 1. To prove
that G(I, p) is a collection of complete graphs, we show that
for any three given vertices v1, v2 and vs, if (v1,v2) € F and
(v1,v3) € E then (v2,v3) € E.

Take any three vertices v1 = (m, u(m)), v2 = (m/, u(m")),
and vs = (m”, u(m')). If (v1,v2) € E then, under I, all men
are indifferent between p(m) and p(m’), all women are indif-
ferent between m and m’, and m,m’ ¢ M’. If (vi,v3) € E
then, under I, all men are indifferent between p(m) and
u(m’"), all women are indifferent between m and m’’, and
m’” ¢ M’'. Therefore, since I is an instance of SMTI, all
men are indifferent between p(m), p(m’) and u(m’), and
all women are indifferent between m, m’, and m’’. Hence
(m’, u(m'")) and (m”, p(m’)) are PBPs. If (m/,u(m”)) is
a PBP-D2 then, as m’,m"” ¢ M', (m',u(m”)) € PBP;
and therefore (v2,v3) € E. Assume for a contradiction that
(m', u(m'")) is a PBP-D1. Assume that p(m”) >, p(m’)
(the argument is similar if m' >,y m”), implying that
PBPi(u(m”)) # 0 and thus m” € M’, a contradiction. [J

Theorem 18 is likely to be of more theoretical interest. For
the setting of Theorem 17, we could envisage a hospitals-
residents matching problem where residents are ranked uni-
formly (i.e., in a "master list” common to all hospitals [11])
according to some known objective value (e.g., which may
be based on academic merit, as in the UK) and residents
must use interviews in order to determine their true prefer-
ences over acceptable hospitals. For the setting of Theorem
19, consider a market with “tiered” preferences, where every-
body agrees who/what belongs to each tier (again the mem-
bership of these tiers could relate to some objective values),
but the precise ordering within these tiers could be subjec-
tive, and up to individuals to determine themselves. For



example, students may use national league tables for deter-
mining top tier universities, second tier universities and so
on, but students’ precise ranking over the universities in any
given tier may vary.

If I is of one of the restricted forms for which MIN-ICR-
EXACT is polynomial time solvable, then one straightforward
approach to solving MIN-ICR is to enumerate all matchings
that are stable under > s w and then solve MIN-ICR-EXACT
for each of them. This approach is practical if >, w admits
a polynomial number of stable matchings.

S. CONCLUSION AND FUTURE WORK

In this paper we have studied the complexity of the offline
problem relating to computing an optimal interview strat-
egy for a stable marriage market where initially participants
have incomplete information, and the aim is to refine the
instance using the minimum number of interviews in order
to arrive at a super-stable matching. The main direction
for future work is to investigate the online case, where the
true underlying preferences are not known to the mechanism
designer, with respect to measures such as the competitive
ratio. Furthermore, an important question for which we do
not know an answer yet is whether MIN-ICR is polynomial-
time solvable under some restricted setting. Extending the
known results on interviewing in stable marriage markets to
many-to-one markets such as college admission is another
important future direction. It is also interesting to study on-
line algorithms in a setting where elicitation is taking place
via comparison queries. In this paper we assume that the
objective of the mechanism designer is to minimize the to-
tal number of interviews overall. One may however argue
that such a strategy may require one or may agents to con-
duct most of the interviews while the others do none or very
little. In the view of fairness and the practicality of such
central interview-scheduling schemes, it is also of utmost
importance to study settings in which a fair distribution of
the interviews is also considered.

Acknowledgments. We thank Rob Irving and Piotr Krysta
for the useful discussions and their valuable feedback. We
also thank the anonymous reviewers for their insightful com-
ments and suggestions. This work was supported by EPSRC
grants EP/K01000X/1 and EP/K010042/1, and COST Ac-
tion IC1205 on Computational Social Choice.

REFERENCES

[1] J. Drummond and C. Boutilier. Elicitation and
approximately stable matching with partial
preferences. In Proceedings of the Twenty-Third
International Joint Conference on Artificial
Intelligence, IJCAI ’13, pages 97-105. AAAT Press,
2013.

[2] J. Drummond and C. Boutilier. Preference elicitation
and interview minimization in stable matchings. In
Proceedings of the Twenty-Eight AAAI Conference on
Artificial Intelligence, AAAI ’14, pages 645-653.
AAATI Press, 2014.

[3] F. Echenique, S. Lee, M. Shum, and M. B. Yenmez.
The revealed preference theory of stable and extremal
stable matchings. Econometrica, 81(1):153-171, 2013.

[4] D. Gale and L. Shapley. College admissions and the
stability of marriage. American Mathematics Monthly,

[5]

[6]

[7]

8]

[9]

(10]

(1]

(12]

(13]
(14]

(15]

(16]

(17]

(18]

(19]

20]

(21]

22]

69:9-15, 1962.

M. R. Garey and D. S. Johnson. The rectilinear
steiner tree problem is NP-complete. STAM Journal
on Applied Mathematics, 32(4):826-834, 1977.

D. Gusfield and R. W. Irving. The stable marriage
problem: structure and algorithms. MIT Press,
Cambridge, MA, USA, 1989.

G. Haeringer and V. Iehle. Two-sided matching with
one-sided information. Working paper, 2014.

R. Irving and D. Manlove. Finding large stable
matchings. ACM Journal of Experimental
Algorithmics, 14(2), 20009.

R. W. Irving. Stable marriage and indifference.
Discrete Applied Mathematics, 48(3):261-272, 1994.
R. W. Irving, D. F. Manlove, and S. Scott. The
hospitals/residents problem with ties. In SWAT,
volume 1851 of Lecture Notes in Computer Science,
pages 259-271, 2000.

R. W. Irving, D. F. Manlove, and S. Scott. The stable
marriage problem with master preference lists.
Discrete Applied Mathematics, 156(15):2959-2977,
2008.

S. Kalyanaraman and C. Umans. The complexity of
rationalizing matchings. In Proceedings of ISAAC ’08:
the 19th International Symposium on Algorithms and
Computation, volume 5369 of Lecture Notes in
Computer Science, pages 171-182. Springer, 2008.

D. Knuth. Mariages Stables. Montréal: Les Presses de
I’Université de Montréal, 1976.

R. Lee and M. Schwarz. Interviewing in two-sided
matching markets. Working Paper, 2012.

D. Manlove. Stable marriage with ties and
unacceptable partners. Technical Report TR-~1999-29,
University of Glasgow, Department of Computing
Science, 1999.

D. F. Manlove. Algorithmics of matching under
preferences. World Scientific, 2013.

D. F. Manlove, R. W. Irving, K. Iwama, S. Miyazaki,
and Y. Morita. Hard variants of stable marriage.
Theoretical Computer Science, 276(1-2):261 — 279,
2002.

B. Rastegari, A. Condon, N. Immorlica, R. Irving, and
K. Leyton-Brown. Reasoning about optimal stable
matching under partial information. In Proceedings of
the ACM Conference on FElectronic Commerce (EC),
pages 431-448. ACM, 2014.

B. Rastegari, A. Condon, N. Immorlica, and

K. Leyton-Brown. Two-sided matching with partial
information. In Proceedings of the ACM Conference on
Electronic Commerce (EC), pages 733-750. ACM,
2013.

A. Roth. The national residency matching program as
a labor market. Journal of the American Medical
Association, 275(13):1054-1056, 1996.

A. Roth and M. Sotomayor. Two-Sided Matching: A
Study in Game-Theoretic Modeling and Analysis.
Cambridge University Press, 1990.

A. E. Roth. The college admissions problem is not
equivalent to the marriage problem. Journal of
Economic Theory, 36:277-288, August 1985.



Social Welfare in One-Sided Matching Mechanisms

George Christodoulou

Aris Filos-Ratsikas

Soren Kristoffer Stiil

University of Liverpool University of Oxford Frederiksen
Ashton Street, Liverpool, U.K. Parks Road, Oxford, UK Aarhus University
gchristo@liv.ac.uk aris.filos- Abogade 34, Aarhus, DK

ratsikas@cs.ox.ac.uk

Paul W. Goldberg
University of Oxford

Parks Road, Oxford, UK

ABSTRACT

We study the Price of Anarchy of mechanisms for the well-
known problem of one-sided matching, or house allocation,
with respect to the social welfare objective. We consider
both ordinal mechanisms, where agents submit preference
lists over the items, and cardinal mechanisms, where agents
may submit numerical values for the items being allocated.
We present a general lower bound of Q(y/n) on the Price of
Anarchy, which applies to all mechanisms. We show that
two well-known mechanisms, Probabilistic Serial, and Ran-
dom Priority, achieve a matching upper bound. We extend
our lower bound to the Price of Stability of a large class
of mechanisms that satisfy a common proportionality prop-
erty, and show stronger bounds on the Price of Anarchy of
all deterministic mechanisms.

Categories and Subject Descriptors

1.12.11 [Distributed Artificial Intelligence]: Multiagent
Systems; J.4 [Computer Applications|: Social and Be-
havioral Sciences - Economics

General Terms

Economics, Theory

Keywords

One-sided matching, probabilistic serial, truthfulness, price
of anarchy, Nash equilibrium

1. INTRODUCTION

One-sided matching (also called the house allocation prob-
lem) is the fundamental problem of assigning items to agents,
such that each agent receives exactly one item. It has nu-
merous applications, such as assigning workers to shifts, stu-
dents to courses or patients to doctor appointments. In this
setting, agents are often asked to provide ordinal preferences,
i.e. preference lists, or rankings of the items. We assume
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that underlying these ordinal preferences, agents have nu-
merical values specifying how much they value each item
[18]. In game-theoretic terms, these are the agents’ von
Neumann-Morgenstern utility functions [27] and the associ-
ated preferences are often referred to as cardinal preferences.

A mechanism is a function that maps agents’ valuations
to matchings. However, agents are rational strategic en-
tities that might not always report their valuations truth-
fully; they may misreport their values if that results in a
better matching (from their own perspective). Assuming
the agents report their valuations strategically to maximize
their utilities, it is of interest to study the Nash equilibria of
the induced game, i.e. strategy profiles from which no agent
wishes to unilaterally deviate.

A natural objective for the designer is to choose the match-
ing that maximizes the social welfare, i.e. the sum of agents’
valuations for the items they are matched with, which is the
most prominent measure of aggregate utility in the litera-
ture. Given the strategic nature of the agents, we are in-
terested in mechanisms that maximize the social welfare in
the equilibrium. We use the standard measure of equilib-
rium inefficiency, the Price of Anarchy [22], that compares
the maximum social welfare attainable in any matching with
the worst-case social welfare that can be achieved in an equi-
librium.

We evaluate the efficiency of a mechanism with respect
to the Price of Anarchy of the induced game. We study
both deterministic and randomized mechanisms: in the lat-
ter case the output is a probability mixture over matchings,
instead of a single matching. We are interested in the class
of cardinal mechanisms, which use cardinal preferences, and
generalize the ordinal mechanisms.

Note that our setting involves no monetary transfers and
generally falls under the umbrella of approrimate mecha-
nism design without money [24]. In general settings with-
out money, one has to fix a canonical representation of the
valuations. A common approach in the literature is to con-
sider the unit-sum normalization, i.e. each agent has a total
value of 1 for all the items. We obtain results for unit-sum
valuations, and extend most of these to another common
normalization, unit-range.

1.1 Our results

In Section 3 we bound the inefficiency of the two best-
known mechanisms in the matching literature, Probabilistic



Serial and Random Priority. In particular, for n agents and
n items, the Price of Anarchy is O(y/n). In Section 4 we
complement this with a matching lower bound (i.e. Q(y/n))
that applies to all cardinal (randomized) mechanisms. As a
result, we conclude that these two ordinal mechanisms (ones
that compute matchings that only depend on preference or-
derings) are optimal. These results suggest that it does not
help a welfare maximizer to ask agents to report more than
the ordinal preferences.

We separately consider deterministic mechanisms and in
Section 4 prove that their Price of Anarchy is Q(n?), even
for cardinal mechanisms. This shows that randomization is
necessary for non-trivial worst-case efficiency guarantees.

In Section 5, we extend our results to more general solu-
tions concepts as well as the case of incomplete information.
Finally, in Section 6, we prove that under a mild “propor-
tionality” property, our lower bound of (/1) extends to the
Price of Stability, a more optimistic measure of efficiency [3],
which strengthens the negative results even further. Ad-
ditionally, we discuss how our results extend to the other
common normalization in the literature, unit-range [2, 15,

28].

1.2 Discussion and related work

The one-sided matching problem was introduced in [18]
and has been studied extensively ever since (see [1] for a
recent overview). Over the years, several different mecha-
nisms have been proposed with various desirable properties
related to truthfulness, fairness and economic efficiency with
Probabilistic Serial [9, 7, 8, 1] and Random Priority [1, 9, 4,
23, 15, 2] being the two prominent examples.

As mentioned earlier, in settings without money, one needs
to represent the valuations in some canonical way. A com-
mon approach is the unit-sum normalization, i.e. each agent
has a total value of 1 for all the items. Intuitively, this nor-
malization means that each agent has equal influence within
the mechanism and her values can be interpreted as “scrip
money” that she uses to acquire items. The unit-sum rep-
resentation is standard for social welfare maximization in
many settings without money including fair division, cake
cutting and resource allocation [10, 11, 16, 15] among oth-
ers. Moreover, without any normalization, non-trivial Price
of Anarchy bounds cannot be achieved by any mechanism.

The objective of social welfare maximization for one-sided
matching problems has been studied before in the litera-
ture, but mainly for truthful mechanisms [2, 15]. Our lower
bounds are more general, since they apply to all mecha-
nisms, not just truthful ones. In particular, our lower bound
on the Price of Anarchy of all mechanisms generalizes the
corresponding bound for truthful mechanisms in [15]. Note
that Random Priority is truthful (truth-telling is a dominant
strategy equilibrium) but it has other equilibria as well; we
observe that the welfare guarantees of the mechanism hold
for all equilibria, not just the truthtelling ones. Similar ap-
proaches have been made for truthful mechanisms like the
second price auction in settings with money.

While given our general lower bound, proving a match-
ing upper bound for Random Priority is enough to establish
tightness, it is still important to know what the welfare guar-
antees of Probabilistic Serial are, given that it is arguably the
most popular one-sided matching mechanism. The mecha-
nism was introduced by [9] and since then, it has been in the
center of attention of the matching literature, with related

work on characterizations [17, 20], extensions [19], strategic
aspects [21] and hardness of manipulation [6]. Somewhat
surprisingly, the Nash equilibria of the mechanism were only
recently studied. Aziz et al. [5] prove that the mechanism
has pure Nash equilibria while Ekici and Kesten [14] study
the ordinal equilibria of the mechanism and prove that the
desirable properties of the mechanism are not necessarily
satisfied for those profiles.

Another, somewhat different recent branch of study con-
siders ordinal measures of efficiency instead of social wel-
fare maximization, under the assumption that agents’ pref-
erences are only expressed through preference orderings over
items. Bhalgat et al. [8] study the approximation ratio of
matching mechanisms, when the objective is maximization
of ordinal social welfare, a notion of efficiency that they de-
fine based solely on ordinal information. Other measures
of efficiency for one-sided matchings were also studied in
Krysta et al. [23], where the authors design truthful mech-
anisms to approximate the size of a maximum cardinally
(or maximum agent weight) Pareto-optimal matching and
in Chakrabarty and Swamy [12] where the authors consider
the rank approximation as the measure of efficiency. While
interesting, these measures of efficiency do not accurately
encapsulate the socially desired outcome the way that social
welfare does, especially since an underlying cardinal utility
structure is part of the setting [9, 18, 27, 28]. Our results
actually suggest that in order to achieve the optimal wel-
fare guarantees, one does not even need to elicit this utility
structure; agents can only be asked to report preference or-
derings, which is arguably more appealing.

Finally, we point out that our work is in a sense analogous
to the literature that studies the Price of Anarchy in item-
bidding auctions (e.g. see [13, 26] and references therein) for
settings without money. Furthermore, the extension of our
results to very general solution concepts (coarse correlated
equilibria) and settings of incomplete information (Bayes-
Nash equilibria) is somehow reminiscent of the smoothness
framework [25] for games. While our results are not proven
using the smoothness condition, our extension technique is
similar in spirit.

2. PRELIMINARIES

Let N = {1,...,n} be a finite set of agents and A =
{1,...,n} be a finite set of indivisible items. An alloca-
tion is a matching of agents to items, that is, an assignment
of items to agents where each agent gets assigned exactly
one item. We can view an allocation p as a permutation
vector (u1, 2 ..., n) where u; is the unique item matched
with agent 4. Let O be the set of all allocations. Each
agent ¢ has a valuation function u; : A — R mapping items
to real numbers. Valuation functions are considered to be
well-defined modulo positive affine transformations, that is,
for item j : j — au;(j) + B is considered to be an alterna-
tive representation of the same valuation function u;. Given
this, we fix the canonical representation of u; to be unit-
sum, that is Zj ui(j) = 1, with w;(j) > 0 for all i, j.
Equivalently, we can consider valuation functions as wvalu-
ation vectors u; = (Ui, Uiz, - . ., Uin) and let V' be the set of
all valuation vectors of an agent. Let u = (u1,u2,...,uUn)
denote a typical valuation profile and let V™ be the set of
all valuation profiles with n agents.

We consider strategic agents who might have incentives to
misreport their valuations. We define s = (s1,82,...,8n) to



be a pure strategy profile, where s; is the reported valuation
vector of agent . We will use s_; to denote the strategy pro-
file without the ith coordinate and hence s = (s;,s_;) is an
alternative way to denote a strategy profile. A direct revela-
tion mechanism without money is a function M : V" — O
mapping reported valuation profiles to matchings. For a
randomized mechanism, we define M to be a random map
M : V" — O. Let M;(s) denote the restriction of the
outcome of the mechanism to the ¢’th coordinate, which is
the item assigned to agent ¢ by the mechanism. For ran-

domized mechanisms, we let pi\f’s = Pr[Mi(s) = j] and
pM= = (pM=,. . pM*). When it is clear from the con-

text, we drop one or both of the superscripts from the terms
pf? *S. The utility of an agent from the outcome of a deter-
ministic mechanism M on input strategy profile s is simply
ui(M;(s)). For randomized mechanisms, an agent’s utility
is Elus (Mi(s))] = 327, pyy “uij-

A subclass of mechanisms that are of particular interest is
that of ordinal mechanisms. Informally, ordinal mechanisms
operate solely based on the ordering of items induced by
the valuation functions and not the actual numerical values
themselves, while cardinal mechanisms take those numerical
values into account. Formally, a mechanism M is ordinal
if for any strategy profiles s,s’ such that for all agents i
and for all items j, 4, si; < sy < si; < Si, it holds that
M(s) = M(s'). A mechanism for which the above does
not necessarily hold is cardinal. Equivalently, the strategy
space of ordinal mechanisms is the set of all permutations
of n items instead of the space of valuation functions V™.
A strategy s; of agent i is a preference ordering of items
(a1,az2,...,an) where a; > ay for £ < k. We will write j >;
j’ to denote that agent i prefers item j to item j’ according
to her true valuation function and j =5, j' to denote that
she prefers item j to item j’ according to her strategy s;.
When it is clear from the context, we abuse the notation
slightly and let u; denote the truthtelling strategy of agent
i, even when the mechanism is ordinal. Note that agents
can be indifferent between items and hence the preference
order can be a weak ordering.

Two properties of interest are anonymity and neutrality.
A mechanism is anonymous if the output is invariant under
renamings of the agents and neutral if the output is invariant
under relabeling of the objects.

An equilibrium is a strategy profile in which no agent has
an incentive to deviate to a different strategy. First, we will
focus on the concept of pure Nash equilibrium, formally

DEFINITION 1. A strategy profile s is a pure Nash equi-
librium 4f u;(M;(s)) > wi(M;(s},s—:)) for all agents i, and
pure deviating strategies s,.

In Section 5, we extend our results to more general equilib-
rium notions as well as the setting of incomplete information,
where agents’ values are drawn from known distributions.
Let S denote the set of all pure Nash equilibria of mecha-
nism M under truthful valuation profile u. The measure of
efficiency that we will use is the pure Price of Anarchy,

PoA(M) = sup — SWorr ()
uevn mlnsesy SWM (u, S)
where SWyr(u,s) = 37 | E[ui(M;(s))] is the expected so-
ctal welfare of mechanism M on strategy profile s under true
valuation profile u, and SWopr(u) = maxueco >y wilpi)
is the social welfare of the optimal matching. Let OPT (u)

be the optimal matching on profile u and let OPT;(u) be
the restriction to the ith coordinate.

3. PRICE OF ANARCHY GUARANTEES

In this section, we prove the (pure) Price of Anarchy guar-
antees of Probabilistic Serial and Random Priority. Together
with our lower bound in the next section, the results estab-
lish that both mechanisms are optimal among all mecha-
nisms for the problem.

Probabilistic Serial

First, we consider Probabilistic Serial, which we abbreviate
to PS. Informally, the mechanism is the following. FEach
item can be viewed as an infinitely divisible good that all
agents can consume at unit speed during the unit time inter-
val [0, 1]. Initially each agent consumes her most preferred
item (or one of her most preferred items in case of ties) until
the item is entirely consumed. Then, the agent moves on to
consume the item on top of her preference list, among items
that have not yet been entirely consumed. The mechanism
terminates when all items have been entirely consumed. The
fraction p;; of item j consumed by agent i is then interpreted
as the probability that agent ¢ will be matched with item j
under the mechanism.

We prove that the Price of Anarchy of PS is O(v/n). Aziz
et al. [5] proved that PS has pure Nash equilibria, so it
makes sense to consider the pure Price of Anarchy; we will
extend the result to the coarse correlated Price of Anarchy
and the Bayesian Price of Anarchy in Section 5.

We start with the following two lemmas, which prove that
in a pure Nash equilibrium of the mechanism an agent’s
utility cannot be much worse than what her utility would
be if she were consuming the item she is matched with in
the optimal allocation from the beginning of the mechanism
until the item is entirely consumed. Let ¢;(s) be the time
when item j is entirely consumed on profile s under PS(s).

LEMMA 1. Let s be any strategy profile and let s; be any
strategy such that j »sx £ for all items £ # j, i.e. agent
i places item j on top of her preference list. Then it holds
that t;(s},s—i) > % - t;(s).

PROOF. For ease of notation, let s* = (sj,s_;). Obvi-
ously, if j >, ¢ for all £ # j and since all other agents’
reports are fixed, t;(s*) = t;(s) and the statement of the
lemma holds. Hence, we will assume that there exists some
item j' # j such that j' =, j.

First, note that if agent 4 is the only one consuming item
j for the duration of the mechanism, then ¢;(s*) = 1 and
we are done. Hence, assume that at least one other agent
consumes item j at some point, and let 7 be the time when
the first agent besides agent ¢ starts consuming item j in
s*. Obviously, t;(s*) > 7, therefore if 7 > 1 .¢;(s) then
tj(s*) > % - t;(s) and we are done. So assume that T <
1-t;(s). Next observe that in the interval [r,t;(s*)], agent i
can consume at most half of what remains of item ¢ because
there exists at least one other agent consuming the item for
the same duration. Overall, agent i’s consumption is at most
24 1t;(s) so at least  — 1¢;(s) of the item will be consumed
by the rest of the agents.

Now consider all agents other than ¢ in profile s and let
a be the the amount of item j that they have consumed
by time ¢;(s). Notice that the total consumption speed of



an item is non-decreasing in time which means in particu-
lar that for any 0 < 8 < 1, agents other than i need at
least SBt;(s) time to consume « - 8 in profile s. Next, no-
tice that since agent i starts consuming item j at time 0 in
s* and all other agents use the same strategies in s and s*,
it holds that every agent k # ¢ starts consuming item j in
s* no sooner than she does in s. This means that in pro-
file s*, agents other than ¢ will need more time to consume
B - «; in particular they will need at least St;(s) time, so
t;(s*) > Bt;(s). However, from the previous paragraph we
know that they will consume at least 3 — 1¢;(s), so letting
B=21(3—1t;(s)) we get
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Now we can lower bound the utility of an agent at any pure
Nash equilibrium.

LEMMA 2. Let u be the profile of true agent valuations
and let s be a pure Nash equilibrium. For any agent i and
any item j it holds that the utility of agent i at s is at least
1ti(s) i

PROOF. Let s’ = (s},s_;) be the strategy profile obtained
from s when agent i deviates to the strategy s, where s is
some strategy such that j >, £ for all items £ # j. Since
s is a pure Nash equilibrium, it holds that u;(PS;i(s)) >
u;(PS;(s")) > t;(s') - ui;, where the last inequality holds
since the utility of agent i is at least as much as the utility
she obtains from the consumption of item j. By Lemma
1, it holds that t;(s’) > 1 - ¢;(s) and hence u;(PSi(s)) >
i . tj(S) © Uiy - D

We can now prove the pure Price of Anarchy guarantee of
the mechanism.

THEOREM 1. The pure Price of Anarchy of Probabilistic
Serial is O(y/n).

PROOF. Let u be any profile of true agents’ valuations
and let s be any pure Nash equilibrium. First, note that
by reporting truthfully, every agent ¢ can get an allocation
that is at least as good as (1/n,...,1/n), regardless of other
agents’ strategies. To see this, first consider time ¢ = 1/n
and observe that during the interval [0,1/n], agent ¢ is con-
suming her favorite item (say a1) and hence pio, > 1/n.
Next, consider time 7 = 2/n and observe that during the
interval [0,2/n], agent ¢ is consuming one or both of her two
favorite items (a1 and az2) and hence piq, +piay, > 2/n. By a
similar argument, for any k, it holds that >°7_, pia; > k/n.
This implies that regardless of other agents’ strategies, agent
1 can achieve a utility of at least % Z?:l ui;. Since s is a pure
Nash equilibrium, it holds that u;(PSi(s)) > (1/n) >27_, uij
as well. Summing over all agents, we get that SWps(u,s) >
(1/n) 370, 220 uij = 1. If SWopr(u) < v/n then we are
done, so assume SWopr(u) > /n.

Because PS is neutral we can assume t;(s) < t;/(s) for
j < j' without loss of generality. Observe that for all j =
1,...,n, it holds that ¢;(s) > j/n. This is true because for
any t € [0, 1], by time ¢, exactly tn mass of items must have

been consumed by the agents. Since j is the jth item that
is entirely consumed, by time ¢;(s), the mass of items that
must have been consumed is at least j. By this, we get that
tj(s) - m > j, which implies ¢;(s) > j/n.

For each j let i¢; be the agent that gets item j in the
optimal allocation and for ease of notation, let w;, be her
valuation for the item. Now by Lemma 2, it holds that

j 15~
ui; (PS(s)) > Wi and SWps(u,s)ZZ;Hwij.

The Price of Anarchy is then at most
4 Z;L:I Wi
Z?:1 J- Wi /n

Consider the case when the above ratio is maximized and
let k be an integer such that k < Z?Zl wi; <k+1. Then it
must be that w;; = 1forj =1,...,kand w;; =0, for k+2 <
i; < n. Hence the maximum ratio is (k4wi, )/ (aw;, ., +b),
for some a, b > 0, which is monotone for w;,, in [0,1].
Therefore, the maximum value of (k + w;,_,)/(aw;, ., +b)
is achieved when either w;, , = 0 or w;,,, = 1. As a
result, the maximum value of the ratio is obtained when
> imin Wiy, = k for some k. By simple calculations, the
Price of Anarchy should be at most:

dk 4k _ 8n
Zk i = kk=1) T _—1°

j=1mn 2n

so the Price of Anarchy is maximized when k is minimized.
By the argument earlier, & > /n and hence the ratio is

O(vn). O

In Section 5, we extend Theorem 1 to broader solution con-
cepts and the incomplete information setting.

Random Priority

We also consider another very well-known mechanism, Ran-
dom Priority, often referred to as Random Serial Dictator-
ship. The mechanism first fixes an ordering of the agents
uniformly at random and then according to that ordering,
it sequentially matches them with their most preferred item
that is still available. Filos-Ratsikas et al. [15] proved that
the welfare in any truthtelling equilibrium is an Q(1/y/n)-
fraction of the maximum social welfare. While Random Pri-
ority has other equilibria as well, to establish the Price of
Anarchy bound, it suffices to observe that at least for dis-
tinct valuations, any strategy other than truthtelling does
not affect the allocation and hence it does not affect the
social welfare. Intuitively, since agents pick their most pre-
ferred items, any equilibrium strategy would place the most
preferred available items on top of the preference list, while
the ordering of the items that are not picked does not affect
the allocation of other agents. For valuations that are not
distinct, the argument can be adapted using small pertur-
bations of the values, losing only a small fraction of welfare.
We first we prove the following lemma.

LEMMA 3. If valuations are distinct, the social welfare is
the same in all mized Nash equilibria of Random Priority.

PROOF. Let 7 be an agent, and let B be a subset of the
items. Let s be a mixed Nash equilibrium with the property
that with positive probability, ¢ will be chosen to select an
item at a point when B is the set of remaining items. In that



case (by distinctness of i’s values), i’s strategy should place
agent i’s favourite item in B on the top of the preference list
among items in B. Suppose that for items j and j’, there
is no set of items B that may be offered to i with positive
probability, in which either j or j’ is optimal. Then i may
rank them either way, i.e. can announce j >=; j' or j' >=; j.
However, that choice has no effect on the other agents, in
particular it cannot affect their social welfare. [

Given the main theorem in [15], Lemma 3 implies the
following.

COROLLARY 1. Ifwaluations are distinct, the Price of An-
archy of Random Priority is ©(y/n).

The same guarantee on the Price of Anarchy holds even
when the true valuations of agents are not necessarily dis-
tinct.

THEOREM 2. The Price of Anarchy of Random Priority
is O(v/n).

PROOF. We know from [15] that the social welfare of Ran-
dom Priority given truthful reports, is within O(y/n) of the
social optimum. The social welfare of a (mixed) Nash equi-
librium g cannot be worse than the worst pure profile from
q that occurs with positive probability, so let s be such a
pure profile. We will say that agent ¢ misranks items j and
j ifj =i g, but § =, J.

If an agent misranks two items for which she has distinct
values, it is because she has 0 probability in s to receive
either item. So we can change s so that no items are mis-
ranked, without affecting the social welfare or the allocation.
For items that the agent values equally (which are then not
misranked) we can apply arbitrarily small perturbations to
make them distinct. Profile s is thus consistent with rank-
ings of items according to perturbed values and is truthful
with respect to these values, which, being arbitrarily close to
the true ones, have optimum social welfare arbitrarily close
to the true optimal social welfare. [

Theorem 2 can be extended to solution concepts more
general than the mixed Nash equilibrium. Again, the details
are included in Section 5.

4. LOWER BOUNDS

In this section, we prove our main lower bound. Note
that the result holds for any mechanism, including random-
ized and cardinal mechanisms. Since we are interested in
mechanisms with good properties, it is natural to consider
those mechanisms that have pure Nash equilibria.

THEOREM 3. The pure Price of Anarchy of any mecha-
nism is Q(y/n).

PROOF. Assume n = k? for some k € N. Let M be
a mechanism and consider the following valuation profile
u. There are /n sets of agents and let G; denote the j-th
set. For every j € {1,...,4/n} and every agent i € G, it
holds that u;; = 1/n 4+ « and wi = 1/n — a/(n — 1), for
k # j, where « is sufficiently small. Let s be a pure Nash
equilibrium and for every set Gj, let i; = argmin;eg; p?;-[’s
(break ties arbitrarily). Observe that for all j = 1,...,y/n,
it holds that pf\;fj‘-s <1/y/mnandlet I = {i1,dz,...,i 5} Now
consider the valuation profile u’ where:

e For every agent i ¢ I, u) = u;.

e For every agent i; € I, let uj ; = 1 and u;, = 0 for
all k # ;.

We claim that s is a pure Nash equilibrium under u’ as
well. For agents not in I, the valuations have not changed
and hence they have no incentive to deviate. Assume now
for contradiction that some agent ¢ € I whose most pre-
ferred item is item j could deviate to some beneficial strat-
egy s;. Since agent i only values item j, this would imply

M.(s).s_; . .
that pij’(é”s") > p?j{’s However, since agent ¢ values all

items other than j equally under u; and her most preferred
item is item j, such a deviation would also be beneficial un-
der profile u, contradicting the fact that s is a pure Nash
equilibrium.

Now consider the expected social welfare of M under val-
uation profile u’ at the pure Nash equilibrium s. For agents
not in I and taking a to be less than 1/n®, the contribution
to the social welfare is at most 1. For agents in I, the con-
tribution to the welfare is then at most (1/y/n)y/n + 1 and
hence the expected social welfare of M is at most 3. As the
optimal social welfare is at least v/n, the bound follows. [

Interestingly, if we restrict our attention to deterministic
mechanisms, then we can prove that only trivial pure Price
of Anarchy guarantees are achievable.

THEOREM 4. The pure Price of Anarchy of any determin-
istic mechanism is Q(n?).

PROOF. Let M be a deterministic mechanism that always
has a pure Nash equilibrium. Let u be a valuation profile
such that for for all agents i and 7', it holds that u; = u,’,
uin = 1/n+ 1/n3 and u;; > u;, for j < k. Let s be a pure
Nash equilibrium for this profile and assume without loss of
generality that M;(s) = i.

Now fix another true valuation profile u’ such that v} = u;
and for agents i = 2,...,n, uj;  =1—¢€;; ; and us; = €,
for j #i— 1, where 0 < €}; < 1/n?, Dot €
€;; > € if j < k when j,k # i — 1. Intuitively, in profile u’,
each agent ¢ € {2,...,n} has valuation close to 1 for item
i — 1 and small valuations for all other items. Futhermore,
she prefers items with smaller indices, except for item 7 — 1.

We claim that s is a pure Nash equilibrium under true val-
uation profile u as well. Assume for contradiction that some
agent i has a benefiting deviation, which matches her with
an item that she prefers more than 7. But then, since the
set of items that she prefers more than 7 in both u and u’ is
{1,...,i}, the same deviation would match her with a more
preferred item under u as well, contradicting the fact that s
is a pure Nash equilibrium. It holds that SWopr(u') > n—2
whereas the social welfare of M is at most 2/n and the the-
orem follows. []

= E;,ifl and

The mechanism that naively maximizes the sum of the re-
ported valuations with no regard to incentives, when equipped
with a lexicographic tie-breaking rule has pure Nash equi-
libria, and also achieves the above ratio in the worst-case,
which means that the bounds are tight.

5.  GENERAL SOLUTION CONCEPTS

In the previous sections, we employed the pure Nash equi-
librium as the solution concept for bounding the inefficiency



of mechanisms, mainly because of its simplicity. Here, we
describe how to extend our results to broader well-known
equilibrium concepts in the literature. Due to lack of space,
we will only discuss the two most general solution concepts,
the coarse correlated equilibrium for complete information
and the Bayes-Nash equilibrium for incomplete information.
Since other concepts (like the mixed-Nash equilibrium for
instance) are special cases of those two, it suffices to use
those for our extensions.

DEFINITION 2. Given a mechanism M, let q be a distri-
bution over strategies. Also, for any distribution A let A_;
denote the marginal distribution without the ith index. Then
a strategy profile q is called a

1. coarse correlated equilibrium if

E [ui(Mi(s))] 2 E [ui(Mi((si,5-0)))];

s~q

2. Bayes-Nash equilibrium for a distribution A, where
each (Ay); is independent, if when u ~ A, then q(u) =
x:qi(ui) and for all u; in the support of (Ay)s,

E - [ui(Mi(s))] > [ws (M (s}, 5-1))]

u_j,s~q(u) u_j,s_j~q_j(u_j

where the given inequalities hold for all agents i, and (pure)
deviating strategies s;. Also notice that for randomized mech-
anisms definitions are with respect to an expectation over the
random choices of the mechanism.

The coarse correlated and the Bayesian Price of Anarchy are
defined similarly to the pure Price of Anarchy.

Again, first we mention that we can obtain the extensions
to Random Priority rather straightforwardly, based on the
fact that even when using probability mixtures over strate-
gies, an agent will always (in every realization) pick her most
preferred item among the set of available items when she is
chosen. In other words, any pure strategy in the support of
the distribution will rank the most preferred available item
first, and the ordering of the remaining items does not affect
the distribution.

THEOREM 5. The coarse correlated Price of Anarchy of
Random Priority is O(y/n). The Bayesian Price of Anarchy
of Random Priority is O(y/n).

PrOOF. For the correlated Price of Anarchy, the argu-
ment is very similar to the one used in the proof of Theorem
2. Again, if any strategy in the support of a correlated equi-
librium q misranks two items j and j’ for any agent i, it can
only be because agent i has 0 probability of receiving those
items, otherwise agent i would deviate to truthtelling, vio-
lating the equilibrium condition. The remaining steps are
exactly the same as in the proof of Theorem 2.

For the incomplete information case, consider any Bayes-
Nash equilibrium g(u) and let u be a any sampled valuation
profile. The expected social welfare of the Random Priority
can be written as Eu [Esvqeu) [ui(s)]]. Using the same ar-
gument as the one in the proof of Theorem 2, we can lower

bound the quantity E,qu) [ui(s)] by © (L\%T(‘U) and
the bound follows. [

Next, we turn to Probabilistic Serial and prove the Price of
Anarchy guarantees, with respect to coarse correlated equi-
libria and Bayes-Nash equilibria. Before we state our theo-
rems however, we will briefly discuss the connection of those

extensions with the smoothness framework of Roughgarden
[25]. According to the definition in [25], a game is (X, u)-
smooth if it satisfies the following condition

Zui(sf,s,i) > ASW(s"™) — uSW (s), (1)

where s* is a pure strategy profile that corresponds to the
optimal allocation and s is any pure strategy profile. It is
not hard to see that a (A, u)-smooth game has a Price of
Anarchy bounded by (u+ 1)/A.

Since establishing that a game is smooth also implies a
pure Price of Anarchy bound, an alternative way of attempt-
ing to prove Theorem 1 would be to try to show smoothness
of the game induced by PS, for u/\ = /n. However, this
seems to be a harder task than what we actually do, since in
such a proof, one would have to argue about the utilities of
agents and possibly reason about the relative preferences for
other items, other than the item they are matched with in
the optimal allocation. Our approach only needs to consider
those items, and hence it seems to be simpler.

An added benefit to the smoothness framework is the ex-
istence of the extension theorem in [25], which states that
for a (A, u)-smooth game, the Price of Anarchy guarantee
extends to broader solution concepts verbatim, without any
extra work. At first glance, one might think that proving
smoothness for the game induced by PS might be worth the
extra effort, since we would get the extensions “for free”. A
closer look at our proofs however shows that our approach is
very similar to the proof of the extension theorem but using
an alternative, simpler condition.

Specifically, the analysis in [25] uses Inequality 1 as a
building block and substitutes the inequality into the expec-
tations that naturally appear when considering randomized
strategies. This can be done because the condition applies
to all strategy profiles s, when s* is an optimal strategy
profile. This is exactly what we do as well, but we use the
inequality t;(s;,s—i) > 1 - t;(s) instead, which is simpler
but sufficient since it only applies to the game at hand. If
OPT;(u) = j, which is what we use in the proof of Theo-
rem 1, then (sj,s_;j) can be thought of as a profile where
an agent deviates to her strategy in the optimal profile and
hence the left-hand side of the inequality is analogous to
the left-hand side of Inequality 1. In a sense, the inequality
t;(si,s—i) > %-t;(s), can be viewed as a “smoothness equiv-
alent” for the game induced by PS, which then allows us to
extend the results to broader solution concepts.

First, we extend Theorem 1 to the case where the solution
concept is the coarse correlated equilibrium.

THEOREM 6. The coarse correlated Price of Anarchy of
Probabilistic Serial is O(y/n).

PRrROOF. Let u be any valuation profile and let ¢ be any
agent. Furthermore, let j = OPT;(u) and let s, be the pure
strategy that places item j on top of agent i’s preference
list. By Lemma 1, the inequality ¢;(s},s—;) > 1¢;(s) holds
for every strategy profile s. In particular, it holds for any
pure strategy profile s where s; is in the support of the
distribution of the mixed strategy ¢; of agent ¢, for any coarse
correlated equilibrium q.This implies that

SEq[uZ(PSL(S))] Z SEq[ui(PSi(sg,s,i))]
1

> E [uijt;(si,5-4))] > uijt;(s).
s~q 4



where the last inequality holds by Lemma 1. Using this,
we can use very similar arguments to the arguments of the
proof of Theorem 1 and obtain the bound. []

For the incomplete information setting, when valuations are
drawn from some publically known distributions, we can
prove the same upper bound on the Bayesian Price of An-
archy of the mechanism.

THEOREM 7. The Bayesian Price of Anarchy of Proba-
bilistic Serial is O(y/n).

PrOOF. The proof is again similar to the proof of Theo-
rem 1. Let u be a valuation profile drawn from some dis-
tribution satisfying the unit-sum constraint. Let ¢ be any
agent and let j, = OPT;(u), ¢ € [n]. Note that by a similar
argument as the one used in the proof of Theorem 1, the
expected social welfare of PS is at least 1 and hence we can
assume that Eu[SWopr(u)] > 2v/2n + 1. Observe that in
any Bayes-Nash equilibrium q(u) it holds that

E @) = E| E [u@)
s~a(u) " s~atw
/
2 1]:5 u]:@i [ui(sivsfi)}
[s_i~a—i(u_s)
= 1ILE uI@i [U‘ijut]'u(S;'yS—i)]
|s_i~a—i(u_j)
1
= BV E | quiutiu(s)
" Ls~a(w
1
= 7 B [wintiu(s)]
s~q(u)

where the last inequality holds by Lemma 1 since s; denotes
the strategy that puts item j,, on top of agent i’s preference
list. Note that this can be a different strategy for every
different u that we sample. For notational convenience, we
use s; to denote every such strategy. The expected social
welfare at the Bayes-Nash equilibrium is then at least

S OE we) > - E [ugts (o)

= ws~alw) 4 i€[n] s~a(u)
i
2 L [Z Muiju]
s~q(u) |i€[n]
S E [SWOPT(u)(SWopT(u)fl)}
= u 8n
s~q(u)
- E [SWOPTw)(SWopT(u) - 1>]
u 8n
L Eu [5Worrw)*] - Eu [SWopr(w)
= 8n
L EulSWorr(w]

2V2n

and the bound follows. [

6. EXTENSIONS
6.1 Price of Stability

Theorem 3 bounds the Price of Anarchy of all mechanisms.
A more optimistic (and hence stronger when proving lower
bounds) measure of efficiency is the Price of Stability, i.e.
the worst-case ratio over all valuation profiles of the optimal
social welfare over the welfare attained at the best equilib-
rium. We extend Theorem 3 to the Price of Stability of all
mechanisms that satisfy a “proportionality” property.

Let a1 >; a2 >; -+ =; an be the (possibly weak) prefer-
ence ordering of agent i. A random assignment vector p; for
agent i stochastically dominates another random assignment
vector ¢; if Zle Pia; > Zle Gia;, for all k = 1,2,--- n.
The notation that we will use for this relation is p; =5¢ gi.

DEFINITION 3 (SAFE STRATEGY). Let M be a mecha-
nism. A strategy s; is a safe strategy if for any strategy
](Drl‘oﬁlle S_i ?]; the other players, it holds that M;(s;,s_;) =35%
We will say that a mechanism M has a safe strategy if every
agent ¢ has a safe strategy s; in M. We now state our lower
bound.

THEOREM 8. The pure Price of Stability of any mecha-
nism that has a safe strategy is Q(y/n).

PROOF. Let M be a mechanism and let I = {k+1,...,n}
be a subset of agents. Let u be the following valuation
profile.

e For all agents ¢ € I, let u;; = % forj=1,---,k and
ui; = 0 otherwise.

e For all agents ¢ ¢ I, let u;; =1 and u;; = 0,7 # 4.

Now let s be a pure Nash equilibrium on profile u and let
s; be a safe strategy of agent i. The expected utility of each
agent i € I in the pure Nash equilibrium s is

Elui(s)] = Y pis(sis-i)vig > D> pis(si,s-i)viy
J€E[n] J€E[n]

due to the fact that s is pure Nash equilibrium and s} is a safe
strategy of agent 4. On the other hand, the utility of agent
i € I can be calculated by E[ui(s)] = 3=, c(,; Pij (si, s—i)vij =
(Z?Zl pij)/k. Because s is a pure Nash equilibrium, it holds
that E[u;] > 1/n, so we get that Zle pij > k/nforalli e I.
As for the rest of the agents,

- - EOk?
S Y pumk=Y Y pySk—(n—k)s =

i€EN\I j=1 i€l j=1

This implies that the contribution to the social welfare from
agents not in I is at most k*/n and the expected social
welfare of M will be at most 1 + (k*/n). It holds that
SWopr(u) > k and the bound follows by letting k = /n. [

Due to Theorem 8, in order to obtain an (y/n) bound for a
mechanism M, it suffices to prove that M has a safe strat-
egy. In fact, most reasonable mechanisms, including Ran-
dom Priority and Probabilistic Serial, as well as all ordinal
envy-free mechanisms satisfy this property.



DEFINITION 4  (ENVY-FREENESS). A mechanism M is
(ex-ante) envy-free if for all agents i and r and all profiles
s, it holds that 3=, pijsij > 3°7_, prjsrj. Furthermore, if

M s ordinal, then this implies p!"® =54 phts.

Given the interpretation of a truth-telling safe strategy as a
“proportionality” property, the next lemma is not surprising.

LEMMA 4. Let M be an ordinal, envy-free mechanism.
Then for any agent i, the truth-telling strategy w; is a safe
strategy.

PROOF. Let s = (u;,s_;i) be the strategy profile in which
agent ¢ is truth-telling and the rest of the agents are playing

some strategies s_;. Since M is envy-free and ordinal, it
holds that Zf.:l i > Zf.:l pr; for all agents r € {1,...,n}
and all £ € {1,...,n}. Summing up these inequalities for
agents r = 1,2,...,n we obtain
4 4 n
ny Pl oz XD =t
j=1 j=1r=1

which implies that Z§=1 i > %, foralli e {1,...,n}, and
forall ¢ € {1,...,n}. O

Note that since Probabilistic Serial is ordinal and envy-free
[9], by Lemma 4, it has a safe strategy and hence Theorem
8 applies. It is not hard to see that Random Priority has a
safe strategy too.

LEMMA 5. Random Priority has a safe strategy.

PrOOF. Since Random Priority first fixes an ordering of
agents uniformly at random, every agent i has a probability
of 1/n to be selected first to choose an item, a probability
of 2/n to be selected first or second and so on. If the agent
ranks her items truthfully, then for every ¢ = 1,...,n, it
holds that 3¢_, pi; > ¢/n. O

In a sense, the safe strategy property is essential for the
bound to hold; one can show that the randomly dictatorial
mechanism, that matches a uniformly chosen agent with her
most preferred item and the rest of the agents with items
based solely on that agent’s reports achieves a constant Price
of Stability. On the other hand, the Price of Anarchy of the
mechanism is (n). It would be interesting to show whether
Price of Anarchy guarantees imply Price of Stability lower
bounds in general.

6.2 Unit-range representation

Our second extension is concerned with the other nor-
malization that is also common in the literature [28, 2, 15],
the unit-range representation, that is, max; u;(j) = 1 and
min; u;(j) = 0. First, the Price of Anarchy guarantees from
Section 3 extend directly to the unit-range case. For Ran-
dom Priority, since the results in [15] hold for this normaliza-
tion as well, we can apply the same techniques to prove the
bounds. For Probabilistic Serial, first, observe that Lemma
2 holds independently of the representation. Secondly, in
the proof of Theorem 1, it now holds that

1 n n
SWes(u,s) > 522% > 1,
i=1 j=1

which is sufficient for bounding the Price of Anarchy when
SWopr(u) < 4/n. Finally, the arguments for the case when
SWopr(u) < /n hold for both representations.

Next, we present a Price of Anarchy lower bound for deter-
ministic mechanisms. First, we prove the following lemma
about the structure of equilibria of deterministic mecha-
nisms. Note that the lemma holds independently of the
choice of representation.

LEMMA 6. The set of pure Nash equilibria of any deter-
ministic mechanism is the same for all valuation profiles that
induce the same preference orderings of valuations.

PRrROOF. Let u and u’ be two different valuation profiles
that induce the same preference ordering. Let s be a pure
Nash equilibrium under true valuation profile u and assume
for contradiction that it is not a pure Nash equilibrium under
u’. Then, there exists an agent i who by deviating from s
is matched to a more preferred item according to ). But
that item would also be more preferred according to w; and
hence she would have an incentive to deviate from s under
true valuation profile u, contradicting the fact that s is a
pure Nash equilibrium. []

Using Lemma 6, we can then prove the following theorem.

THEOREM 9. The Price of Anarchy of any deterministic
mechanism that always has pure Nash equilibria is Q(n) for
the unit-range representation.

PrOOF. Let M be a deterministic mechanism that always
has a pure Nash equilbrium and let u be a valuation profile
such that for all agents ¢ and 4, it holds that u; = u;s and
Uij > Uik, for all items ¢ < k. Let s be a pure Nash equilib-
rium for this profile and assume without loss of generality
that M;(s) = ¢. By Lemma 6, s is a pure Nash equilibrium
for any profile u that induces the above ordering of valu-
ations. In particular, it is a pure Nash equilibrium for a
valuation profile satisfying

e For agents ¢ = 1,..., 5, ;1 = 1 and uy; < 7%37 for
j>1.
e For agents i = § + 1,...,n, u; > 177713 for j =

1,...,n/2andui]-<n—lgforj:%—kl,...,n.

It holds that OPT'(u) > %, whereas the social welfare of M
is at most 2 and the theorem follows. [

Again, similarly to the corresponding bound in Section
4, the mechanism that naively maximizes the sum of the
reported valuations has pure Nash equilibria and achieves
the above bound.

More importantly, it is not clear whether the general lower
bound on the Price of Anarchy of all mechanisms that we
proved in Theorem 3 extends to the unit-range representa-
tion as well. In fact, we do not know of any bound for the
unit-range case and proving one seems to be a quite com-
plicated task. As a first step in that direction, the follow-
ing theorem obtains a lower bound for e-approzimate (pure)
Nash equilibria. A strategy profile is an e-approximate pure
Nash equilibrium if no agent can deviate to another strategy
and improve her utility by more than e. While the following
result applies for any positive e, it is weaker than a corre-
sponding result for exact equilibria.



THEOREM 10. Let M be a mechanism and let € € (0,1).
The e—approximate Price of Anarchy of M is Q(n1/4) for
the unit-range representation.

PROOF. Assume n = k2, where k € N will be the size
of a subset I of “important” agents. We consider valuation
profiles where, for some parameter 6 € (0,1),

e all agents have value 1 for item 1,

e there is a subset I of agents with |I| = k for which any
agent i € I has value 6 for any item j € {2,...,k+1}
and 0 for all other items,

o for agent ¢ & I, i has value §° for items j € {2,...,k+
1} and O for all other items.

Let u be such a valuation profile and let s be a Nash equi-
librium. In the optimal allocation members of I receive
items {2,...,k+1} and such an allocation has social welfare
k6* + 1.

First, we claim that there are k(1 — 20) members of I
whose payoffs in s are at most J; call this set X. If that
were false, then there would be more than 2ké members of
I whose payoffs in s were more than 6. That would imply
that the social welfare of s was more than 2ké2, which would
contradict the optimal social welfare attainable, for large
enough n (specifically, n > 1/6%).

Next, we claim that there are at least k(1 — 2J) non-
members of I whose probability (in s) to receive any item in
{1,...,k+ 1} is at most 4(k + 1)/n; call this set Y. To see
this, observe that there are at least %n agents who all have
probability < 4/n to receive item 1. Furthermore, there are
at least 3n/4 agents who all have probability < 4k/n to re-
ceive an item from the set 2,...,k + 1. Hence there are at
least n/2 agents whose probabilities to obtain these items
satisfy both properties.

We now consider the operation of swapping the valuations
of the agents in sets X and Y so that the members of I from
X become non-members, and vice versa. We will argue that
given that they were best-responding beforehand, they are
d-best-responding afterwards. Consequently s is an 6-NE of
the modified set of agents. The optimum social welfare is
unchanged by this operation since it only involves exchang-
ing the payoff functions of pairs of agents. We show that
the social welfare of s is some fraction of the optimal social
welfare, that goes to 0 as n increases and 0 decreases.

Let I’ be the set of agents who, after the swap, have the
higher utility of 6% for getting items from {2,...,k + 1}.
That is, I’ is the set of agents in Y, together with I minus
the agents in X.

Following the above valuation swap, the agents in X are
0-best responding. To see this, note that these agents have
had a reduction to their utilities for the outcome of receiving
items from {2,...,k 4+ 1}. This means that a profitable
deviation for such agents should result in them being more
likely to obtain item 1, in return for them being less likely
to obtain an item from {2,...,k+ 1}. However they cannot
have probability more than § to receive item 1, since that
would contradict the property that their expected payoff was
at most 4.

After the swap, the agents in Y are also d-best responding.
Again, these agents have had their utilities increased from §°
to 62 for the outcome of receiving an item from {2,..., %k +
1}. Hence any profitable deviation for such an agent would

involve a reduction in the probability to get item 1 in return
for an increased probability to get an item from {2,...,k+
1}. However, since the payoff for any item from {2,...,k+1}
is only 2, such a deviation pays less than §.

Finally, observe that the social welfare of s under the new
profile (after the swap) is at most 1 + 3k§®. To see this,
note that (by an earlier argument and the definition of I")
k(1 —26) members of I' have probability at most 4(k+1)/n
to receive any item from {1,...,k+1}. To upper bound the
expected social welfare, note that item 1 contributes 1 to the
social welfare. Ttems in {2,...,k+ 1} contribute in total, 6
times the expected number of members of I’ who get them,
plus 62 times the expected number of non-members of I’
who get them, which is at most 62525 + 6°k(1 — 28) which
is less than 3ké&°.

Overall, the price of anarchy is at least (k62 + 1)/3kd®,
which is more than 1/§. The statement of the theorem is
obtained by choosing § to be less than e, n large enough for
the arguments to hold for the chosen §, i.e. n > 1/8*. O

7. CONCLUSION AND FUTURE WORK

Our results are rather negative: we identify a non-constant
lower bound on the Price of Anarchy for one-sided matching,
and find a matching upper bound achieved by well-known
ordinal mechanisms. However, such negative results are im-
portant to understand the challenge faced by a social-welfare
maximizer: for example, we establish that it is not enough
to elicit cardinal valuations, in order to obtain good social
welfare. It may be that better welfare guarantees should
use some assumption of truth-bias, or some assumption of
additional structure in agents’ preferences.

An interesting direction of research would be to identify
conditions on the valuation space that allow for constant val-
ues of the Price of Anarchy or impose some distributional
assumption on the inputs and quantify the average loss in
welfare due to selfish behavior. For the general, worst-case
setting, one question raised is whether one can obtain Price
of Anarchy or Price of Stability bounds that match our up-
per bounds for the unit-range representation as well.
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ABSTRACT

We consider the egalitarian welfare aspects of random as-
signment mechanisms when agents have unrestricted cardi-
nal utilities over the objects. We give bounds on how well
different random assignment mechanisms approximate the
optimal egalitarian value and investigate the effect that dif-
ferent well-known properties like ordinality, envy-freeness,
and truthfulness have on the achievable egalitarian value.
Finally, we conduct detailed experiments analyzing the
tradeoffs between efficiency with envy-freeness or truthful-
ness using two prominent random assignment mechanisms
— random serial dictatorship and the probabilistic serial
mechanism — for different classes of utility functions and
distributions.

Categories and Subject Descriptors

F.2 [Theory of Computation|: Analysis of Algorithms
and Problem Complexity; 1.2.11 [Distributed Artificial
Intelligence|: Multiagent Systems; J.4 [Computer Ap-
plications]: Social and Behavioral Sciences - Economics

General Terms

Economics, Theory and Algorithms

Keywords

Game theory (cooperative and mnon-cooperative), Social
choice theory

1. INTRODUCTION

We explore the tradeoffs between fairness and efficiency
for randomized mechanisms for the assignment problem.
Specifically, we consider settings where n agents express
preferences (cardinal or ordinal) over a set of m indivisi-
ble objects. The objective is to assign the objects to agents
in a fair and mutually beneficial manner [5, 9, 23, 27]. This
general setting has a number of important and significant
applications including the assignment of tasks to cores in
cloud computing, kidneys to patients in organ exchanges,

Appears at: 3rd Workshop on Exploring Beyond the Worst Case in
Computational Social Choice. Held as part of the 15th International Con-
ference on Autonomous Agents and Multiagent Systems. May 9th-10th,
2016. Singapore.

runways to airplanes in transportation, and students to seats
in schools. We consider the classic assumption that irrespec-
tive of whether agents are asked to report ordinal or cardinal
preferences, they have an underlying utility structure, where
each agent assigns real values or cardinal valuations to the
different objects [9, 23, 39, 40].

A well-established criterion for fairness is the Rawlsian
concept of maximizing the happiness of the least satisfied
agent [36, 26, 27, 32]. Following the spirit of this idea, we
quantify the fairness of an allocation in terms of its egal-
itarian value: the minimum ratio of the value of objects
assigned to an agent to his total valuation for all the ob-
jects. The optimal egalitarian value (OEV) for a valuation
profile of all agents is the best egalitarian value achievable
over all assignments. The optimal egalitarian value is well-
grounded for a number of reasons. If each agent has a total
utility of one for the set of all objects (a standard assump-
tion in the literature [12, 15, 18, 20]), it is equivalent to the
maximum egalitarian welfare. The advantage of considering
the optimal egalitarian value is that it does not change if
agents scale their relative values for the objects. Further-
more, if the egalitarian value of each agent is 1/n, then the
well-known proportionality requirement [11] is satisfied.

The egalitarian value is not the only criterion for desir-
able allocation mechanisms. Allocation mechanisms may
have other goals and requirements such as envy-freeness or
truthfulness. Crucially, both these properties are incom-
patible with optimizing the egalitarian value except in very
restricted domains [10]. Thus, it is natural to examine
the tradeoffs between optimizing the egalitarian value and
achieving other desirable properties. In some settings, such
as kidney exchanges, the tradeoff between fairness and effi-
ciency is of the utmost concern [17].

Evaluating these tradeoffs also motivates the study of how
established mechanisms with other desiderata perform in
terms of the egalitarian value. For a given mechanism J,
we examine the approximation ratio guar(J), which is the
minimum ratio (among all valuation profiles) of the egalitar-
ian value of an allocation returned by the mechanism to the
optimal egalitarian value. Our work falls under the umbrella
of approximate mechanism design without money, a frame-
work set by Procaccia and Tennenholtz [34] for the study of
how well mechanisms with certain properties approximate
some objective function of the agents’ inputs.

In this paper, we study randomized assignment mecha-
nisms for which achieving ex ante fairness is easier com-



pared to deterministic mechanisms. Thus, to evaluate the
performance of the mechanisms, we compare their egalitar-
ian value with the optimal egalitarian value achieved by any
randomized allocation. Note that computing the allocation
with the optimal egalitarian value is an NP-hard problem
when we restrict ourselves to deterministic allocations [16].
On the other hand, when we consider randomized alloca-
tions, the optimal egalitarian value can be computed in poly-
nomial time via a linear program.

We give extra consideration to two randomized assign-
ment mechanisms — random serial dictatorship (RSD) and
probabilistic serial (PS), which are probably the best-known
and most-studied mechanisms in the random assignment lit-
erature [9, 22]. In RSD,! a permutation over the agents is
selected uniformly at random and each agent in the permu-
tation picks the most preferred m/n units of object that are
not yet allocated [4, 9, 37]. In PS, each object is considered
to have an infinitely divisible probability weight of one. To
compute an allocation, agents simultaneously and with the
same speed eat the probability weight of their most preferred
object which has not been completely consumed. Once an
object has been completely eaten by a subset of agents, each
of these agents moves on to eat their next most preferred ob-
ject that has not been completely eaten. The procedure ter-
minates after all the objects have been eaten. The random
allocation of an agent by PS is the amount of each object
he has eaten [9, 25]. PS satisfies stochastic dominance (SD)
envy-freeness (envy-freeness with respect to all cardinal util-
ities consistent with the ordinal preferences). We also define
a mechanism which we refer to as Optimal Egalitarian and
Envy-Free Mechanism (OEEF), which maximizes the egal-
itarian value of an allocation under the constraint that the
allocation is envy-free. Allocations under this mechanism
can be computed in polynomial time via linear programming
since envy-freeness can be captured by linear constraints.

1.1 Our contributions

We present novel theoretical and empirical results regard-
ing fairness in randomized mechanisms. Our main theoreti-
cal contributions are as follows.

e For any SD envy-free mechanism J: guar(J) =
Oo(n™1).

e For any envy-free mechanism J: guar(J) = Q(n™")
and guar(J) = O(n~'/%).

e For any truthful-in-expectation mechanism J:
guar(J) = O(n=1/%).

e For any ordinal mechanism J: guar(J) = O(n™1).

The first three results apply to mechanisms that may be car-
dinal mechanisms. As a result of our general bounds, we also
get asymptotically tight bounds of ©(n~') for RSD and PS.
As a result of our general bounds for envy-free mechanisms,
we obtain bounds for well-known envy-free mechanisms such
as competitive equilibrium with equal incomes (CEEI) [39]
and the pseudo-market mechanism [23]. Since a random as-
signment of indivisible objects can also be interpreted as a
fractional assignment of divisible objects, our results apply
as well to fair allocation of divisible objects.

'The original definition of RSD is for n agents and n objects;
the definition here is a straightforward adaptation for n <
m.

The constructions that provide the upper bounds for the
guar values can be considered as extreme examples that
may not be common in real-life scenarios. In order to better
understand how the mechanisms may perform in practice,
we consider the approximation ratio achieved by RSD and
PS. We also examine the effect of imposing the envy-freeness
constraint. We generate ordinal profiles via a Mallows model
for different levels of dispersion ¢ from a common reference
ranking of objects, assigning cardinal utilities via the Borda
and exponential scoring functions. Sweeping ¢ from 0, where
all agents have the same preference, to 1.0, where all prefer-
ence orders are equally likely (the Impartial Culture), allows
us to make statements regarding situations where agent pref-
erences are more or less correlated. We make the following
observations.

e There is a negligible difference between the minimum
and average achievable approximation ratios for PS
and RSD under Borda utilities. While PS performs
slightly better than RSD when agents have more ex-
treme (exponential) utilities, both mechanisms per-
form strictly worse when agents’ valuations are more
similar, as they are under Borda utilities.

e When we require envy-freeness (as in OEEF) with
exponential utilities, as ¢ increases towards 1.0 (i.e.
Impartial Culture) the achievable approximation ratio
first decreases slightly and then increases. Hence, as
agents value more disparate objects highly, satisfying
envy-freeness does not impose as stiff a penalty on the
achievable approximation ratio.

e In our experiments, the requirement of envy-freeness
as a constraint in itself (as in the OEEF mechanism)
does not have a large impact on the OEV. However,
since PS returns an SD envy-free (envy-free for all car-
dinal utilities consistent with the ordinal preferences)
allocation, its achievable approximation ratio is strictly
less than OEEF.

1.2 Related work

The assignment problem has been in the center of atten-
tion in recent years in both computer science and economics
[12, 20, 21]. Often, in the classical assignment literature,
agents are assumed to have an underlying cardinal utility
preference structure, even if they are not asked to report it
explicitly. On the other hand, there are many examples of
well-known cardinal mechanisms, such the pseudo-market
(PM) mechanism of Hylland and Zeckhauser [23] and the
competitive equilibrium with equal incomes (CEEI) mech-
anism [39]. Both mechanisms return allocations that are
envy-free in expectation. The two prominent ordinal mech-
anisms in the literature are the probabilistic serial mecha-
nism (PS) [9, 13, 38] and random serial dictator (RSD), a
folklore mechanism that pre-existed the formulation of the
assignment problem in [23]. Later, Che and Kojima [13] pro-
posed a variant of PS called multi-unit eating probabilistic
serial (MPS) that was formalised and axiomatically studied
by Aziz [2].

The egalitarian welfare has received considerable interest
within the computer science literature, especially for allo-
cation of discrete objects in a deterministic manner. The
problem is also referred to as the Santa Claus problem in
which the goal is to compute an assignment which maxi-
mizes the utility of the agent that gets the least utility [1, 6].



For deterministic settings, Demko and Hill [16] proved that
the problem is NP-hard. On the other hand, for random-
ized/fractional allocations, the problem can be solved via
a linear program.> Recently, another fairness constraint
that has been considered is the maxmin fair share [11, 35].
The notion coincides with proportionality in the context of
randomized/fractional allocations and hence is weaker than
OEV.

Another popular objective is the maximization of the util-
itarian welfare, i.e. the sum of agents’ valuations for an as-
signment. Filos-Ratsikas et al. [18] proved that RSD guar-
antees Q(n~'/2) of the total utilitarian welfare if the utili-
ties are normalized to sum up to one for each agent, which
is asymptotically optimal among all randomized truthful
mechanisms. In a recent paper, Christodoulou et al. [14]
proved similar results for the price of anarchy with respect
to the utilitarian welfare of random assignment mechanisms,
including RSD and PS. In this paper, we consider the effect
on approximations of the egalitarian value from strategic
aspects (truthful mechanisms), limited information (ordi-
nal mechanisms), or additional fairness requirements (envy-
free mechanisms). The egalitarian value does not require
the agents’ utilities to be normalized and does not require
agents’ utilities to be added.

Bhalgat et al. [7] determined the approximation ratio of
RSD and PS when the objective is the maximization of a
different notion, the ordinal social welfare, which is related
to the “popularity” of an assignment [24]. Caragiannis et al.
[12] examined the issue of how much efficiency loss fairness
requirements like envy-freeness incur but crucially, their ob-
jective is maximization of utilitarian welfare.

2. PRELIMINARIES

An assignment problem is a triple (N,O,v) such that
N = {1,...,n} is the set of agents, O = {o01,...,0m} is
the set of indivisible objects, and v = (v1, ..., vn) is the val-
uation profile which specifies for each agent ¢ € N utility or
valuation function v; where v;; or v;(0;) denotes the value
of agent ¢ for object 0;. We will denote by V" the set of all
possible valuation profiles.

A fractional or random allocation p is a (n X m) ma-
trix [p(¢)(j)] such that p(i)(j) € [0,1] for all # € N, and
0; € O. We denote by P the set of all feasible alloca-
tions. The term p(7)(j) which we will also write as p(i)(o;)
represents the probability of object o; being allocated to
agent i. Each row p(i) = (p(i)(1),...,p(¢)(m)) represents
the allocation of agent i. The set of columns correspond
to the objects 01,...,0m. We will denote by p the m di-
mensional vector where the j-th entry is Y, p(7)(j) and
denotes the total probability that object j will be allocated
to some agent. The utility of agent ¢ from allocation p is
ui(p(i)) = 22;c0(P(9)(§))vij. An allocation p is proportional
if for all i € N, ui(p(i)) > Lui(O). An allocation p is envy-
free if for all 4,5 € N, u;i(p(¢)) > ui(p(j)). An allocation
is SD envy-free if it is envy-free with respect to all cardinal
utilities consistent with the ordinal preferences.®

2Even a lexicographic refinement of the OEV maximizing
allocations (in which the value of the worst off agent, then
the second worst off agent, and so on, are maximized) can
be computed in polynomial time via a series of linear pro-
grams [19].

38D envy-freeness also applies to cardinal mechanisms e.g.,

We will consider randomized mechanisms that return a
random allocation for each instance of an assignment prob-
lem. Note the connection between random assignments for
indivisible objects and fractional assignments of divisible ob-
jects; a random assignment can be viewed as a fractional
assignment when agents have additive utilities over the ob-
jects. In that sense, we can use well-known mechanisms for
fractional assignments, like the CEEI mechanism, as ran-
domized mechanisms for our setting.

We say that a mechanism is proportional if it always re-
turns a proportional allocation. Similarly, a mechanism is
envy-free if it always returns an envy-free allocation. A
mechanism M is truthful-in-expectation, if for any agent
i € N, any valuation profile v = (v;,v—;) and any misreport
v; of agent i it holds that w;(M (vi,v—;)) > u;(M(vi,v—;)),
i.e. no agent has any incentive to misreport her true valua-
tion.

Two valuations v; and v, are ordinally equivalent if they
induce the same ranking over objects, formally v;(o;) >
v; (o) iff vi(0j) > vi(ok). A profile v is ordinally equivalent
to profile v’ if for each i € N, v; and v} are ordinally equiv-
alent. A mechanism J is ordinal if for any two preference
profiles v and v’ that are ordinally equivalent, J(v) = J(v'),
i.e., the allocations are the same for any pair of ordinally
equivalent profiles. We now define the main efficiency mea-
sures that we will examine in the paper.

e The egalitarian value (EV) of an allocation p with re-
ui () .

spect to valuation profile v is EV (p,v) = inf{ (0

i€ N}

e For a given valuation profile, the optimal egalitar-
ian value (OEV) is the maximum possible egalitar-
ian value that can be achieved OEV (v) = sup,{3p €
P:EV(p,v) = A}

e For a given valuation profile v, an allocation p achieves

approrimation ratio g‘;gf(zi .

e For a given mechanism J and valuation profile v, we
will say that J achieves approxzimation ratio aar(J,v)
for valuation v where aar(J, v) is defined as aar(J,v) =
EV(J(v),v)

OEV(v)

e An allocation rule J guarantees an approrimation ra-
tio of guar(J) where guar(J) is defined as guar(J) =
infyevn{aar(J,v)}.

The guaranteed approximation ratio guar(J) is the worst-
case guarantee over all instances of the problem that we will
be looking to maximize in our theoretical results.

3. THEORETICAL RESULTS

We first note that for a deterministic mechanism .J,
guar(J) = 0; in the worst case, if all the agents only value
the same object then all agents get zero utility except the
agent who gets the valued object. From now on, we will fo-
cus on randomized mechanisms. We start with the following
lemma about proportional mechanisms.

LEMMA 1. For any mechanism J that is proportional,
guar(J) >n"t,

one that maximize total welfare subject to SD envy-freeness
constraints.



Proor. If the allocation p is proportional then for each
i € N, ui(p@l) > n " (0)). Since EV(p,v) >
infien (ui(p(i))/(ui(0)) and (ui(p(d)/(ui(0)) > n~* for all
i € N, we get that EV(p,v) > n~'. Since OEV(v) < 1,
B 2 O

Since both PS and RSD are proportional [3, 9], we ob-
tain the following guarantee on their approximation ratio:
guar(PS) > n~! and guar(RSD) > n~'.
A mechanism satisfies the favourite share property if when-
ever all the agents have the same most preferred object then
each agent is assigned to it with probability n~!. We obtain
the following theorem.

THEOREM 1. For any mechanism J that satisfies the
favourite share property, guar(J) = O(n™1).

Proor. Consider the following valuation profile with n =
m, where € is an arbitrarily small positive value.

1, ifj=1
Ul(Oj)Z{ v

0, otherwise.
For i € {2,...,n},
0.5+e¢ ifj=1

0.5—¢ ifj=1
0, otherwise.

vi(0j) =

Note that OEV is at least 0.5 that can be achieved by
allocating most of 01 to agent 1 and the rest uniformly
to the other agents and the o; completely to agent j for
j €42,...,n}. On the other hand, J gives 1/n of 01 to each
of the agents so that agent 1 gets utility 1/n. Since € can be
arbitrarily small, it follows that guar(J) = O(n™'). O

We remark here that Theorem 1 holds even if agents have
strict preferences; the utilities can be perturbed slightly
to reflect strict preferences. Since RSD and PS satisfy
the favourite share property as well as proportionality,
guar(RSD) = ©(n™ ') and guar(PS) = ©(n™ ).

THEOREM 2. For any mechanism J that satisfies SD
envy-freeness, guar(J) = O(n™1).

PRrOOF. SD envy-freeness implies the favourite share
property. If an allocation does not satisfy the favourite share
property, then the agent who gets less than 1/n of his most
preferred object will be envious of another agent if he has
extremely high utility for the object. [

In the following, we will prove an upper bound on the ap-
proximation ratio of the OEV for two classes of mechanisms:
envy-free mechanisms and truthful mechanisms. First we
prove the following lemma that states that when looking for
upper bounds on the approximation ratio, it suffices to only
consider anonymous mechanisms. Similar lemmas have been
proven before in literature [18, 20].

LEMMA 2. Let J be a mechanism with approrimation ra-
tio p. Then, there exists another mechanism J' which is
anonymous and has approximation ratio at least p. Further-
more, if J is truthful or truthful-in-expectation, then J' is
truthful-in-expectation and if J is envy-free, J' is envy-free.

PRrROOF. Let J’ be the mechanism that on input valuation
profile v first applies a uniformly random permutation to the
set of agents and then runs mechanism J on v. Obviously,
J’ is anonymous. Additionally, since v can be an input to J
and the approximation ratio is calculated over all possible
instances, the ratio of J cannot be better than the ratio of J’.
Finally, since the permutation is independent of valuations,
if J is truthful or truthful-in-expectation, J’ is truthful-in-
expectation. [J

Now we state the following theorem, bounding the ap-
proximation ratio of any truthful-in-expectation mecha-
nism. RSD and the uniform mechanism (that gives as-
signment probability of 1/n of each object to each agent)
are strategyproof and ordinal mechanisms that both achieve
a ©(n™') approximation of the OEV. We prove that for
any truthful-in-expectation mechanism J, it holds that
guar(J) = O(n=/%).

THEOREM 3. For any truthful-in-expectation mechanism
J, guar(J) = O(n=/%).

ProoOF. Let J be a truthful-in-expectation mechanism;
by Lemma 2, we can assume without loss of generality that
J is anonymous. Consider the following valuation profile v
(summarized in Figure 1) with n = ng +n.® + nf/Q agents
and n12 + 1 objects, where ¢ will be defined later:

n12+1O0bjects 1 2 3 4 --- n?+1
1000 --- 0
1000 -+ 0
ni agents, set A .
1000 0
1-¢ ¢ 0 O 0
1—-¢ 0 ¢ 0 --- 0
n1? agents, set B I=¢ 00 € -0
1-¢ 0 0 O €
0100 0
Lo y/n1 agents, set Ci
01 0 -~ 0
0010 -0
5 DL 5. /nT agents, set
n12 agents, set C 0010 ---0 ™1 agents, sot Gy
00O0O0 -1

oo \/n1 agents, set C"%
0000 -1

Figure 1: Valuation profile v.

e For every agent ¢ € A = {1,...,n1}, it holds that
v;(1) =1 and v;(j) = 0 for every object j # 1.

e For every agent i € B = {ny + 1,n1?}, it holds that
vi(1) =1—¢€ vi(i —n1 +1) = € and v;(j) = 0 for all
objects j € O\{1,7i —n1 + 1}.

e For every £ = 1,...,n1% and agent i € C; = {n1> +
(£—1)\/n1 +1,n12 +£y/n1}, it holds that v;(£+1) = 1
and v;(j) = 0 for all objects j # £ + 1.

In other words, the instance consists of n; agents that
have value 1 for the first object (set A) and 0 for everything



else, n1? agents that value object 1 at 1 — ¢ and another
object at value € (set B) and nf/z agents that value a single
object at 1 (set C' = U;Cy), such that \/n; agents value the
object that some agent in the set B has value € for.

Now if we let € = 1/(n1 —+/n1), then the egalitarian value
of the optimal allocation is at least 1/n1; an allocation with
such a value is the following;:

e Every agent ¢ € A is allocated 1/n; of object 1.

e Every agent ¢ € B is allocated (n1 — y/n1)/n1) of the
object they value at e.

e Every agent i € C; is allocated 1/n1 of object I 4 1.

Next consider a family of valuation profiles V, consisting of
profiles where all agents have the same valuations as in v,
except one agent from B that has value 1 for the object that
she had value € in v and 0 for all other objects. Formally,
for £ =1,...,n12, we define a profile v* € V as follows:

e For every agent i # ni + £, it holds that v¢(5) = v;(j)
for all objects j € M.

e For agent ni + ¢, it holds that Uflﬁé(f +1) =1 and
foH(j) =0, for all objects j # £+ 1.

Consider now any ¢ and the corresponding valuation profile
v*. Since J is anonymous and agents in C; U {n1 + £} have
identical valuations and since |C¢| = /n1, the probability
that agent n1 +¢ is allocated object £+41 is at most 1/(y/n1+
1) and her utility is hence at most 1/(,/n1+1). Now consider
valuation profile v and consider the probability p(ni +£)(£+
1) that agent nq+¢ is allocated object £+1. By truthfulness,
and since vn,+¢ could be a misreport from Ufll+g, it must
hold that p(n1 + £)({ +1) < 1/(y/n1 +1) < 1/y/n1. This
implies that the contribution to the expected utility of agent
n1 + £ from object £+ 1 is at most e/\/ﬂ, which is at most
1/(n1y/nr — ma).

Now consider the probability p(ni + £)(1) that agent
n1 + £ is allocated object 1. From the arguments above,
if p(n1 +¢)(1) < 1/(n14/n1 — n1), then the expected utility
of agent ny + £ is at most 2/(n14/n1 — n1) and the ratio is
O(1/y/n1). Since n = ni +n® + n?m, that would mean
that the theorem is proven. Hence, for J to achieve a better
ratio than O(n~'/%), it has to be the case that for every
¢=1,...,n1% it holds that p(ni + £)(1) > 1/(n1/n1 —n1).

2

This is not possible however, since then Y ;| p(n1+¢)(1) >
n1/(y/n1 — 1) > 1. This completes the proof. []

Note that for utilitarian welfare maximization, Filos-
Ratsikas et al. [18] proved that an ordinal mechanism, RSD
achieves the best approximation ratio among all truthful
mechanisms. We conjecture that this is the case for the
maximization of the egalitarian value as well, i.e. for any
truthful mechanism J, guar(J) = O(n™").

We now turn our attention to envy-free mechanisms. For
this class, we will prove an O(n71/5) upper bound as well;
the proof actually uses the same valuation profile as the
proof of Theorem 3.

THEOREM 4. For any mechanism J that satisfies envy-
freeness, guar(J) = O(n~Y/?).

Proor. Consider the valuation profile v used in the proof
of Theorem 3 and again consider the probability p(n1+£)(£+
1) that agent n1 + £ is allocated object £ + 1. Recall the

definition of sets A, B and C from the proof of Theorem 3.
By envy-freeness, it holds that p(n1 +£)(£+1) < 1/(v/n+
1) < 1/4/n1 otherwise some agent j € C¢ (who only values
object £ + 1) would be envious of agent ny + £.

The rest of the steps are the same as in the proof of The-
orem 3. Again, consider the probability p(ni + £)(1) that
agent n1 + ¢ is allocated object 1. Since p(n1 + £)(1) <
1/(n14/n1 — na), if p(n1 4+ £€)(1) < 1/(n14/n1 — n1) then for
the same reasons mentioned in the last paragraph of the
proof of Theorem 3, we are done. Hence, we can assume
that for every £ = 1,...,n12, it holds that p(ni + £)(1) >
1/(n14/n1 — n1). This is not possible however, since then

S p(ny + (1) > ny/(Yar—1) > 1. O

From Theorem 4, we obtain the following corollary:
guar(CEEI) = O(n~/?) and guar(PM) = O(n~*/?).

It would be interesting to provide a better bound for Theo-
rem 4 or show it is optimal, i.e. come up with an envy-free
mechanism that actually achieves the ratio. Finally, we con-
sider the OFEV guarantees of ordinal mechanisms.

THEOREM 5. For any mechanism J that is ordinal,
guar(J) = O(n™1).

PrOOF. Consider the setting with n agents and n + 1
objects {0*,00,...,0n—1}. The preferences are as follows:
each agent values 0* the most. Agent 1 has preference order
0",00,...,0n—-2,0n—1. The preference of each agent i € N \
{1} over the objects O \ {0"} are obtained as follows: take
agent ¢ — 1 preference order over O\ {0*} and move the most
preferred object of ¢ — 1 among O \ {0*} to the end of the
preference order for agent i.

1: 0,00, ,...,0n_2, On_1

*
2: 0,01, 4.-.y0n—1, 00

7 0*707,'717 yeoeyOn—i+1, 0;—2

By Lemma 2, we can assume without loss of generality
that J is anonymous. Furthermore, since J is ordinal, due
to the preference profile, the mechanism cannot differentiate
among the agents even though they may have different val-
uations over the objects. Assume that there is some agent
that is allocated at most 1/n of the universally most pre-
ferred object o*. In this case, consider the scenario where
this agent has utility almost 1 for 0* and the other agents 7
have utility 0.5 4 € for 0* and utility 0.5 — € for 0;—1 where €
is an arbitrarily small positive value. In this case, the egali-
tarian value achieved is 1/n whereas the OEV is almost 0.5.
Hence guar(J) = O(1/n). O

Since MPS is an ordinal mechanism, it follows that
guar(MPS) = O(n™").

4. EXPERIMENTAL RESULTS

The results in Section 3 give us worst case bounds on the
guaranteed approzimation ratios (guar(J)) for a number of
prominent randomized mechanisms including RSD and PS.
Hence, in this section we present experimental results which
provide a perspective on what may happen “in practice.”
Since PS can be considered as the most efficient SD envy-
free mechanism (in view of various characterizations [8, 38]),
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Figure 2: Minimum (top) and average (bottom) achieved approximation ratio for the RSD (left) and PS
(right) mechanisms with Borda utilities. Observe that both mechanisms perform similarly and significantly
better than the derived guar(J). Both mechanisms are relatively invariant to the level of dispersion in the
underlying valuation profiles. For each n = {1,...,9} the graphs are aggregated over the complete range of
objects (i.e., all m € {2,...,9}). For example, the cell (n =4,¢ = 0.2) is the minimum (resp. average) achieved
approximation ratio over all instances where m ranges over {1,...,9}.

the results for PS can also be viewed as the effect of enforc-
ing SD envy-freeness. In order to test the quality of RSD
and PS we need to generate both preferences and cardinal
utilities for the agents. There are a number of generative
statistical cultures that are commonly used to generate or-
dinal preferences over objects and the choice of model can
have significant impact on the outcome of an experimental
study (see e.g. [33]).

Since our focus is fairness, and fairness is often hard
to achieve when agents have similar valuations, we em-
ploy the Mallows model [29] and use the generator from
WWW.PREFLIB.ORG [31] in our study. Mallows models are
often used in machine learning and preference handling as
they allow us to easily control the correlation between the
preferences of the agents; a common phenomenon in prefer-
ence data [31, 30, 28]. A Mallows model has two parameters:
(1) a Reference Order (o), the preference order at the cen-
ter of the distribution, and (2) a Dispersion Parameter
(¢), the variance in the distribution which controls the level
of similarity of the agent preference orders. When ¢ = 0 all
agents have the same ordinal preference; when ¢ = 1 then
the ordinal preferences are drawn uniformly at random from
the space of all preference orders.

Formally, the probability of observing an ordering 7 is in-
versely proportional to the Kendall Tau distance between o
and r. This probability is weighted by ¢, which allows us
to control the shape of the distribution. For a given ordinal
preference, we superimpose cardinal utilities for the agents
using two well-established scoring functions: (1) Borda
Utilities, each agent has valuation of m — ¢ for his i-th pre-
ferred object, and (2) Exponential Utilities, each agent
has valuation of 2™~* for his i-th preferred object.

In our experiments we generate 10,000 valuation profiles
(instances) for each combination of parameters with the
number of agents n € {2,...,9}, number of objects m €
{2,...,9}, and dispersion parameter ¢ € {0.0,0.1,...,1.0}.
We draw o i.i.d. for each instance.

4.1 Experiments: The Performance of RSD
and PS

For each instance v generated, and each mechanism J,
we examined the achieved approximation ratio, aar(J,v) =

%‘%’;’), of the RSD and PS mechanisms. Among all such
values computed, we examined the minimum and average ra-
tio achieved for a given set of parameters. The results of our

experiments for Borda Utilities are shown in Figure 2 while
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Figure 3: Minimum (top) and average (bottom) achieved approximation ratio for the RSD (left) and PS
(right) mechanism with exponential utilities. For each n = {1,...,9} these graphs are aggregated over the
complete range of objects (i.e., all m € {2,...,9}). For example, the cell (n =4,¢ = 0.2) is the minimum (resp.
average) approximation ratio achieved over all instances where m ranges over {1,...,9}.

the results for exponential utilities are shown in Figure 3.
All our figures are aggregations over all values of m for par-
ticular combinations of n and ¢. Note that since aar(J,v)
is normalized over the total utility we can aggregate these
terms as it is invariant to this scaling. This allows us to
draw more general conclusions as we range over the number
of agents and objects. Empirically we found that increasing
the number of agents has a greater impact on the approxima-
tion performance of the mechanisms compared to an increase
in the number of objects, hence the decision to aggregate the
graphs in the manner chosen. This empirical result is in line
with our theoretical results showing that the worst case ap-
proximation ratio is a function of n. The results for both
mechanisms for Borda utilities strictly dominate the results
in Figure 3. Hence, we observe that the achieved approxima-
tion ratio is better for Borda utilities than for exponential
utilities.

When ¢ = 0.0 (not shown in our graphs), the achieved ap-
proximation ratio is 1 for both PS and RSD. Both of these
mechanisms return the uniform allocation, assigning prob-
ability of 1/n for each object to each agent, when all the
agents have identical preferences. In general, sweeping the
value of ¢ from completely correlated to completely uncorre-
lated preferences has little impact on the overall achievable

approximation ratio, though for both models the achievable
approximation ratio did strictly decrease as we increased ¢.
The impact of changing ¢ was strictly greater for the expo-
nential utility model than it was for the Borda utility model,
highlighting again that, as the difference between the valua-
tions of the objects grows large, it becomes harder to achieve
fair allocations.

There appears to be almost no difference between the min-
imum and average ratios for PS and RSD under Borda util-
ities. Furthermore, these ratios appear to be very high com-
pared to our theoretical results. Finally, PS consistently
performs slightly better than RSD for the minimum and av-
erage ratios under exponential utilities and on par with RSD
for Borda utilities. This provides more empirical support to
the argument that PS is superior to RSD in terms of fairness.

4.2 Experiments: The Effect of Envy-freeness

In order to evaluate the effect that envy-freeness has on
the allocations we turn to the OEEF mechanism. To un-
derstand the worst case effects of adding envy-freeness as
a hard constraint has on small instances we exhaustively
tested the parameter space with agents n € {2,...,6}, num-
ber of objects m € {3,4} under Borda and exponential util-
ities. In this entire parameter space, the worse case achiev-
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Figure 4: Minimum achieved approximation ratio when we enforce envy-freeness as a hard constraint. For
each n = {1,...,9} these graphs are aggregated over the complete range of objects (i.e., all m € {2,...,9}).
For example, the cell (n = 4,¢ = 0.2) is the minimum (resp. average) approximation ratio achieved over all

instances where m ranges over {1,...,9}.

able approximation ratio was 0.87, significantly higher than
the theoretical worst case. This shows that for smaller in-
stances and some standard utility models, the requirement
of envy-freeness does not have a significant negative impact
on the achievable approximation ratio. To get an under-
standing of the performance of OEEF in a larger param-
eter space we repeated the experiments from the previous
section here, evaluating the performance of OEEF across a
large parameter space with number of agents n € {2,...,9},
number of objects m € {2,...,9}, and dispersion parame-
ter ¢ € {0.0,0.1,...,1.0}. The results of these tests, again
aggregated by m and ¢, are shown in Figure 4.

When agents have exponential utilities, the achieved ap-
proximation ratio, much like in the last section, is strictly
worse. Additionally, when we have exponential utilities, as
¢ increases, the approximation ratio for the envy-free mech-
anisms first decreases slightly and then increases for higher
number of agents. Since ¢ = 1.0 means that agents prefer-
ences are drawn uniformly at random, it is more likely that
each agent has high valuation for different objects. Hence, as
the preferences move from concentrated to dispersed, there
seems to be an interesting transition from high to low and
back to high in terms of the achievable approximation ra-
tio. As in the previous subsection, we observe that when
all agents have the same preferences, the uniform allocation
is both envy-free and has maximal achieved approximation
ratio. Hence, when ¢ = 0, the ratio is 1.0 (not shown in
Figure 4). We note that RSD performs much more poorly
across the board compared to OEEF. The results in Fig-
ure 4 strictly dominate the results for PS. Hence, SD envy-
freeness that is satisfied by PS has a significant impact on
the achieved approximation ratio.

S. CONCLUSION

We present theoretical and experimental results concern-
ing how well different randomized mechanisms approximate
the optimal egalitarian value. It has been well-known that
egalitarianism can be incompatible with envy-free or truth-
fulness. In this paper, we quantified how much egalitar-
ianism is affected by such properties. In a recent paper,

Christodoulou et al. [14] proved results for the utilitarian
welfare of the Nash equilibria of assignment mechanisms. It
will be interesting to adopt a similar approach with respect
to the egalitarian value and study the price of anarchy of
randomized mechanisms with respect to that objective. To
conclude, we mention an open problem: what is the best
OEV approximation guaranteed by truthful mechanisms?
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ABSTRACT

We study a dynamic social choice problem in which an alternative
is chosen at each round according to the reported valuations of a set
of agents. In the interests of obtaining a solution that is both effi-
cient and fair, we aim to maximize the Nash social welfare, which
is the product of all agents’ utilities. We present three novel rules
and discuss some of their properties. Two are greedy algorithms
and the third attempts to explicitly learn the distribution over in-
puts, updating its decisions by solving a convex program at each
round. We also take a more generally applicable algorithm from
existing literature and apply it to our problem. Finally, we compare
all four algorithms against the offline optimal solution in simula-
tions.

1. INTRODUCTION

Fairness is a topic of rapidly increasing interest in social choice.
On the one hand, there has been much recent interest in the fair allo-
cation of resources—cake cutting [25] as well as other models [14,
22]. On the other hand, in voting, fairness considerations have re-
ceived attention in selecting a committee of candidates, in the form
of a focus on the voters being represented in the committee [10, 20,
8].

A classical approach to obtaining a fair outcome in a context
where agents have utility functions is to maximize the Nash so-
cial welfare [21], which is the product of the agents’ utilities. One
attractive feature of using the Nash social welfare is scale invari-
ance: if an agent doubles all her utilities (or, equivalently, changes
the units in which she expresses her utilities), this does not change
which outcomes maximize the objective.

In life, it is often difficult to make a completely fair decision in
a single-shot context; often, every option will leave some agents
unhappy. Fortunately, we can often address this over time—we
will go to my most preferred restaurant today, and to yours next
week. Achieving fairness over time is the topic of our paper. Ours
is certainly not the first work to consider fairness or social choice
in dynamic settings; see, for example, [24, 16, 6].

When we make multiple decisions over time, we could simply
maximize the Nash welfare in each round separately. But it is easy
to see that this can lead to dominated outcomes. For example, sup-
pose there are two agents, and we can choose an alternative that
gives one a reward of 3, and the other a reward of 0; or vice versa;

Appears at: 3rd Workshop on Exploring Beyond the Worst Case in Com-
putational Social Choice. Held as part of the 15th International Conference
on Autonomous Agents and Multiagent Systems. May 9th-10th, 2016. Sin-
gapore.

Seyed Majid Zahedi

Duke University

zahedi@cs.duke.edu

Vincent Conitzer
Duke University

conitzer@cs.duke.edu

or an alternative that gives each of them 1. Within a round, the last
alternative maximizes Nash welfare; but if this scenario is repeated
every round, then it would be better to alternate between the first
two alternatives, so that each agent obtains 1.5 per round on aver-
age. Of course, initially, say in the first round, we may not realize
we will have these options every round, and so we may choose the
last alternative; but if we do have these options every round, we
should eventually catch on to this pattern and start alternating. Ide-
ally, we would maximize the long-term Nash welfare, that is, the
product of the long-run utilities (which are the sums of each agent’s
rewards), rather than, for example, the sum of the products within
the rounds. Of course, if there is uncertainty about the options that
we will have in future rounds, we cannot expect to get the same
Nash welfare that we could obtain with perfect foresight. For ex-
ample, we may choose to make an agent happy this round, and then
later realize that in typical rounds, this agent is very easy to make
happy and we should have focused our efforts on an agent that is
more difficult to make happy. While such scenarios are inevitable,
we do want to adapt and learn over time and thereby approximate
the ideal Nash welfare.

In this work, we do not focus primarily on strategic concerns
(though we discuss this in more detail in Section 7). Of course it
is fairly common to ignore strategic concerns in the social choice
literature, but we do think this is an important topic for future work.
On the other hand, there are also important contexts where strategic
concerns do not come into play. For example, instead of consider-
ing a setting where there are multiple agents that have different
utility functions, we can consider a setting where there are multiple
objectives that each alternative contributes towards. For example,
consider faculty hiring. Suppose the three objectives that we want
our faculty hires to contribute to are research, teaching, and ser-
vice; moreover, suppose that at the time of hiring we can predict
well how much each candidate would contribute to each of these
objectives, if hired. Then, it stands to reason that, one year, we
may hire a top researcher that we do not expect to contribute much
to our teaching or service objectives. But we would be loath to
make such a decision every year; having hired a few top researchers
who are not good at teaching or service, pressure will mount to ad-
dress needs in the latter two. This fits well into our framework,
if we simply treat each of the three objectives as an agent that is
“happy” with an alternative to the extent to which it addresses the
corresponding objective. In particular, note that the fact that objec-
tives are measured in incomparable units — for example, we might
measure research crudely by number of top-tier publications, and
teaching crudely by course evalation scores — poses no problem
to our methodology, since this methodology can anyway address
agents measuring their utilities in different units. (Since we are not
in a setting with a numeraire, there is no reason their utilities should



have similar units.) Thus, a reader who insists on game-theoretic
modeling in the case of agents with utility functions may instead
substitute this modified interpretation of addressing multiple ob-
jectives everywhere in our paper.

The rest of the paper is organized as follows. In Section 2 we
introduce notation and preliminaries. In Section 3 we present two
simple greedy algorithms for choosing alternatives, and provide in-
tuitive interpretations of them. We make a computational distinc-
tion between them and provide an axiomatic justification for one
of them. In Section 4 we present an algorithm which can be seen
as an approximation to the optimal solution when 7 is infinite. In
Section 5 we present an existing algorithm designed for a more
general class of stochastic optimization problems with good regret
guaranatees.

After presenting the algorithms, we evaluate them on simulated
data in Section 6. Finally, in Section 7 we discuss some strategic
considerations in the repeated setting, and in Section 8 we discuss
specific applications of our methodology, including to voting.

Related work: Parkes and Procaccia [24] examine a similar
problem by modeling agents’ evolving preferences with Markov
Decision Processes, with a reward function defined over states and
actions (alternatives). However, their goal is to maximize the sum
of (discounted) rewards and they do not explicitly consider fairness
as an objective. Kash, Procaccia and Shah [16] examine a model of
dynamic fair division where agents arrive at different points in time
and must be allocated resources; however, they do not allow for
the preferences of agents to change over time as we do. A recent
paper by Aleksandrov et al. [6] considers an online fair division
problem in a setting where items appear one at a time, and agents
declare yes/no preferences over that item. In our setting, each round
has many alternatives and we allow agents to express more general
utilities. Our work is related to the literature on dynamic mecha-
nism design (see, e.g., [23] for an overview), except that we do not
consider monetary transfers. Guo, Conitzer and Reeves [15] con-
sider a setting similar to ours, also without money, except that they
are not explicitly interested in fairness, only welfare, and focus on
incentive compatibility.

2. PRELIMINARIES

Consider a set of n agents and let A be a set of m possible al-
ternatives.! At every round ¢t = 1,...,7, agents report their val-
uation for every alternative. In this paper we allow the valuations
to be integers in the range 0 to K for some finite K (therefore we
can achieve arbitrarily fine granularity by allowing K to be large).
Thus the input at every round is a matrix V; € ZZ3"2 .. For ev-
ery round ¢, a Dynamic Social Choice Function (DSCF) chooses a
single alternative, corresponding to a column of V;, which we de-
note by v;. Importantly, the problem is online, so we may only use
information up to time ¢ in order to choose v;.

The valuation of agent ¢ for the alternative 5 at time ¢ is V4 (4, j),
and at each round we can think of an agent’s valuation vector,
Vi(3, -), as their reported valuation for each alternative. Although
the columns of V; are formally indexed by alternatives, we will of-
ten refer to the vector V (-, 7) simply as j when there is no risk of
confusion. Thus the valuation of agent ¢ for alternative v; will be
denoted by v:(¢). We define a vector of accrued rewards at round
t, us, where the accrued reward of agent ¢ at round ¢t is the sum of
agent ¢’s valuations for the chosen alternatives up to and including

"For simplicity of presentation, we define the set of alternatives to
be static. However, all of our algorithms and results hold if the set
of alternatives, and even the number of alternatives, changes from
round to round.

round ¢, u; (i) = S°%,_, vy (7). We will most often be interested
in an agent’s accrued reward before the start of round ¢, u¢—1(%).
The average utility of the agents over the first ¢ rounds is given by
v = Tuy.

A DSCF is anonymous if applying permutation o to the rows of
V4, for all ¢, does not change the chosen alternative v, for any ¢.
A DSCEF is neutral if applying permutation o to the columns of V;,
for all ¢, results in choosing alternative o (v;) for all t. For the rest
of this paper we only consider anonymous, neutral DSCFs.

The DSCFs that we discuss are presented in a way that natu-
rally allows ties between alternatives. We think of the mechanisms
choosing a set of possible alternatives, and then choosing a single
alternative from the set arbitrarily.

The Nash social welfare (NSW) of utility vector v, NSW (v), is
defined to be the product of the agents’ utilities,

n
NSW(v) =[] v(@). (1)
i=1

The NSW is frequently used as an objective in the fair division
literature as it strikes a balance between maximizing efficiency and
fairness (for recent examples in the computer science literature, see
[11, 13, 26]). One further nice property of NSW is that it is scale-
free, meaning that the optimal choice of alternative is unchanged
if some agent(s) report valuations on different scales from others.
Our aim is to maximize the NSW of the average utility across all
T rounds, NSW (v$’?). Some of our algorithms involve the use
of convex programming, which requires a concave objective func-
tion to maximize. Unfortunately, N.SW is not a concave function,
however In(NSW) is. Thus, we will interchangeably talk about

maximizing

In(NSW (v*)) = In ( vgve(¢)> = Zm(vgve(i)).

=1

Since In is an increasing function, the solution maximizing
In NSW (v) is the same as the solution maximizing N.SW (v).

The benchmark algorithm is the opfimal offline algorithm, where
an offline instance of the problem is given by the set of matrices
{Vi}teqa,... 7y The offline problem can be solved via the follow-
ing mixed integer convex program:

n T m

Maximize Z In (Z Z x5 Vi (4, ])> @
i=1 t=1 j=1

subject tontj =1 W,

j=1

T € {0, 1} Vt,j

where x;; is a binary variable denoting whether or not alternative j
is chosen at time ¢. The constraint simply says that for each ¢, we
must choose exactly one alternative. We denote the optimal value
achieved by convex program 2 by OPT (thus the optimal Nash so-
cial welfare is eOPT).

3. GREEDY ALGORITHMS

In this section we present two simple greedy algorithms.
The first algorithm, GREEDY, simply chooses v; to maximize
NSW (vi®€). The other, LINEARGREEDY, is a linear version of
GREEDY which assigns each agent a weight w; equal to the inverse
of their accrued utility at the start of each round and simply chooses
vy = argmax,cy, w - v. The advantage of these algorithms lies in
their simplicity to understand and execute.



One challenge that these algorithms face is that in the early
rounds it may not be possible to give all agents non-zero utility.
Therefore it may be the case that u(v{”®) = 0 for all choices of
v¢, even when one allocation is clearly better than all others. We
address this by allocating some small ‘hallucinated’ utility to those
agents with zero accrued reward (not necessarily the same to each
agent), which is removed once the agent accrues some positive re-
ward. The algorithms are shown as Algorithms 1 and 2. For Algo-

. 1
rithm 1, let the parameter = be such that 0 < =z < TR

Algorithm 1 GREEDY

l: fori=1,...,ndo

2: Setx < ¢ < 2(K +1)"*

3: end for

4: Initialize uo = (0,...,0)

5:fort=1,...,T do

6: Choose vy € argmax,cy, [ [}, (max{us—1(i) +
o), })

7: Ut = Ut—1 + V¢

8: end for

Algorithm 2 LINEARGREEDY

l: fori=1,...,ndo

2: Set0 < §; < ﬁ

3: end for

4: Initialize ug = (0,...,0)
5:fort=1,...,T do

6:  Setw; = m for all 5
7: Choose vy € argmax, ¢y, w - v
8: Ut = Ut—1 + V¢

9: end for

We first state a lemma which follows easily from the choice of
€;.

LEMMA 3.1. Forall j,k suchthat1 < k < k+j <mn, and all
sets of agents I and I', of size k + j and k respectively,

(K+0)" " ]e < ] e
i€l i'el’
PROOF. Let1 < k < k+j < n. LetI = {i1,... 0645}
and I' = {4,...,i}}. Recall that 0 < = <

x < ¢ < 2(K 4 1)" "' for all 4. Then

(K 4 1) k7 H 6 < (K + 1) 7K + 1) ta)t

iel

1
(K1)t D and

<zM(K+ 1)K + 1)m M.
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()
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=TT @K ey
L 27 (K 4 1)ttt Dn—2k=2
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o (K + 1)n(k+j+l)
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We next state a simple interpretation of GREEDY. Let
NSW ™ (v) be the product of all non-zero entries in v.

PROPOSITION 3.2. At every round, GREEDY selects an alter-
native to maximize the number of agents with uy(i) > 0. Sub-
Ject to this condition, and holding fixed the set of agents with
non-zero utility, GREEDY chooses an alternative which maximizes
NSW+( ave)

PROOF. Consider the action of GREEDY at round ¢. Suppose
first that all agents have u:—1(¢) > 0. Then the first condition
in the proposition statement is vacuous; all choices maximize the
number of agents with u.(7) > 0. Since ¢; < 1 for all ¢, the choice
at Line 6 is precisely to maximize NSW (vi¥¢) = NSW T (vive).

Now suppose that u¢—1(¢) = 0 for some agent 4, and consider
two alternatives v’ and v. Suppose that [I’ = {i : ui_1(3) +
V(@) =0} =kand |I = {i: ue—1(3) +v(i) =0} =k + 7 >
k. To show that GREEDY maximizes the number of agents with
u¢(4) > 0, it suffices to show that the product in Line 6 is larger
when v’ is chosen than when v is chosen.

We consider the case in which the produc tin Line 6 is greatest
for v (compared to v'). In particular, all n—k agents with u;—1(3)+
v'(4) > 0 have u;—1(4) + v’ (i) = 1, and all n — k — j agents with
us—1(2) +v(i) > 0 have ur—1(2) + v(2) = K + 1 (if ue—1(¢) +
v(i) > K + 1 then u¢—1(i) + v'(4) > ue—1(i) > 1, since no
single-round valuation is greater than K). Then the product on
Line 6 for v' is [,/ rep €ir» and for v is (K + 1)"~ k= 7]_[161 €.
By Lemma 3.1, the former is greater than the latter, and GREEDY
chooses v’, thus minimizing the number of agents with u.(z) = 0.

Finally, suppose that GREEDY chooses v; when there exists an-
other alternative v which results in the same set of agents with
ut (i) > 0 (call this set of agents I), and NSW ™ (us—1 + v:) <
NSW+ (ut—1 + v). Then, by definition of NSWH,

H(ut,1( )+ (i) < H (ut—1( v(7))
= [JCu-1G) +vel@) [T er < [JCur—1G) + (@) [T i
iel il iel il

= Hmax{(utfl( )+ ve(i

i=1

which contradicts the choice of v;. [

Indeed, we can show that every alternative not ruled out by The-
orem 3.2 can be chosen by GREEDY, for some choice of {e; }.

THEOREM 3.3. Suppose alternative a maximizes the number of
agents with u(i) > 0. Suppose further that for all j such that
choosing j results in the same set of agents with non-zero accrued
reward, NSW T (us—1 + Vi(+, 7)) < NSWT(ui—1 + Vi(-,a)).
Then a is chosen by GREEDY for some choice of {¢; }.

PROOF. Let a € V; satisfy the conditions of the theorem state-
ment. We exhibit a set of {¢;} such that a is chosen by GREEDY.
Let I be the set of agents with non-zero accrued reward after choos-
ing a. Then let ¢; = « (the same x as in Line 2 of Algorithm 1) for
alli € I, and ¢y = 2(K + 1)" 'z forall i’ ¢ I. Consider some
alternative j that also maximizes the number of agents with non-
zero accrued reward (since otherwise, by Proposition 3.2, it would
certainly not be chosen by GREEDY), and denote by J the set of
agents given non-zero accrued utility after choosing j.

Suppose that J # I. By assumption, |J| = |I|. Therefore
|I\J| = |J\I|. Let us consider the contribution of all agents to the

), €} < HmaX{ (ue—1(i) +v(i)), e},



product in Line 6 of Algorithm 1 for alternatives j and a. There are
four types of agent to consider:

1. Anagent: € I\J. These are agents for which u¢—1(z) = 0,
with V4(4,a) > 1 and V4 (i, j) = 0. Therefore each of these
agents contributes a factor of at least 1 to the product for a
and €; = x to the product for j.

2. Anagenti € I N J. These are agents for which the choice
of either a or j both result in u:(¢) > 0. In the worst case
for a (relative to j), u,—1(2) = 1 with Vi(é,a) = 0 and
Vi(i,5) = K. That is, each of these agents contributes a
factor of at least 1 to the product for a and at most K + 1 to
the product for j.

3. Anagent ¢ € J\I. These are agents for which u;_1(7) = 0,
with V;(i,a) = 0 and V4(4,5) > 1. Each of these agents
contributes a factor of ¢; = 2(K 4 1)™*x to the product for
a and at most K to the product for j.

4. Anagenti ¢ IU.J. These are agents for which the choice of
either a or j both result in u¢(¢) = 0. Thus they contribute
exactly the same factor to the product for both a and j.

Let us write down the product from Line 6 for a (not counting
the agents of type 4 which make the same contribution to both). It
is at least:

(2(K—|— 1)n711,)\J\I| _ (2(K+ l)nflx)U\J\ 3)

The product for j (not counting the agents of type 4 which make
the same contribution to both) is at most:

m\I\JI . (K+1)\Iﬁ‘” ,K|J\I| < m\I\JI . (K+1)\Iﬁ‘” . (K+1)|J\I|
:w‘I\Jl-(K—l—l)‘m‘” . (K+1)|1\JI

“)

Noting that [T NJ|+ |[I\J| < n—1(since |[INJ|+2|I\J| <n
and I\J is nonempty), it is clear that expression 3 is greater than
expression 4. Therefore the product in Line 6 is higher for a than
for j.

Finally, suppose that J = I. Then, by the condition of the the-
orem, NSW ™ (us—1 + 7) < NSW(us—1 + a), which implies
that choosing a results in a weakly higher product in Line 6 than
choosing j.

Therefore a is chosen by GREEDY, since all other alternatives
which maximize the number of agents with non-zero accrued re-
ward after round ¢ have been ruled out, given our particular choice
ofe. [

Unlike GREEDY, LINEARGREEDY may leave some agents with
zero utility even when it was possible to give positive utility to all
agents.

EXAMPLE 3.4. Let n = 2, m = 3, and suppose that Vi =
( 8 g } ) The columns represent alternatives a1, a2, and a3 respec-
tively, and the rows represent agents i1 and iz respectively.

For any choice of 0 < €1,€2 << 1, GREEDY chooses a3 since
3€; < 1. However, LINEARGREEDY assigns the agents weights
w1, w2 and chooses arGMaX, ¢ {4, ay,a53 W * V- Since it must be
the case that either 3w, > wi + w2 or that 3ws > w1 + wa, it is
not possible for as to be chosen by LINEARGREEDY even though
it is the only alternative which gives both agents positive utility.

We can, however, provide a weaker guarantee for LINEAR-
GREEDY.

PROPOSITION 3.5. LINEARGREEDY always chooses an alter-
native vy with v(i) > 0 for at least one agent i with us—1(i) = 0,
if such an alternative exists.

PROOF. Let ¢ be an agent with u¢—1(4) = 0 and v be an al-
ternative with v(¢) > 1. Then the weight assigned to ¢ at round
t by LINEARGREEDY is w; = 6% > nK, and the dot product in
Line 7 of Algorithm 2 is at least n/. Suppose for contradiction
that LINEARGREEDY chooses an alternative v’ such that v’ (i) > 0
only for agents with us—1(¢) > 0. The weight of each such agent

is —1— <1 =1 and v'(i) < K, thus the dot product in Line 7

ug—1(1) — 1
is at most (n — 1)K < nK. Thus v’ is not chosen by LINEAR-
GREEDY. []

3.1 Computational Considerations

Clearly, when the number of allocations, m, is not too large, the
outcome of both GREEDY and LINEARGREEDY can be computed
efficiently. However, consider a setting in which every round is a
combinatorial allocation problem, so the number of alternatives is
exponential in the number of items being allocated. For instance,
if every round is an allocation of food bank items [6] to differ-
ent charities then we will have substitutes and complements which
must be taken into account, thus charities have preferences over
subsets of items, not just items themselves. In this setting, comput-
ing the chosen alternative under GREEDY is weakly NP-hard even
in a very restricted case.

PROPOSITION 3.6. Computing the chosen alternative v under
GREEDY is weakly NP-hard, even when there are only two agents
and each has additive valuations over the items.

PROOF. Suppose there are two agents with the same valuation
over the items in the first round. Then the allocation under GREEDY
is to allocate each agent an equal share of the items according to
their common valuation (or as close to equal as possible). This is
exactly an instance of PARTITION, which is weakly NP-hard. [

Note that for the LINEARGREEDY algorithm, computing the
chosen alternative is equivalent to the combinatorial auction win-
ner determination (CAWD) problem, which has been studied ex-
tensively [27, 7, 18]. Thus, the outcome under LINEARGREEDY
can be computed efficiently under exactly the same conditions as
the CAWD problem.? Even in those cases where LINEARGREEDY
can not be computed efficiently, we can use any existing algorithm
for the CAWD problem.

3.2 Axiomatization of LINEARGREEDY

It is possible to simply consider LINEARGREEDY an approxi-
mation to GREEDY. However, in this section we provide an ax-
iomatization of the LINEARGREEDY mechanism which provides
some justification for seeing it as a worthwhile rule in and of itself,
without needing to appeal to its approximation of GREEDY.

A DSCEF is scale-free if it is not affected by a uniform (multi-
plicative) scaling of some agent’s valuations. This property is de-
sirable because it means we do not require any sort of agreement or
synchronization as to the units of measurement used by the agents
in their reporting.

DEFINITION 3.7. Let ¢ > 0. Say that a DSCF satisfies scale-
free-ness (SF) if the chosen alternative at round t is still among the
set of (possible) chosen alternatives if we replace v(i) by ¢ - v(i)
forallv € Vy foreveryt =1,...,T.

“For example, when agents have preferences over bundles of size
at most 2, the problem is in P.



LEMMA 3.8. LINEARGREEDY satisfies SF.

PROOF. Suppose that agent ¢ scales all their valuations by ¢ >
0. We show by induction that there exists some choice of § such that
LINEARGREEDY still chooses the same alternative at each round as
it did before the scaling.

Consider the first round, ¢ = 1. Let §' denote the vector of
hallucinated utilities chosen before the scaling. When i scales their
valuations by factor c, simply set §; = c- §;,” and delta; = delta);
for all j # ¢. Thus the weight of 4 is scaled by %, so the value of
w-v is unchanged for all v € V;, and the same alternative is chosen
at round 1.

Now consider round ¢ > 1, and suppose that the same alterna-
tives are chosen for all rounds before ¢. In particular, the accrued
utility of all agents i’ # i (or, in the case that i’ has zero accrued
utility, then the value of §;) is the same as before the scaling, so
their weights have not changed. But the accrued utility of ¢ has
scaled by a factor of ¢, since i’s valuation for every alternative at
every round is scaled by c (and, in the case that ¢ has zero accrued
utility, we still have that §; = c-6;), so that the weight of 7 is scaled
by % Thus, again, w - v is unchanged for all v € V; and the same
alternative is chosen.

Finally we need to rule out the possibility of there being some
setting of & such that some new alternative, a, is chosen at round ¢
as a result of the scaling that was not previously chosen. But if this
were the case, then we can just scale the scaled instance by % and
return to the original instance where, by the above proof, there is
some value of § such that a is chosen at round ¢. [

A DSCF is separable into single-minded agents if the chosen
alternative at a given round is unchanged by replacing an agent by
several new agents with the same accrued utility, each of which has
unit positive valuation for only one alternative.

DEFINITION 3.9. Say that a DSCF is separable into single-
minded agents (SSMA) if, at round t, the same allocation is chosen
if we replace each agent with several new agents according to the
following scheme: An agent with valuation vector Vy(i,:) is, for
each j € {1,...,m}, replaced by Vi (i, j) new agents, each with
valuation vector e;. Each new agent has the same (possibly hallu-
cinated) accrued utility as the original agent it replaces.

LEMMA 3.10. LINEARGREEDY satisfies SSMA.

PROOF. Consider round ¢ with valuation matrix V;. LINEAR-
GREEDY chooses

Now suppose that we replace the agents with new agents according
to the definition of SSMA. For every agent ¢ and alternative j, we
now have V4 (4, j) agents with accrued utility u—1 (¢) and valuation
vector e;. The accrued utility, and therefore the weight of each of
these agents in the LINEARGREEDY algorithm, is the same as the
agent it replaced. Thus the value of the dot product on Line 7 for
an alternative j is
n
1
i=1 ( ut—1(7)

and LINEARGREEDY chooses the same alternative in each
case. [

31t is possible that §; is now greater than i If this is the case,

we can simply divide & by some small constant, bringing J; back
into the allowed range and not changing the relative weights of the
agents.

The plurality axiom says that if all agent valuation vectors are
unit vectors, and we have no reason to distinguish between agents,
then the allocation favored by the most agents should be chosen.

DEFINITION 3.11. Say that an allocation satisfies plurality (P)
if, when all agents have preferences of the form e;, and all agents
have the same (non-zero) accrued utility, then the chosen alterna-
tive is the one with non-zero valuation from the most agents.

The axiom says nothing about the case when all agents have zero
accrued utility. The idea of the axiom is that we should choose the
alternative which provides the greatest utility gain, relative to what
agents already have. However, in the case that agents have zero
accrued utility, it is not possible to make accurate comparisons as
to the relative benefit each agent receives.

OBSERVATION 3.12. LINEARGREEDY satisfies plurality.

We now show that any mechanism that achieves SF, SSMA, and
P simultaneously must agree with LINEARGREEDY, provided that
all accrued rewards are non-zero.

THEOREM 3.13. Suppose that u,—1(i) > 0 for all i. Denote
by J; the set of all alternatives that may be chosen by LINEAR-
GREEDY at time t. If a DSCF satisfies SF, SSMA, and P then it
must choose some alternative from J; at time t.

PROOF. We have already shown that LINEARGREEDY satisfies
SF, SSMA, and P.

Suppose that all agents have uz—1(7) > 0. Let M be a DSCF that
satisfies all three axioms simultaneously. We show that M’s choice
of alternative is the same as one chosen by LINEARGREEDY.

Without loss of generality, let us—1(2) = u for all agents i. We
may assume this because, by SF, M would choose the same al-
location at round ¢ (and all previous rounds) even if the valuation
vectors of some agent(s) were multiplied by a constant across all
rounds. So, if u¢—1(%) # wut—1(j), we can transform the instance
to one in which all agents have the same accrued reward by mul-
tiplying agent 7’s valuations by [],_; u¢—1(j) for all 4. Then all
agents have the same acccrued utility, [ ], us—1(%).

By SSMA, we can replace the agents with E;”Zl Vi (3, j) agents,
such that V;(¢,7) of them have valuation vector e; for all j €
{1,...,m}, all with accrued reward u. Then, by plurality, the cho-
sen allocation is

argmax Z Vi (i, 4)- 3)

jieVi 34
But note that LINEARGREEDY assigns equal weight w; to each
agent since us—1(4) = uy—1(j) for all 4, j. Thus LINEARGREEDY
chooses precisely the alternatives which maximize Equation 5. [

4. DISTRIBUTIONAL UPDATE ALGO-
RITHM

So far we have assumed nothing about the way that the input
matrices are drawn. In this section, we will assume that there is
some distribution, D, over ZZj" ;- from which matrices are drawn

ii.d at each round.*

Suppose first that we know D, and that 7" = oco. Then the opti-
mal solution is defined by a policy: when V; = v, choose allocation
J with probability ;. We simply need to choose values for {x; }

“In practice, this algorithm may be suitable when we believe the
distribution of inputs to be somewhat stable over time.



in order to maximize E(NSW (v{*¢)), as ¢ — co. We can com-
pute these variables by the following convex program:

maximize Zlog( Z ZPT(VtZU)CEij(ivj)) (6)

=1 nxm j=1
vGZZO)SK J

subject to Z zy; =1 VveZi§Zg,
jEA

Lwj 2 0 V’U,j

THEOREM 4.1. The variables x.; computed by convex pro-
gram 6 define the optimal policy when the distribution D is known
and T = oo.

PROOF SKETCH. Let {z,;} be the optimal solution to convex
program 6. We show that {x,;} converges to the optimal solution
for the offline problem in the case that 7' — oo. So consider an
offline instance for some large 7, large enough that every matrix
v that occurs with non-zero probability in D appears a large num-
ber of times in the input. For every round that V; = v, choose
an alternative by sampling from the distribution x,;. Denote the
objective value achieved by Sp. Now consider the observed dis-
tribution in the finite instance, O. Consider solving convex pro-
gram 6 for distribution O, giving variables x%, and denote the
value of the resulting solution on the large instance, So. It can
be shown that So — Sp as O — D. By the law of large numbers,
lim7 00 O = D, therefore lim7_, o So = Sp.

Now consider the optimal offline solution as defined by mixed
integer program 2. Denote the value it achieves by Sasrp. Clearly
Swmrp > So, since Syrrp is optimal. Next, consider the alterna-
tives chosen in the offline solution and use them to define variables

z,,; = #times(V; = v and j is chosen) /#times(V; = v). (7)

Denote the value of the solution defined by the x,; variables by S’.
S’ = S p since sampling from the solution corresponding to S
gives the solution corresponding to Sasrp.

Lastly, we show that lim7 00 S” < lim7— 00 So. Note that the
variables x,,; are a feasible solution to convex program 6. There-
fore, as long as the instance is large enough that the probabilities
:cvoj can be well-sampled for every v that appears in the instance,
So is the highest value that can be achieved. As T — oo, we
can sample these variables arbitrarily well. Thus, limr_,.c S’ <
lim7 o0 So.

So, in the limit as ¢ — oo, we have the relations

Surp=58"< 8o =28p < Suip. ®)

Here the inequalities are forced to be equalities, otherwise we get
SMIP < SM]P. In particular, limT*}oo SD = S}yup. D

Let us now relax the assumption that D is known to the algo-
rithm. In this case, one approach would be to approximately learn
the distribution by sampling, then compute the optimal policy ac-
cording to the learned distribution, and act accordingly for the re-
maining rounds. We can even continue to update our belief on the
distribution as often as we want, re-compute the variables {z; },
and choose according to them until we perform another update step.
If T = oo, we can learn the distribution arbitrarily well, and behave
close to optimally in the long term.

The algorithm we present now uses the same heuristic even when
T is finite. We begin with no knowledge of D, but update our
belief with every new piece of information V4, and use the inferred
distribution to compute a policy {x; }.

Crucially, the update to p; is done before v; is actually chosen
according to xv, ;. Were this not the case, the algorithm would not
be defined when valuation matrix s appears for the first time.

Algorithm 3 UPDATE
1: fort=1,...,7T do

2 for s € {Vi,Va,...,V;} do

3: Let ps = (number of times s has been realized)/¢
4: end for
5

6
7

Solve Convex Program 6 using inferred probabilities ps
Randomly draw v; according to xv;,
end for

EXAMPLE 4.2. Let n = m = 2. Suppose that Vi = (}9),
where the columns represent alternatives a1 and az respectively.
Then the algorithm updates its belief on D to be that V1 appears
with probability 1, in which case the optimal polcy is to choose a1
and az with probability 0.5 each. Suppose it randomly chooses a.
Suppose that Vo = (2 9). Then the algorithm updates its belief on
D to be 0.5V1 + 0.5Va. Given this distribution, the optimal policy
is to choose a1 when Vs is realized and as when V1 is realized.
Thus, the algorithm chooses va = a1. Now suppose that V3 = V.
Then the updated belief on D is %Vl + %VQ. The optimal policy
now is to choose ax whenever Vi is realized, and whenever Vs is
realized to draw randomly from %al + iag. Thus the algorithm
draws an allocation for vs from this distribution.

Observe that, in Example 4.2, from the perspective of the algo-
rithm at ¢ = 3, a mistake was made at round 1 by choosing a1
instead of az. As stated, this algorithm does nothing to take the
mistake into account. However, one could imagine incorporating a
more ‘backwards-looking’ approach into this algorithm. As a sim-
ple example we could, with probability p, simply use GREEDY at
round ¢, which would act to partially compensate for past mistakes.
In Example 4.2, GREEDY would choose a2 to make up for agent 2
not accruing any utility from the first two rounds.

S. STOCHASTIC CONVEX PROGRAM-
MING APPROACH

A recent paper by Agrawal and Devanur [5] designed algorithms
for a general class of problems that encompasses our framework. In
their setting, the input is a concave function over a bounded domain
R, aconvex set S C R, and the goal is to choose a vector v; at each
round so that f(v3’®) is maximized, subject to v3’¢ € S. For the
setting in our paper, however, there is no constraint, since all input
vectors are feasible. That is, S = R.

They provide an algorithm using tools from convex optimiza-
tion which, in our setting, reduces to Algorithm 4. The algorithm
assigns a vector of weights, ¢, to the agents and minimizes the
weighted sum of valuations at each round (weights can be nega-
tive). Every round, ¢ is updated by an online convex optimization
update (the implementation we present uses the gradient descent
algorithm to update ¢).

The initialized variables ¢ and 7 can be set to any values satis-
fying the constraints. In our implementation, we set ¢ = —1 and
n = 0.5 after some experimentation.

Agrawal and Devanur prove a regret bound on Algorithm 4 of

(0] (\/ "l%g(n)) This is a bound on the expected regret when the

input matrices appear in a random order. It is notr a guarantee on
any single instance. Therefore, while we would expect good perfor-
mance from this algorithm on random instances, we may not neces-
sarily expect low regret on instances where the agents’ preferences
change over time in a structured way. We explore this further in
Section 6.



Algorithm 4 STOCHASTIC

1: Initialize ¢ € R”, ||¢||2 < v/n,n > 0.
2: fort=1,...,7Tdo

3: Choose v¢ = argmin;cy, J - ¢t
4 if (i) > =15 then
5: Set ¢r11(i) = ¢u(i) — n(ve(i) — K — 1)
6: else if ¢; (i) < —1 then
7: Set ¢r11(i) = ¢e(i) — n(ve(i) — 1)
8: else
9: Set pr41(i) = du (i) — n(ve (i) — 575)
10: end if
11: if ||¢et1]|2 > +/n then
. — _Vn
12: Set ¢t+1 = m¢t+1
13: end if
14: end for

The regret guarantees provided by Algorithm 4 require that the
concave function is Lipschitz continuous on the bounded domain
R. Unfortunately, our function, log N SW (+), is not Lipschitz con-
tinuous at 0, which we fix by shifting the agents’ valuations to lie
intherange {1, ..., K +1}. After solving, we then shift the valua-
tions back before computing the value of the solution found. When
K is large, this shift is not too significant. If K was small, we could
shift the utilities by something less than 1. However, the Lipschitz
constant increases as we allow inputs closer to 0, and this constant
appears as a linear factor in the regret bound.

6. EXPERIMENTS
6.1 Simulated Data

We compare the four algorithms discussed in this paper —
GREEDY, LINEARGREEDY, STOCHASTIC, and UPDATE- on in-
put data randomly generated from a variety of distributions. As a
benchmark we also compute the optimal offline solution for each
input using MIP (2).

We consider three input models. The first, uniform, has each
Vi(4, j) chosen uniformly at random between 0 and 20. The sec-
ond, half-half, draws V; from a different distribution depending on
t. Fort < %, Vi = (4 8), where A, B, C, D are submatrices of

m

size 5 X 7. Entries in A are integers in the range 0 to 25 drawn
uniformly at random, entries in B and C are in the range 0 to 5,
and entries in D are in the range O to 10. For ¢ > %, submatrices
A, B,C, D are drawn in the same way but V; = (&£ &). The third
model, alternating, sets Vi = (4 B ) forodd t and V; = (B §) for
even ¢. In both of these latter models, it is almost always optimal
to choose an alternative for which half of the valuations are being
drawn from the high, ‘A’, distribution. The other agents can be
compensated in a round where they draw from the ‘A’ distribution.

For every fixed value of n, m, T', and input model that we report,
values are averaged over 15 random instances. When not explicitly
varied, n = 20, m = 10, and T' = 40.

Consider first the runtime comparisons in Figure 1. These sim-
ulations are performed on inputs drawn from the half-half model,
varying values of n, m, and 7" seperately. Three of the algorithms,
GREEDY, LINEARGREEDY, and STOCHASTIC, take virtually no
time to run on the instances we consider. This is not surprising
as each makes only a simple comparison between each of the m
alternatives, followed by some very simple arithmetic operations
to update weights and accrued utility. The UPDATE algorithm is
the slowest by far on our simulations, even slower than the MIP
for solving the offline problem (although we would expect that for

Table 1: Spark Workloads

App Category Dataset Data Size
Correlation Statistics kdda2010 [28] 2.5G
DecisionTree Classification kdda2010 2.5G
FP Growth Pattern Mining Webdocs [19] 1.5G
GradientBoostedTrees  Classification kddb2010 [28] 4.8G
KMeans Clustering uscensus1990 [3] 327TM
LinearRegression Classification kddb2010 4.8G
ALS Collaborative Filtering ~ movielens2015 [2] ~ 325M
NaiveBayesian Classification kdda2010 [28] 2.5G
SVM Classification kdda2010 2.5G
Pagerank Graph Processing wdc2012 [4] 5.3G
ConnectedComponents Graph Processing wdc2012 5.3G
TriangleCounting Graph Processing wdc2012 5.3G

large values of 7', the MIP would become slower than UPDATE).
We could speed it up by a constant factor of £ by only updating the
inferred distribution, and values of xv, ;, every k rounds, and still
expect reasonable results. All of our algorithms scale well with n
and m. Runtime results for the other two input models are very
similar and we do not present them here.

Turning to the value comparisons in Figure 2, we see that the
input model used heavily influences the performance of the algo-
rithms. In these graphs, OPT is normalized to 1, and for each input
model we present results only for varying 7". The results for vary-
ing m and n look very similar.

For the uniform input model, all algorithms perform well,
achieving at least 75% of the optimal value. This model provides
a relatively simple case for the algorithms; indeed, simply maxi-
mizing (additive) welfare at each round is the optimal solution in
the limit as 7" grows. For the half-half distribution, STOCHASTIC
is clearly better than all the other algorithms, achieving around 60-
70% of OPT compared to less than 30% for the others. This is
because the weight vector, ¢, can change quite significantly in the
space of just one round. Thus it is not over-burdened by rounds
in the past and is able to quickly adapt when the input distribu-
tion changes. In fact, in all instances that we examined closely,
STOCHASTIC chooses a ‘good’ alternative for the first % rounds,
followed by a ‘bad’ alternative for a single round, and then ‘good’
alternatives for all remaining rounds.

However, the tendency to take exactly one round to adapt to
changing circumstances counts against STOCHASTIC in the alter-
nating model, since by the time it adapts the input distribution has
changed again. Here we see the other algorithms performing well,
achieving very close to optimal performance, while STOCHASTIC
achieves very close to 0. Indeed, this model is tailored to suit UP-
DATE, which quickly learns to choose an alternative with some
‘A’ valuations, and the greedy algorithms, since it enables us to
alternate which agents get the high valuations, keeping everyone
roughly equally well-off at the end of every round.

6.2 Real Data: Power Boost Allocation

We ran the algorithms on real data gathered from a power boost
allocation problem. In this problem, n computer applications are
each allocated a base level of power, and compete for m < n ad-
ditional (indivisible) units of extra power (power boosts) at each
of T rounds. For our instance, power boosts are allcoated using
RAPL [1] technology and each application’s performance is mea-
sured under base and high power limits, 30W and 130W, respec-
tively. We evaluate Apache Spark [29] benchmarks. Table 1 lists
the twelve Spark applications in our instance.

Each Spark application is defined by a fixed number
of tasks. We profile tasks’ completion time. We de-
fine an application’s utility in a round as the number of
tasks completed normalized by its total number of tasks.
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are held constant while 7" varies.

Since the 0.5
length of the
utility trace is
shorter when
profiled un-
der boosted
power,  we
use linear
interpolation

to extend
the  shorter
trace. Thus,
for each
application a,
we estimate the base power utility (ub‘“e) and boosted power utility

(ub?™) in each round.

In our instance, there are two power boosts to be allocated.
Therefore, at each round there are (122) alternatives, one for each
pair of applications. For an alternative j corresponding to power
boosts for applications a and b, we have that V;(a,j) = u?;‘g“,
Vi(b,j) = wp™, and Vi(c,5) = ub® for all other applications
¢ # a,b. We have 120 rounds in the instance we tested.

The Nash Social Welfare achieved on this instance is shown in
Figure 3, normalized against OPT. Most striking is the poor perfor-
mance of STOCHASTIC. We hypothesize that this is due to some of
the applications having long stretches of consecutive rounds where
they achieve zero utility for all allocations, followed by short pe-
riods with positive reported utility. For these applications, the pat-
tern of valuations looks most like the alternating distribution, where
STOCHASTIC also performed poorly.

Also notable is the performance of LINEARGREEDY, which per-
forms roughly twice as well as GREEDY and UPDATE. However,
both of these consistently outperformed LINEARGREEDY for our
simulated data. It is not yet clear to us whether there is a general
structural property of this dataset which lends itself to LINEAR-
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Figure 3: Nash Social Welfare achieved by
the algorithms, as a fraction of OPT.

GREEDY, or if its good performance was simply a chance occur-
rence.

Runtime results are similar to those presented in Section 6.1,
with one exception. The time taken to solve the offline instance
is 384 seconds, whereas UPDATE takes only 108 seconds. This
provides evidence that, for large instances, the optimal MICP is
prohibitively slow compared to our online algorithms. For compar-
ison, the three other algorithms each ran in less than 0.2 seconds.

7. STRATEGIC ISSUES

In this section, we discuss strategic incentives of the agents that
arise in the dynamic setting. We emphasize again that, while we
have no formal results regarding incentives, and what we do know
is mostly negative, we consider the multiple objective framework
from Section 1 to be important and interesting in and of itself, and
here there are no strategic concerns. Of course, we consider the
strategic aspect to be very interesting also and believe it to be a
fruitful area for generating research questions.

Without the upper bound on valuations, K, we might be wor-
ried about agents drastically overreporting their valuations. For in-
stance, an agent could misreport some high valuation N in the first
round and have their preferred alternative chosen. To compensate
for this utility counting against them in the next round, they could
report valuations on the order of N2, then N*, etc. Of course, with
our upper bound in place, such a strategy would have to stop some-
where and could not be used to dominate every round (as it could
if there was no bound).

Still, the setup and approaches described in this paper are highly
vulnerable to strategic behaviour by the agents. The reason for
this is that it is impossible to distinguish between an agent that is
genuinely unhappy with choices made in previous rounds, and an
agent simply pretending to be unhappy with previous alternatives.
If we wish to compensate the former agent for their unhappiness,
we must allow for the possibility of being gamed by the latter. This
is essentially the free-rider problem well-known to economists (see,



e.g., [12] for a discussion).

There are many interesting and unresolved questions in this do-
main. While we can not hope for strategy-proofness in the most
general setting, are there restricted settings in which we do regain
(limited) strategy-proofness? For instance, can we limit the expres-
siveness allowed to the agents in exchange for strategy-proofness?
Can we say anything about the case where alternatives are simply
different allocations of private goods (so that no agent may benefit
directly from ‘free-riding” on another agent’s high valuation)?

Even in the general setting, it may be true that agents never have
an incentive to over-report their valuation in the case that 7' = oo.
Intuitively, if the algorithm believes the agent has more utility than
they really do, it can only hurt the agent in future rounds. However,
we have neither a proof nor a counter-example to this (imprecise)
statement.

8. APPLICATIONS
8.1 Voting

Our setup can be directly applied to voting, where agents are
voters who report a utility for each of the alternatives. If voters are
required to report only an ordering over alternatives within each
round, then we can simply infer utilities according to a chosen scor-
ing vector. For example, we could set V (¢, 7) = 1 if alternative j
is voter ¢’s most preferred alternative and O otherwise (the plurality
scoring vector), or V (i,j) = m — k when j is ranked k-th in 4’s
preference order (the Borda utility vector).

An interesting direction for future work is to investigate what
social-choice theoretic properties are satisfied by the Nash social
welfare in this repeated setting. One weak property is unanim-
ity, which states that if all voters rank the same alternative at the
top of their ordering, then that alternative should be chosen (in the
dynamic setting we could require this on a round-by-round basis).
Clearly all of the algorithms presented in this paper satsify this con-
dition for all monotone scoring vectors. Some other fundamental
axioms also extend naturally to the dynamic setting, for example
anonymity and neutrality (which we define for the dynamic setting
in Section 2).

For some axioms, however, it is not so clear how to extend to the
dynamic setting. For instance, consider the Condorcet criterion,
which states that any alternative which achieves a pairwise major-
ity against all other alternatives should be chosen. This makes sense
in the one-shot setting, but maybe less sense in the dynamic case.
Suppose that there are two alternatives, A and B, and that 51% of
voters prefer A to B in every round. Then the Condorcet crite-
rion appears to say that we should choose A in every round, while
fairness considerations dictate choosing B at least occasionally. It
is not clear how we would extend the Condorcet criterion to the
dynamic setting and, if we cannot, we may need novel axioms.

There is a natural link between repeated elections and the theory
of multi-winner elections. In multi-winner elections, not only do
we want to choose popular alternatives, but we also want to repre-
sent as many voters as possible, for which several rules have been
designed [10, 20, 17]. Consider an election where the aim is to
choose a committee of size & < m. This is exactly equivalent to
setting 7" = k and choosing a single distinct winner at each round,
while also imposing the restriction that voters do not change their
votes between rounds. Thus we can view multi-winner elections
as a special case of repeated elections. It would be interesting to
check whether any desiderata in the context of multi-winner elec-
tions extend naturally to the repeated setting.

8.2 Allocating Shared Resources

Consider a situation in which a group of agents take turns being
allocated a shared resource for discrete units of time. Examples
include allocating supercomputer time among members of a uni-
versity department or assigning the use of a holiday home owned
jointly by several people. In both cases, demand varies across time
intervals and across agents. For instance, people who like skiing
may want use of the holiday home in the winter, while those who
like hiking may prefer a different season.

Another interesting aspect of these situations is that our notion
of fairness may not be to treat all agents exactly equally. For in-
stance, if people contributed unequally to the purchase of the hol-
iday home, the group may decide that someone who paid twice as
much as another person ‘deserves’ to get twice the benefit from the
home. In the supercomputer example, we may wish to allocate time
based on the amount of grant money contributed to the purchase of
the machine (for example).

In these cases we may wish to generalize the Nash social welfare
to the Cobb-Douglas welfare. The Cobb-Douglas welfare for utility
vector v, C'D(v), is given by

where Z?:l a; < 1. The case where all a; = % is the special
case of Nash social welfare, but setting other values of «; allows us
to prioritize some agents over others. It is illuminating to consider
the simple case where all agents have a common unit of utility (say,
dollars). In this case, the Nash social welfare is maximized when
all agents receive exactly the same utility. If we generalize the co-
efficients, then the Cobb-Douglas welfare is maximized when the
agents receive utility in exactly the ratio of their exponents a;. So
if agent ¢ contributed twice as much money to the purchase of the
holiday home as agent j, simply set a;; = 2¢v;.

9. CONCLUSION

Election designers and social choice researchers often do not
consider the fact that many elections are conducted as sequences
of related elections. In this work, we have provided a framework
to allow for the design and analysis of dynamic election protocols,
and repeated decision making rules generally. We have presented
four candidate online algorithms for solving these dynamic prob-
lems. Our simulations do not determine a clear winner, but instead
suggest that the right choice of algorithm is highly dependent on
the setting and the model of how agents’ valuations change over
time.

Our work is preliminary, and leaves a lot of scope for future re-
search in addition to the specific directions already discussed. One
direction would be to design a more precise model of voter pref-
erences, possibly modeling changing preferences by an MDP as
has been done in [9, 24]. We have also not considered modeling
discounting of the agents’ utilities. It would also be nice to have
provable guarantees on the regret of the greedy algorithms.
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ABSTRACT

Rank aggregation is the problem of generating an overall
ranking from a set of individual votes. The aim in doing
so is to produce a ranking which is as close as possible to
the (unknown) correct ranking for a given distance mea-
sure such as the Kendall-tau distance. The challenge is that
votes are often both noisy and incomplete. Existing work
has largely focused on finding the most likely ranking for a
particular noise model (such as Mallows’). Instead, here we
focus on minimising the error, i.e., the expected distance be-
tween the aggregated ranking and the true underlying one.
Specifically, we show that the two objectives result in differ-
ent rankings, and that these differences become especially
significant when many votes are missing. Furthermore, we
show how to compute local improvements on existing rank-
ings to reduce the expected error. Finally, we run extensive
experiments on both synthetic and real data to compare dif-
ferent aggregation rules. In particular, a surprising result is
that for votes generated according to the Mallows’ model,
Copeland often outperforms Kemeny optimal, despite the
latter being the maximum likelihood estimator.

Categories and Subject Descriptors
1.2.11 [Distributed AI]: Multiagent systems

Keywords

Economic paradigms: Social Choice Theory

1. INTRODUCTION

Rank aggregation is the problem of producing a complete
ranking from votes cast by individual agents, where the votes
can be seen as noisy and incomplete estimates of a ranking
that is an underlying ground truth. This perspective on vot-
ing dates back to Marquis de Condorcet [25], who said that
voting may be regarded as a way of uncovering this ground
truth. There are many practical examples' of rank aggre-
gation, including websites that produce rankings of restau-
rants, books and movies based on crowdsourced contribu-

"http://www.tripadvisor.com/Restaurants,
http://www.goodreads.com/choiceawards

This is an extended version of a two-page abstract accepted for the 15th
International Conference on Autonomous Agents and Multiagent Systems.
Appears at: 3rd Workshop on Exploring Beyond the Worst Case in
Computational Social Choice. May 9th-10th, 2016. Singapore.

Enrico H. Gerding
University of Southampton, UK  University of Southampton, UK
eg@ecs.soton.ac.uk

Sebastian Stein

ss2@ecs.soton.ac.uk

tions from their users, scientific communities that use votes
from their members to select which project proposals to fund
or which papers to accept [18, 5], or peer grading in massive
online open courses [3]. Another prominent application is
the use of rank aggregation to produce a meta search engine
from the search results of individual search engines [13]. In
these settings votes are not only noisy, but also incomplete
since typically only a subset of the candidates (e.g., restau-
rants or websites) is ranked by any single individual.

To find a ranking which is close to the ground truth, most
current work assumes a probabilistic noise model such as
Mallows [22, 32], and then aims to maximise the likelihood
of an aggregate ranking. In Mallows’ model, a probability
is assumed for ordering a pair of candidates correctly, and
votes are produced by repeatedly ordering all pairs until this
results in a consistent (acyclic) ranking. For this model, it
has been shown that Kemeny’s rule is the maximum likeli-
hood estimator (MLE) [32]. Similarly, some other commonly
used voting rules are MLEs for specific noise models [9, 8].

However, in most settings the aim should arguably not be
to find a most likely explanation of the noisy observations,
but to find a ranking that gives the best results when used
in subsequent decision making. When votes are noisy and
incomplete, many rankings may have a likelihood of similar
magnitude, and there may even be multiple rankings with
the maximum likelihood. In all these cases, the probability
that a ranking with maximum likelihood is the true rank-
ing is small. When an aggregated ranking is used, success
does not depend on having found the true ranking exactly.
Rather, it is important to construct and use a ranking for
which the distance to the true ranking is as small as possible
in expectation. This means that we should aim to minimise
the expected distance (for a particular measure) of an ag-
gregate ranking to the true ranking — which we term the
error — instead of aiming for a ranking that maximises the
likelihood. In contrast to MLEs, to date it is still unknown
which commonly used voting rules perform best regarding
this objective.

Against this background, in this paper we assume noise ac-
cording to the Mallows’ model, and for this model we make
the following novel contributions. (i) We show that the
MLE is not always minimising the error. (ii) We show that
computing the error is #P-hard. (iii) We show that local
Kemenisation, a computationally simple procedure for im-
proving aggregated rankings in terms of their likelihood, also
reduces the error, and (iv) through experiments on both syn-
thetic and real data, we show how noise and incompleteness
influence the performance of a large set of voting rules.



The paper is structured as follows. In Section 2 we intro-
duce notation, the distance measure used, and the model for
noise and incompleteness, and we show that Kemeny’s rule
is the MLE also for the model including incompleteness. In
Section 3 we then formally define the objective of minimis-
ing the error and show how this is different from maximising
the likelihood. We give the hardness proof of computing the
error and show that local Kemenisation reduces the error. In
Section 4 we first introduce the voting rules and their adap-
tations to settings with incomplete rankings. Subsequently,
we evaluate these rules under varying levels of noise and
incompleteness for both synthetic votes as well as on two
ranking data sets from PrefLib [24]. Section 5 discusses re-
lated work and Section 6 concludes.

2. MODEL

The aim in this paper is to find rank aggregation rules which
minimise the expected error, where the error is given by the
Kendall-tau distance to the true ranking (as defined below).
Formally, let A ={1,2,...,m} denote a set of candidates or
alternatives, where m = |A| is the number of alternatives to
be ranked. In addition, let N ={1,2,...,n} denote the set
of n agents or voters. Each agent has an incomplete ranking
over the set of candidates. This is modeled as a complete or-
der on a subset of the candidates.? We thus define a vote by
agent k as a ranking, i.e., linear order, over a subset Ay C A
of the candidates, denoted by o : Ar — {1,2,...,]Ax|}.
Here, 01 (i) defines the rank of candidate i (lower is bet-
ter). We also use i >, j to denote ox(i) < ox(j), ie., @
is ranked higher than j according to agent k. Furthermore,
|ok| < m is the number of candidates voted for by agent k.
Note that ox(j) is undefined for any candidate j € A\ Ay.
In such a case we say the vote is incomplete. By inserting
remaining alternatives A \ Ay in an incomplete ranking, we
can construct a potential underlying complete ranking of all
alternatives. This is called a completion (or extension [17]).
Furthermore, we sometimes use D = {o1,...,0,} (for ob-
served data) to denote all votes.

If we have access to the underlying true ranking, we can
measure the quality of a voting rule on a given profile of
votes by the distance of the aggregated ranking to the true
ranking. The most common distance metric, and the one we
use in this paper, is the Kendall-tau distance [16]. In detail,
the Kendall-tau distance K counts the pairs of alternatives
that are differently ordered by ¢ than by 7.

K(o,7)=|{{#,j} CA:i>,jand i <. j} (1)

Such a differently ordered pair ¢ and j is called an inver-
ston. The Kendall-tau distance can be found in O (mInm)
using a folk algorithm variant of merge sort called “count
inversions”.

The rule selecting an aggregate ranking 7% which min-
imises the Kendall-tau distances to all votes is called the
Kemeny optimal aggregation rule, and is given by:

7" = arg mTin Z K(og,T) (2)
kEN
A more convenient way to write this is:

7 = arg min Z nq(i, j| D), (3)
T {14} CAsim g

2This differs from [31] who consider any partial order.

where nq(i,j|D) = {k € N : i <5, j}| is the number
of voters who disagree with the order 7 > j. Likewise,
na(i,j|D) = |[{k € N : i =5, j}| denotes the number of
agreements. Note that, in case of complete rankings, we
have that ne(i, 7|D) + na4(i, j|D) = n. However, this is not
necessarily the case when rankings are incomplete.

We now describe the model for noisy and missing observa-
tions/votes. We assume noise according to the well-known
Mallows’ model for a probability p > 0.5. In this model, the
likelihood of a ranking 7 given observed votes D is:

L(+|D) = Zi I

1, .
{i,j}CAti=1j

p”a(i’j‘D)(l _p)"d(i,j\D)7 (4)

where Z; is a (normalisation) constant. It has been shown
that Kemeny optimal chooses the ranking with the highest
likelihood [32].

We extend this model to incomplete rankings by introduc-
ing the probability of a vote missing, where this probability
is given by q. We assume that this probability is indepen-
dent of the position in the true ranking. Incorporating this
probability, we can compute the likelihood of a ranking 7
given observations D as follows:

£(wiD) = £rp) - T - ™™ (5)

keEN

This assumption underlying this model has sometimes been
called the “missing at random assumption” [14].

It is easy to see that Kemeny optimal still maximises the
likelihood, irrespective of the value of q.

THEOREM 1. Kemeny optimal is the mazimum-likelihood
estimator for Equation 5.

PrOOF. The ranking which maximises the likelihood is
also maximising the log-likelihood. This allows us to drop
all constants, including the normalisations Z; and Z» and
even the incompleteness probabilities. Therefore:

argmax £'(7, D) = argmax In(£L' (7, D)) =

Y. (na(i,j|D)In(p) + nali, j|D) In(1 - p))

{i,}CAsimrj

arg max
T

Since p > 0.5 we know that In(p) > In(1 — p), and because
the total sum of ranked pairs is constant, we conclude that
this log-likelihood is maximised if the number of agreements
is (i.e., the number of disagreements is minimised). [J

3. MINIMISING THE ERROR

So far we have discussed maximising the likelihood. Instead,
the goal in this paper is to minimise the rank aggregation
error, which we define as the expected Kendall-tau distance.
Formally this is given by:

KT-error(r, D) = Z K(r,7") - L£'(r'|D), (6)

T'eT

where T is the set of all possible rankings.

Below we first discuss several examples to show that the
two aims can result in different rankings, and then discuss
the computational hardness of minimising the error and a
local search approach for finding incremental improvements.



3.1 Likelihood vs. Error

Minimising the expected Kendall-tau distance and maximis-
ing the likelihood result in different rankings. We start by
showing that this is true for instances with candidates that
do not occur in any vote. We call such a candidate free.

DEFINITION 1. A candidate a € A is free when none of
the votes D contain a.

ExXAMPLE 1. Let three candidates a, b, ¢ be given, and one
agent with vote a =4, b. Kemeny’s rule is indifferent be-
tween the three possible aggregate rankings (without noise
(i.e., p = 1), each has a likelihood of %) The expected
Kendall-tau distances for each of these, however, differ:

7;  ranking  L(m|D) K(m,1;) KT-error(r;, D)
T oaxbrc i 0 1 2 1
To aw=cxb % 1 0 1 %
™o oexaxb L2 1 0 1

Because the distance of a > ¢ > b to each of the other rank-
ings is only 1, it has a lower expected error. Note that the
free candidate here is in the middle of the ranking.

This example shows that minimising the error produces a
single natural ranking with the free candidate in the mid-
dle, where the likelihood is the same for multiple rankings.
Generally:

PROPOSITION 1. On an instance D with free candidates:

1. Kemeny’s rule is indifferent between the position of free
candidates (i.e., each position is equally likely);

2. The KT-error is minimised when free candidates are
positioned in the median of the ranking.

PRrROOF. Let a ranking m of m candidates be given. Let
T be the set of all rankings of length m, £(7]|D) denote the
likelihood of a ranking 7 € T, and let m; (or 7;) denote the
ranking 7 (or 7, respectively) where the free candidate is
placed at position i € {0,...,m}.

For the first statement, since the free candidate does not
appear in D, each position is equally likely, and therefore,
for any 7; the likelihood L(7;|D) = ¢ - L(7|D), with ¢ =
#ﬂ. Therefore, with Theorem 1, Kemeny’s rule places free
candidates at every position with equal probability.

For the second statement, we show that inserting a free
candidate in the middle of the ranking minimises the ex-
pected error. By definition of the KT-error and L(1;|D) =
¢+ L(7]|D) from above, we have that

KT-error(m;, D) = Z Z K(mi, ;) - e L(7|D).

j TET

The distance (error) of 7; to 7; is equal to the distance of
7 to 7 except for the difference in the position of the free
candidate, i.e., |[i — j|. Consequently,

KT-error(m;, D)

=c > er(K(m 1) +1i —j]) - L(7]D)

= KT-error(m, D) +c- >, i — j| - > ep L£(7|D)
This is minimal if and only if 37, i — j| = Z;;(l)(z —J)+
> itiy1(j—1). This is minimal for i = mtl  With induction
this also holds for a set of free candidates. [
Next, we show that the difference between the two objectives
goes even beyond free candidates, and can result in different
rankings even when the votes are complete.

EXAMPLE 2. Let p = 0.7 and five complete votes be given:
twice a > b = ¢, twice ¢ = a > b and once b > ¢ > a.
Tk ranking > .na y.ng L(m|D) KT-error
9 a>=b>c 6 0.361 1.123
T a»c>b 0.028 1.877
T brarc 0.155 1.035
™3 b>c>a 0.066 1.965
T4 c>axb 0.361 1.123
75 c>=b>a 0.028 1.877
Then the Kemeny rule selects a = b > c or ¢ > a > b, but
the ranking that minimises the KT-error is b > a > c.

DO
© NI

Also here, we see that the MLE is not minimising the ex-
pected error.

3.2 Hardness

Finding the ranking with the largest likelihood (i.e., Kemeny
optimal) is NP-complete [15]. Towards establishing the com-
putational complexity of finding an aggregate ranking with
the minimum error, we can show that the problem of com-
puting the error of a (single) aggregate ranking is #P-hard
(even) when there is no noise in the data D. The proof uses
a reduction from computing the number of linear extensions
of a partial order, which is #P-complete [2].

In the proofs below, let T denote the set of extensions of
the partial order defined by the votes of D and zp = |Tp|
the number of such extensions. For our proof we need the
following lemmas.

LEMMA 1. L(7|D) is the same for all consistent rankings
7 € Tp if D is generated from a model without noise, and
this is equal to %.

This follows because incompleteness is determined indepen-
dently from the position in the ranking.

If D does not imply a complete linear order, there is a
pair a, b of unordered alternatives. We express the number
of consistent extensions of D in terms of the numbers of
extensions for both possible orders for a and b as follows.

LEMMA 2. Given a ranking m and data D without noise
on a set of alternatives A. Let a,b € A be given. Let Dgp
denote D U {(a,b)}. Then

KT-error(m,D)-xp = KT-error(w,Dab) - Tp,,
+ KT-error(m, Dya) - (xp — xD,,)-
Proor. With Lemma 1, £(r|D) = %
definition of KT-error, we write
KT-error(m, D) -xp =3, cp, K(7,7)
= ZTETDGI, K(m,7)+ ZTETDM K(m, 7).

Using the definition of KT-error and of D,y and Dy, the
result then follows. [

Applying the

The idea of the proof below is now to repeatedly use this
fact that the number of consistent extensions of D is equal
to the sum of the number of consistent extensions of D U
{(a,b)} and of D U {(b,a)}. By repeatedly adding (yet)
unordered pairs of a and b to D, we collect a polynomial
number (at most m?) of linear constraints on the numbers
of consistent extensions of increasingly larger sets of votes,
ultimately leading to a single consistent extension.

THEOREM 2. Given data D generated from a model with-
out noise, determining the expected error of an aggregate
ranking w is #P-hard.



PrROOF. We show this by a (polynomial) reduction from
the problem of computing the number of linear extensions
of a partial order ». Let such a partial order > over a set
of candidates A be given. First, for each pair of candidates
(a,b) with a > b in the partial order, insert an incomplete
vote with a before b in D. Let a ranking m € Tp be given
(e.g., by taking a topological order). Initially, D has xo
consistent extensions. Then execute the following algorithm.

1. Initialise ¢ to 0 and eg = KT-error(m, D).

2. For every pair (a,b), if adding a > b does not create a

cycle in the majority graph of D then
(a) Increment ¢, set Doy, = D U {(a,b)} and Dy, =

Du{(b,a)}.
(b) Let e; = KT-error(m, Dab).
(c¢) Let C; denote the constraint e;—1-x,—1 = €;-z; +
KT-error(m, Dpg) - (Tic1 — X4).-
(d) Let D = Dgp.
Let k denote i in the last iteration. All thus found con-
straints C; are valid because of Lemma 2. When the last
pair of candidates has been added to D, at index k < m?,
there is only one consistent extension, hence z = 1. If we
know a value z;, we can compute x;—1 using the equality
constraint C; with both z; and x;—1. So with induction we
can compute xo in k such steps. This gives us the total
number of consistent extensions of the partial order in poly-
nomial time. Since with this polynomial number of calls to
KT-error we solved a #P-hard problem, we conclude that
computing KT-error is also #P-hard. [J

3.3 Local Search

Although computing the error for candidate rankings to find
the minimal one does not seem to be feasible, we can improve
a ranking by making local adjustments. In particular, given
a ranking 7, it is easy to determine if, by swapping two
adjacent candidates, we can improve the KT-error.

THEOREM 3. Let Tap and Tpe be two equal rankings ex-
cept that two adjacent candidates, a and b, are swapped.
That is, a >, b and b >, a. Then: KT-error(te, D) <
KT-error(toa, D) iff na(a,b|D) > nq(b,a|D).

PRrROOF. Let Ty, C T denote the set of all rankings where
a > b (not necessarily adjacent ones) and Ty, = T\Tup the
set of all rankings where b > a. Then Ty, UT}, is a partition
of all possible rankings and |Tos| = |Tha|. We can thus write
the KT-error(7, D) (using Equation 6) as:

Z K(r,7") - L(7'|D) + Z K(r,7') - L(7'|D).
T €Ty T/ €Thq

For 7 € T, from the definition of the Kendall-tau distance,
we know that K(7pe,7) = K(Tas,7) + 1, and for 7 € Ty,
K (7ba,7) = K(7ab,7) — 1. Therefore the KT-error(7yq, D) is

= > (K(tan,7) +1) - L(7|D) (7

TE€Tqp
+ > (K(7ap,7) — 1) - L(7]D)
TETq
= Z K(Tap, 7) - L(T|D) + Z L(T|D)
TET T€T
+ Z (Tab, 7) - L(7|D) — Z L(7|D)
T€TH, TET},
= KT-error(7qp, D Z L(T|D) — Z L(7|D).
TET TETYq

Note that > . L(7|D)+ >, cp, L(7|D) = 1, or, more
generally, a constant (normalisation is not relevant here).

We can express the likelihood that a comes before b given
the data as:

1 T a
> L(rlD) = L(a = bD) = _p" (1 -

TET

p)na(bwalD) .

Using Equation 7 we thus can write the difference between
errors, KT-error(7pa, D) — KT-error(7as, D), as:

1
> (pna(a,bw)(l _ pyra(®alD) _pra(balD) g p)na(a,bw))
Since p > 0.5, this difference is strictly positive (negative)

iff p”a (a,b| D) > pna(b,a|D) (OI‘ p"a("‘ab‘D> < p”a(bv‘”D)). |

It turns out that repeatedly applying this rule until a local
optimum is found has been called local Kemenisation [13]. It
has been shown that any ranking thus produced satisfies the
generalised Condorcet criterion (i.e., if there is a partition
of the candidates (A1, A2) such that for every a € A; and
b € As the majority prefers a to b, then every a € A; must
be ranked above every b € Ay [28]). The above proof adds
that this is locally minimising the KT-error as well. Note
that although the proof assumes Mallows’ model, it seems
intuitive for any noise model to swap adjacent candidates if
one is ranked more often above the other, and that this is
independent of the (often unknown) value for p in the model.

4. EXPERIMENTS

We now empirically evaluate a range of voting rules, to de-
termine their performance in settings with incomplete rank-
ings. To this end, we first discuss the experimental setup
and data, followed by the voting rules and modifications to
deal with incomplete rankings. Then we discuss the results.

4.1 Setup and Data

We consider two types of experiments: those generated us-
ing synthetic data, and those based on real data from the
PrefLib library [24], specifically the Mechanical Turk Dots
and Puzzle experiments by [23]. We focus on these datasets
since they provide noisy (albeit complete) rankings and they
also include an objective ground truth. In more detail, for
the synthetic data, we use the repeated insertion method dis-
cussed in [10, 20] to generate noisy rankings according to the
Mallows’ model. Furthermore, to generate incomplete rank-
ings, we independently remove each candidate from each
agent with a probability g.

The real data consists of several datasets, each containing
up to 800 agents ranking 4 candidates. In the Dots exper-
iment, each voter was asked to rank 4 images according to
the number of dots they contained, whereas in the Puzzle
game the voters were asked to rank sliding puzzles according
to how close they were to the solution (see [23] for details).
The votes contain natural noise and are complete. To make
the votes incomplete, we remove each candidate from each
agent with probability ¢ as before. In addition, we randomly
select n agents without replacement (where we vary n).

We repeat each experiment 1000 times with resampled
random values for candidates to determine the order in case
of ties in the scoring rules, and we measure the average
Kendall-tau distance (i.e., the number of inversions) of the
aggregated ranking to the true ranking. Note that this is
consistent with our objective of minimising the KT-error.



4.2 Voting Rules for Incomplete Votes

We consider the following common voting rules in the liter-
ature on rank aggregation. For each of the rules below, we
also add a variant with local search, where we improve the
rank produced by the corresponding rule by applying the
algorithm described in Section 3.3 until it converges.

Borda.

According to the Borda rule every agent assigns n — j points
to the candidate ranked in position j, which is equal to the
number of candidates it defeats. Candidates are then ranked
according to the sum of points for each candidate, which is
also called the Borda count. However, with incomplete votes,
it is not clear how many points should be awarded to the
candidates ranked by an agent and the ones missing. There
are many variants (see, e.g., [1, 26, 13]) and we consider the
following three: Pessimistic, where ranked candidates con-
tribute a score of (m — oj(7)) and unranked ones contribute
zero points; Optimistic, which is the same except that un-
ranked candidates contribute (m — |o|); Scaled, where the
score is proportional to the position within the ranked can-
didates, m(|Ax| — ok (i))/|Ax|, and missing candidates con-
tribute zero. We choose these three since they vary widely
in their performance, whereas other variants we tried per-
formed similarly to one of these three.

Spearman’s Footrule.

Spearman’s footrule is another commonly-analysed voting
rule, especially for the Mallows’ noise model, since it is a 2-
approximation of Kemeny optimal but computable in poly-
nomial time. This rule minimises the sum of Spearman’s
distances of the complete ranking to the votes, where the
distance between two rankings ¢ and T is given by S(o,7) =
> icalo(@) — 7(i)]. For complete rankings, this is done by
finding the minimal weighted matching of alternatives to
their ranks in the aggregate ranking, where the weight w;;
of a candidate ¢ in position j is given by wi; = >, [0k () —
jl (computable in O (m?®) using the Hungarian algorithm).
Now, as with Borda, there are several ways to extend this
rule to deal with incomplete votes. We choose Scaled Footrule
Optimal (SFO) from [13] since it is simple and computation-
ally tractable (unlike, e.g., using the induced distance [13]).
In detail, to compute the distance for candidate 7 at position
Jj, instead of using o (i) and j, both of these are scaled ac-
cording to the total number of candidates. Specifically, the
weight is replaced by wi; = >, |ok(i)/|Ax| — j/m|. This
formulation represents the idea that the missing alternatives
are equally spread in between the ranked alternatives.

Copeland.

The Copeland voting rule ranks individual candidates ac-
cording to the number of wins in pair-wise contests mi-
nus the number of losses. This rule can be readily ap-
plied to incomplete settings by only counting pairs when
both alternatives appear in an agent’s ranking. Formally,
let P(i,5) ={k€ A:4,j € Ax Ni =5, j}| denote the num-
ber of agents who prefer i to j. Then, candidates i’s score
is computed by:

i #i: PG,j) > PG} - i #i: PGi,J) < PG}

Candidates then are ranked according to their score in de-
scending order.

Kemeny optimal.

We implement the Kemeny optimal rule by a mixed integer
optimisation problem on the weighted majority graph [7] for
which we (uniform) randomly select one optimal solution.

Optimal.

Computing the KT-error exactly is hard (Theorem 2), but
in practice we can still compute the Optimal for up to 6
candidates using a brute force approach. Specifically, the
KT-error is computed for all possible rankings and then the
one with the minimal KT-error is chosen. Note, however,
that the definition of KT-error for Mallows’ model depends
on the noise probability p. For the synthetic experiments we
simply use the p value that was used for generating the in-
stances. For the experiments with the real data we compute
the KT-error for a range of p values to establish the best
one experimentally. As before, if there are multiple optimal
solutions, we select one randomly.

4.3 Results

Figure 1 shows results using synthetic data with 6 candi-
dates, a Mallows noise probability p = % and a probability
of candidates missing of ¢ = 0.7 for different values of the
number of agents. The right figure shows the results af-
ter applying local Kemenisation to each of the voting rules.
As expected, having more agents decreases the average dis-
tance to the true ranking for all rules. We also can observe
that Kemeny is indeed not optimal, with on average around
0.5 inversions more than Optimal. Interestingly, Copeland
performs significantly better than Kemeny, and at times on
par with Optimal. Even more striking is the significant im-
provement of most rules by local Kemenisation, which can
be observed by comparing the left to the right figure. We
have similar results for other values for ¢, but show only
q = 0.7, because here the differences are most pronounced.

This can be seen in Figure 2, where we vary the probability
q of missing candidates and show the average distance for
all rules for a scenario with p = % and 25 agents. Similar
to the previous results, we see that Copeland consistently
outperforms Kemeny, and that Kemeny is relatively far from
optimal. Compared to the previous figure, we see here that
differences between the rules are less pronounced for lower
values of ¢q. In particular, after applying local Kemenisation,
none of the rules are statistically different up to ¢ = 0.6.

The results so far have considered data where the syn-
thetic noise model is consistent with our objective. We now
consider the real data, which uses natural noise generated
through experiments rather than a particular model. To this
end, Figures 3 and 4 show the results from the Dots dataset
(number 1) and Puzzle (number 2) respectively, where we
vary the number of agents and set the probability of missing
a candidate to ¢ = 0.7. Surprisingly, trends for both datasets
are very similar to the synthetic data: despite the fact that
Optimal is not necessarily optimal with real data (since it
assumes the Mallows’ model), it significantly outperforms all
other voting rules. Furthermore, Copeland outperforms Ke-
meny in most instances. Finally, again despite the fact that
it assumes Mallows’ model, local Kemenisation significantly
improves most voting rules, except of course Kemeny and
Optimal, which are already locally optimal, and Copeland
for some instances (within the standard error). We can see
the same trend for the other Dots and Puzzle instances (re-
sults not shown).
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Table 1: The average distances for Optimal for different values of p are given on the Dots 1 problem instance
for 10 agents (top) and 50 agents (bottom) and for probabilities 0.0-1.0 of missing candidates. Except for
p = 0.5 these differences are statistically insignificant (standard errors of above 0.02).

P 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.5000 3.004 3.03 2964 3.063 2.998 3.002 2974 294 2984 2946 3.055
0.6225 1.615 1.679 1.815 1.965 2.054 2.192 2315 2446 2.691 2.815 3.055
0.7311 1.606 1.683 1.822 1.991 2.059 2.203 2.314 2.435 2.681 2.844 3.055
0.8176 1.605 1.685 1.82 1.989 2.057 2.207 2335 2439 2.705 2.81 3.055
0.8808 1.607 1.684 1.819 1.992 2.059 2212 2326 243 2.694 2.815 3.055
0.9241 1.611 1.69 1.824 1.997 2.061 2.208 2.346 2447 268 2813 3.055
0.9526 1.611 1.676 1.824 1.989 2.055 2216 2.323 2451 2.703 2.816 3.055
0.5000 2.946 2.936 3.006 3.083 3.023 2.978 3.016 2.986 3.069 3.125 2.964
0.6225 0.733 0.834 0.89 1.006 1.274 1.405 1.597 1.887 2.2 2.684 2.964
0.7311 0.731 0.833 0.898 1.02 1.285 1.429 1.627 1.877 2.185 2.67 2.964
0.8176 0.733 0.834 0.9 1.023 1.285 1.424 1.629 1.884 2.207 2.66 2.964
0.8808 0.734 0.834 0.9 1.023 1.284 1.427 1.628 1.89 2.189 2.7 2.964
0.9241 0.732 0.832 0.899 1.025 1.284 1424 1.626 188 2.186 2.71 2.964
0.9526 0.731 0.834 0.901 1.024 1.284 1.429 1.627 1.885 2.197 2.653 2.964
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Figure 4: The performance of the rules on this Puzzle data set 2 with ¢ = 0.7 shows the same trends as for
Dots.
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We furthermore considered the effect of the unknown noise
probability p on the performance of Optimal with real data.
The results are shown in Table 1 for a range of ¢ and p values,
where the p values are computed using a generalised noise
model [12] p = % and a € {0,0.5,...,3}. Interestingly,
the results are not statistically significant for different values
of p (except 0.5), suggesting that Optimal is robust with
respect to the choice of p.

We also produced synthetic experiments for larger num-
bers of candidates (100) and more agents (up to 200). Al-
though we were unable to compute Kemeny and Optimal
rankings for these settings, the trends for the remaining vot-
ing rules were largely the same. A representative example
in shown in Figure 5. As before, local Kemenisation signifi-
cantly reduces the error.

5. RELATED WORK

The average Kendall-tau distance (among other measures) is
often used in experiments with noisy and incomplete data to
compare the effectiveness of a set of rules over a large set of
problem instances, e.g., [11, 13]. However, this is typically
done implicitly and without noticing that minimising this
error is a significantly different objective from maximising
the likelihood. The objective of minimising the error is first
explicitly mentioned in a technical report [29, Section 5].
They say it is (more) difficult to optimise for this than max-
imising the likelihood (without proof) as “no closed form
solution exists”, which is in line with our hardness result.
Later this statistical decision-theoretic viewpoint on social
choice and the hardness proof have been formalised [27], but
only considers complete votes.

A related argument against using maximum likelihood as
the objective is that optimising for a single noise model may
not be optimal in realistic settings, because the noise could
take unpredictable forms [4, 23]. This has led to the de-
sign of a “modal” ranking rule that is robust against any
“reasonable” noise model [4]. Following a similar argument,
it is relevant to learn a mixture of (Mallows) noise models,
e.g., through a Monte Carlo based approximation [21]. Such
approaches can be seen as complementary to the direction
we take in this paper. In fact, we argue that the ultimate
objective should be to minimise the error based on a learned
mixture of general noise models.

Specifically regarding incomplete votes, some work has
considered machine learning techniques that view the miss-
ing ranking information as hidden variables, which are then
inferred from other votes. For example, Cheng et al. [6]
use the Expectation-Maximisation algorithm. Other exper-
iments with real data show the performance of a number
of “existing, standard, algorithms from machine learning” to
infer the missing information [11]. For an overview of the
workflow of designing social choice mechanisms using ma-
chine learning see the paper by Xia [30].

Much of the work in this area uses information retrieval
as its main application domain (e.g., [13, 19]) and machine
learning is used as an adaptive voting rule which learns how
to rank the documents. An important challenge in this do-
main is scalability, especially for search engines, where the
number of candidates (documents) can be as large as several
billions. So far, this problem has mostly been approached
as a machine learning classification task. However, other
voting rules such as SFO, Borda, and a range of methods
using a Markov decision model of the votes, have been eval-

uated on a web page data set [13]. Consistent with our
findings, their results show that the rule said to be similar
to Copeland (called MCy) performs the best on this set. Im-
portantly, however, the “ground truth” in such applications
is not a full rank, but rather whether a document is rele-
vant or not. As a result, the objective in those approaches
is different (they are more concerned with measures such as
recall and precision and other measures specifically relevant
to information retrieval). Nevertheless, our results support
the main conclusions from these papers in that the Copeland
rule seems an appropriate choice for most levels of noise and
missing candidates.

6. CONCLUSIONS

We have shown that voting rules which maximise the likeli-
hood of a ranking do not necessarily minimise the rank ag-
gregation error, i.e., the expected distance to the true rank-
ing. Specifically, for rank aggregation with significant noise
and missing votes, maximising the likelihood (i.e., using Ke-
meny’s rule assuming Mallows’ model) can result in a signif-
icantly higher error than computationally simpler methods
such as Copeland. While the results are particularly pro-
nounced with missing votes, we have shown that this dis-
crepancy can occur even when votes are complete. Further-
more, we have shown that Optimal performs best in both
synthetic and real data settings, even when we do not know
the noise parameter exactly. In terms of theoretical results,
for Mallows’ model we have shown that computing this error
is hard. Furthermore, we proved that an efficient procedure
called local Kemenisation, which is known to improve the
likelihood, also reduces the error, and that in fact this leads
to a significant performance improvement for varying incom-
pleteness and noise levels.

The next logical step is to design new voting rules with
the objective of minimising the error in settings with incom-
plete and noisy observations. This would be particularly in-
teresting for more general (mixtures of) noise models. These
extensions also give rise to a number of questions regarding
the complexity class of the problems of minimising the rank
aggregation error. In particular, although we showed that
computing the error is #P-hard, determining whether the
complexity of finding the ranking with minimal error for the
Mallows’ model is also #P-hard is still an open problem.
Other extensions include considering different incomplete-
ness models (e.g., where the probability of missing depends
on the position in the true ranking) and different distance
measures (e.g., winner determination, top-k, or more general
weighted measures). Additionally, it would be interesting
to compare existing voting rules to approaches that apply
machine learning methods, both through learning missing
data [11], but also by directly applying classifiers as is com-
mon in the “learning to rank” information retrieval field [19].
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ABSTRACT

Preference profiles that are single-peaked on trees enjoy de-
sirable properties: they admit a Condorcet winner (Demange
1982), and there are hard voting problems that become
tractable on this domain (Yu et al. 2013). Trick (1989) pro-
posed a polynomial-time algorithm that finds some tree with
respect to which a given preference profile is single-peaked.
However, some voting problems are only known to be easy
for profiles that are single-peaked on “nice” trees, and Trick’s
algorithm provides no guarantees on the properties of the
tree that it outputs. To overcome this issue, we build on the
work of Trick and Yu et al. to develop a structural approach
that enables us to compactly represent all trees with respect
to which a given profile is single-peaked. We show how to
use this representation to efficiently find the “best” tree for
a given profile, according to a number of criteria; for other
criteria, we obtain NP-hardness results. In particular, we
show that it is NP-hard to decide whether an input profile is
single-peaked with respect to a given tree. To demonstrate
the applicability of our framework, we use it to identify a
new class of profiles that admit an efficient algorithm for
a popular variant of the Chamberlin—Courant (Chamberlin
and Courant 1983) rule.

1. INTRODUCTION

Preference aggregation is a difficult task when voters’ pref-
erences may be arbitrary: one has to deal with voting para-
doxes (Arrow 1951) and computationally hard problems
(Brandt et al. 2013). This observation motivates the study
of domain restrictions, i.e., special classes of voters’ prefer-
ences that rule out paradoxical outcomes and/or allow one
to circumvent computational hardness results. Perhaps the
most-studied restricted domain is that of single-peaked pref-
erences (Black 1948). This domain captures profiles where
voters’ preferences are determined by candidates’ positions
on a single issue, and has many desirable properties: for
instance, single-peaked elections always have a Condorcet
winner (a candidate that is preferred to every other can-
didate by a majority of voters), admit a non-manipulable
voting rule (Moulin 1991), and allow for an efficient winner
determination algorithm for a popular committee selection

Copyright (©) 2016, Association for the Advancement of Artificial Intelli-
gence (www.aaai.org). All rights reserved.
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Figure 1: The ‘attachment digraph’ computed
for the profile {kfedghcijba, dcbeafghijk, gfhiedcbajk}
which is single-peaked on 336 different trees. All
of them appear as subtrees of the above digraph,
which can be computed in O(|V| - |C|?) time. The
black edges must appear in any tree; for each free
vertex with gray outgoing arcs, we choose exactly
one of them. The transitivity among the gray edges
will be crucial to our approach.

rule (Betzler et al. 2013).

Demange (1982) introduced a weaker domain restriction,
namely, single-peakedness on a tree. Briefly, a profile is
single-peaked on a tree if candidates can be mapped to the
vertices of some tree so that the restriction of this profile
to every path in this tree is single-peaked. This is a con-
siderably broader domain than that of the single-peaked
elections, which, nevertheless, retains some of the desirable
properties of the latter: profiles that are single-peaked on a
tree always have a Condorcet winner (Demange 1982), and
there are committee selection problems that become easier
when preferences are single-peaked on a tree (Yu et al. 2013).
However, some of the algorithms for this domain require the
input profile to be single-peaked on a “nice” tree, such as a
tree with a small number of leaves or a star (Yu et al. 2013);
indeed, positive results for single-peaked preferences can also
be viewed in this light, as they require the preferences to be
single-peaked on a specific tree, namely, a line (path).

Now, forcing Trick’s algorithm to output a “nice” tree is not
a trivial task: indeed, this algorithm may output a complex
tree even when the input profile is single-peaked on a line.
Fortunately, there are efficient algorithms for recognizing
when a given profile is single-peaked on a line (Bartholdi
and Trick 1986; Doignon and Falmagne 1994; Escoffier et al.
2008), and Yu et al. (2013) explain how to modify Trick’s
algorithm so that it outputs a tree with the minimum number
of leaves and how to recognise when a profile is single-peaked
on a star. However, prior to this work, no such algorithms
were known for other types of “nice” trees, such as trees that
have bounded diameter or a small number of internal nodes;



in fact, it was an open question whether, given a profile V'
and a tree T, one can check in polynomial time whether V'
is single-peaked on T'.

In this paper, we propose a general framework for answer-
ing such questions, and use it to obtain polynomial-time
algorithms for identifying “nice” trees when they exist, for
several appealing notions of “niceness”. Specifically, we define
a digraph that encodes, in a compact fashion, all trees with
respect to which a given profile is single-peaked, an exam-
ple is shown in Figure 1. This digraph enables us to count
and/or enumerate all such trees. Moreover, we show that it
has many useful structural properties, which can be exploited
to efficiently find trees that have, e.g., the minimum degree,
diameter, or number of internal nodes among all trees with
respect to which a given profile is single-peaked, or to decide
if a given profile is single-peaked on some specific type of tree,
such as a caterpillar or a subdivision of a star (see Section 2
for definitions). However, there are limits to what we can
accomplish in this way: we show that it is NP-hard to decide
whether a given profile is single-peaked on a regular tree.
Moreover, given a profile and a tree, it is NP-hard to decide
if this profile is single-peaked on this specific tree.

Knowing whether a profile is single-peaked on a “nice” tree
enables us to develop stronger intuition about the structure
of voters’ preferences. However, our recognition algorithms
also have more tangible benefits: for at least one type of “nice”
trees that can be identified by our algorithm (namely, trees
with few internal vertices), we develop a winner determina-
tion algorithm for a variant of the Chamberlin—-Courant com-
mittee selection rule (Chamberlin and Courant 1983) that,
under plausible complexity assumptions, is more efficient
than any algorithm for this rule under general preferences.
Importantly, our winner determination algorithm works di-
rectly with the underlying tree, i.e., it relies on having an
efficient procedure for constructing a tree with few internal
vertices. We expect that similar results can be obtained
for other types of trees that we can recognise; we leave this
question for future work.

2. PRELIMINARIES

For a finite set of candidates C, a profile V over C is a
list of strict total orders over C; elements of V are called
votes, or preference orders. We will view a vote v € V as a
list of candidates, and use Python-like indices to refer to its
entries: v, V], V[-1] are v’s most, second-most, and least
preferred candidates respectively, and vyy.x) is the set of v’s k
most preferred candidates. For readability, we write ¢’ =, ¢
to indicate that ¢’ comes before ¢ in the vote v. For a subset
C’ C C of candidates, we denote by v[. the preference order
obtained from v by restricting it to C’ x C’.

A tree is a connected acyclic graph. A leaf of a tree is a
vertex of degree 1. Vertices that are not leaves are internal.
A path is a tree with exactly two leaves. The diameter of
a tree T is the number of edges in a longest simple path in
T. A star is a tree K1, that has one internal vertex (the
center) and n leaves. A k-regular tree is a tree in which every
internal vertex has degree k. Note that paths are 2-regular
(uniquely), and the star K1, is n-regular. A caterpillar is a
tree in which every vertex is within distance 1 of a central
path; in other words, removing all leaves from a caterpillar
results in a path. A lobster is a tree in which every vertex is
within distance 2 of a central path. A subdivision of a star is
a tree obtained from a star by replacing its edges by paths.

A tree decomposition of a graph G is given by a tree T'
and map B : V(T) — P(V(Q)) that associates each vertex
v of T with a bag S(v) C V(G) of vertices of G, in such a
way that for each w € V(G), the set 87" (w) is non-empty
and connected in T, and for each edge {u,w} € E(G), there
is a bag B(v) with {u,w} C B(v). The width of a tree
decomposition (7', ) is given by max,cv(r |[B(v)] — 1. A
tree decomposition (7, B8) is called a path decomposition if
T is a path. The path-width of a graph G is the minimum
width of a path decomposition of G. See Bodlaender (1994)
for a survey of these notions.

A profile V over C is single-peaked (on a line) if there is
a linear order C on C such that for every v € V, we have
T >y Yy Whenever vy Cx Cyory C o Cvpy. V is single-
peaked on T, where T is a tree with vertex set C, if V is
single-peaked when restricted to the vertex set of every path
in T. Equivalently, V' is single-peaked on T if for every v € V'
and each k = 1,...,|C|, the set v[;.x) induces a subtree of T'.
Given a profile V', we denote the set of all trees T" such that
V is single-peaked on T by T (V); we say that trees in T (V)
are suitable for V. A profile V over C' is single-peaked on a
tree if T(V) # @. In particular, V is single-peaked on a line
if and only if it is single-peaked on a tree T that is a path.

A digraph D = (V, A) is a directed graph with no self-loops
or multiple arcs. An arc (u,v) € A points from its tail u to
its head v. We will write uv for (u,v). An acyclic digraph
(a dag) is a digraph with no directed cycles. For a vertex v,
its out-degree (resp., in-degree) d* (v) (resp., d” (v)) is the
number of arcs whose tail (resp., head) is v. A sink is a
vertex v with d* (v) = 0, a source is a vertex with d~ (v) = 0.
Every dag has at least one sink and one source.

Given a digraph D = (V, A), we can forget about its ori-
entation to obtain an underlying graph G = (V, E') where
{u,v} € E if and only if uv € A or vu € A.

3. THE ATTACHMENT DIGRAPH

We now introduce the essential tool in our study of the
set 7 (V). Consider a profile V over a candidate set C' that
is single-peaked on some tree: 7 (V) # @. We associate to
this profile its attachment digraph D with vertex set C: this
digraph is obtained by running Algorithm 1, which builds
on the ideas of Trick (1989) and Yu et al. (2013).

Algorithm 1 Build attachment digraph D = (C, A) of V/
D+ (C,A), A+ @
C'+C
while |C'| >3 do

L+ {(U[C/)[,ll v E V}
for each candidate c € L do
Be =,y Blvlor o)
if B. = @ then
return fail > V not single-peaked on any tree
else
add arcs cc’ for each ¢’ € B. to A
C'«C'\L

return D

> D is the empty digraph on C

This algorithm runs in time O(]V] - |C]?). It uses the
operator B(v, ¢) that takes as input a vote v and a candidate c,
and returns a constraint on the candidates ¢’ that ¢ can be



attached to in suitable trees as a leaf. It is defined as

B(o,c) = {c:c =vc} ifuvy #ec,
{’U[Q]} lf U[ll = C.

This operator can be computed in time O(|C|). To see that
the definition makes sense, suppose that c is a leaf. If it is
not the top candidate in vote v, then it must be attached to
some ¢’ that v prefers to ¢, since every path from vy to ¢
goes through the parent of c. On the other hand, if ¢ is the
top candidate in v, then ¢ must be attached to the candidate
¢ ranked immediately below ¢ by v, as otherwise the path
from c to vy violates the single-peakedness condition.

We start with a few easy properties of attachment digraphs.

PROPOSITION 1. Any attachment digraph (C, A) is acyclic
and has at most two sinks. If it only has one sink t, then
d=(t) > 2.

Proor. We follow the proof of Theorem 6.1 in the work
of Yu et. al. (2013). Suppose that the while loop is executed
f — 1 times, and denote the sets L found at each iteration
by Li,.. .,Lf_l. Set Lf = C\ (Ll Uy---u Lf_l). Then
Li,...,Ly is a partition of C. Since for every ¢ € C'\ Ly
we have B, # @, at least one arc with tail ¢ is added to A.
Hence no ¢ € C'\ Ly can be a sink, so all sinks are in Ly. The
condition of the while loop implies that |Ls| < 2, so there
are at most two sinks. It also implies that |Ly_1 U Lf| > 3,
which gives d™ (t) > 2.

For acyclicity, note that since B(v|o/,c) C C’, we have
B. C C" at the stage when we compute B.. Thus if ¢ € L;
then all arcs with tail ¢ point into L;y1 U---U Ly. So (C, A)
has a topological order given by a linearisation of the partial
order induced by the partition Li,..., Ly of C. [

Often, it will be convenient to use the pointed attachment
digraph D of a profile, which is obtained from D by inserting
a single arc (arbitrarily directed) between the two sinks in
case there are two sinks. Thus, D" always has exactly one
sink.

We call a subset F© C A of the arcs of a digraph an
arc-function if every vertex that is not a sink has exactly
one outgoing arc in F'. The reason we are interested in
attachment digraphs and their arc functions is given in the
following theorem, which follows from results of Trick (1989).

THEOREM 2. For every profile V, the set T (V) is in bi-
jection with the set of arc-functions for DV, the pointed
attachment digraph of V.. Thus, every tree in T (V) appears
as a subgraph of DT, once we forget about its orientation.

Indeed, given an arc-function F' for the pointed attach-
ment digraph, we can take the arcs in F, forget about their
orientation, and obtain a suitable tree for V.

COROLLARY 3. The number of suitable trees in T (V) is
equal to the product of the out-degrees of the non-sink vertices
of DT. Hence we can compute |T (V)| in polynomial time.

It turns out that attachment digraphs have a lot of struc-
ture beyond the results of Proposition 1. A key property,
which will allow us to use essentially greedy algorithms, is
what we call circumtransitivity.

DEFINITION 1. A dag D = (C, A) is circumtransitive if
its vertices can be partitioned into a set C~ of forced wvertices
and a setC7= C \C™ of free vertices so that

1. every forced vertex has out-degree at most one, and all
vertices reachable from it are also forced, and

2. every free vertexr has out-degree at least two, and when-
ever x and y are free vertices with xy,yz € A, then
xz € A.

Note that in particular the sinks of D are forced. A circum-
transitive dag thus consists of an inner part (the forced part)
that even after forgetting about orientations is acyclic, and
an outer part that is transitively attached to the inner part.
Further, since every free vertex starts a path to a sink, by
transitivity it must have an arc to some forced vertex.

THEOREM 4. Ewery attachment digraph (C, A) is circum-
transitive.

Proor. We will argue that Definition 1 is satisfied by
taking the partition

C?={c:d"(c) <1}, CT={c:d"(c) >2}.

Forced: Let z € C™ be a forced vertex. If dt(z) = 0, there is
nothing to prove, so assume that d* (z) = 1, i.e., zy € A for
some y € C. We will show that d*(y) € {0, 1}.

If y is a sink, we are done, so suppose yz € A for some
z € C. Then zz ¢ A and so z € B,. This means that
z & B(vlcr,x) for some v € V, where C’ is the set of
candidates remaining in the while-loop iteration in which
x is attached. Note that y € C’ and hence z € C’ as well.
Write v = v[~,. We consider two cases:

(i)  # Uyy). Then zy € A implies y >, x. Consider now
the iteration in which y is attached. If y is ranked first in v
at that point, then by construction |By| = 1, so we are done.
Otherwise yz € A implies z >, y. But then by transitivity
Z > Z, 80 z € B(7,x), a contradiction.

(i) « = vpy). Then xy € A implies that y is ranked second
in 9. Hence, in the iteration in which y is attached, it must
be the top candidate in v, and therefore |B,| = 1.

Free: Consider vertices x,y, z € C with x,y € C7and zy, yz €
A. At 2’s attaching time, no vote can begin in z since
d*(z) > 1. Thus since zy € A we have y =, z for all v € V.
Similarly, since yz € A and d*(y) > 1 we have z =, y for
all v € V. Hence, by transitivity, z >, x for all v € V', so
z€Byandxzze A. [

It follows that every tree in 7 (V') contains the forced part
of DV as a subtree (after forgetting orientations).
Finally, let us study the free vertices C~ more closely.

PROPOSITION 5. Every free vertex of DT = (C, A) has
arcs to at least two forced vertices.

PrOOF. We have observed that every free vertex has an
arc to at least one forced vertex. Assume for the sake of
contradiction that there is a free vertex = that only has a
single arc to a forced vertex; let this forced vertex be z. Take
a topological ordering of D'; among all free vertices y such
that y2 € A but yz’' ¢ A for every 2’ € C7\ {z}, let v be the
one that minimises the distance to z in the topological order.
Since v is free, it also has an arc to some other vertex w,
which is free by the choice of v. Now, w has an arc to some
forced vertex z’. By transitivity we have vz’ € A, and hence
Z/ = z. As w appears between v and z in the topological
order, this contradicts minimality of the distance between v
and z. [J



PROPOSITION 6. For each free vertex x € C~ of DV =
(C,A), the set {y € C7: xzy € A} induces a subtree in the
undirected version of DT.

PROOF. Suppose A contains arcs zy and zz where y, z €
C7. Let P be the unique y—z path in the undirected version
of DT that is contained in C~, and let Cp be its vertex set.
We will argue that Cp C B,. Fix a tree T' € T(V); note
that P is a path in T. Pick a vote v € V. Since |B,| > 1, we
have y >, x,2z >, x. Take a top segment of v that includes y
and z, but not x. This set induces a subtree of T', and hence
contains Cp. Thus, w =, x for each w € Cp. As this holds
for each v € V', x can be attached to any vertex of Cp. [

Taken together, Propositions 5 and 6 imply that each
free vertex can be attached to two forced vertices that are
adjacent to each other in Dt.

4. RECOGNITION ALGORITHMS

Suppose we are given a profile V with 7 (V) # @ and wish
to find trees in T (V') that satisfy additional desiderata. As
argued above, this can be done by computing the attachment
digraph and then choosing the arc-function appropriately.
Next, we give examples to that effect; the list is not meant
to be exhaustive and, in addition to new results, includes
already known results for paths, stars, and trees with few
leaves.

THEOREM 7. Given a profile V that is single-peaked on
a tree, we can find in polynomial time a suitable tree that
among the trees in T(V) has a
minimum number of leaves,
minimum number of internal vertices,
minimum diameter,

minimum max-degree,
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minimum path-width.

Further, we can decide in polynomial time whether a given
profile is single-peaked on a

6. line,

7. star,

8. caterpillar,
9. lobster,

10. subdivision of a star.

PROOF SKETCHES. Fix a profile V' over a candidate set C,
|C| > 3, and compute D, the attachment digraph of V, and
D™, the pointed attachment digraph.

1. This has already been done by Yu et al. (2013). Their
algorithm can be phrased in the language of attachment
digraphs as follows: first we find a maximum partial arc-
function such that no vertex has two incoming arcs, and then
we extend it to a full arc-function arbitrarily. The first step
can be achieved by matching techniques (as explained by Yu
et al.) or by matroid intersection of two partition matroids
(Gabow and Tarjan 1984).

2. We only need to decide how to attach free vertices.
By Propositions 5 and 6, each z € C~ can be attached to
two forced vertices that are adjacent to each other. Thus, if
IC™1 > 2, we can attach x to a forced vertex that is internal

in the forced part. Then every leaf of the forced part remains
a leaf, and every free vertex becomes a leaf, which is clearly
optimal. If |[C7] = 2 (note that |[C7| > 2 by Proposition 5),
we can pick y € C~ and attach all free vertices to y.

3. Run the algorithm of part 2; this produces a tree of
the same diameter as the forced part if [C7] = 2 or else of
diameter one larger than the forced part, which must be
minimal.

4. We show how to find a suitable tree with max-degree
at most k if there is one, for each fixed k. By repeatedly
calling this algorithm with k£ = 2,3,...,|C| — 1, we find a
tree of minimum max-degree. The algorithm is similar to
part 1: we check whether there is an arc-function for D
such that no vertex has more than k£ — 1 incoming arcs in
the arc-function. Such an arc-function, if it exists, can be
found using flow techniques or by matroid intersection of two
partition matroids.

5. The path-width of any suitable tree is at least the
path-width of the forced part. For trees, we can find a path
decomposition of minimum width in linear time (Scheffler
1990). Run this algorithm on the forced part. Then attach
free vertices to forced vertices, prioritising forced vertices
that appear in a bag that is not of maximum cardinality
among the bags in the path decomposition. If such a bag
is found, duplicate it and add the free vertex to one of the
copies. If some free vertex v is only attachable to forced
vertices that only appear in maximum-cardinality bags, we
need to fix things up. Take two different adjacent forced
vertices w and z to which v is attachable (such vertices are
guaranteed to exist). Take the left-most bag in which w and
x appear together and duplicate it. Suppose that w does not
appear to the left of the left copy. Then replace w by v in that
copy and attach v to x. This yields a path-decomposition of
width equal to the path-width of the forced part, which is
optimal.

6. The fastest algorithms for the line are given by Doignon
and Falmagne (1994) and Escoffier et al. (2008); they do
not rely on the pre-computation of the attachment digraph
and are thus faster than anything we can offer. That said,
running algorithms for parts 1 or 4 above will return a path
if possible, and if not, return something as close to a path as
possible (according to the various senses).

7. As observed by Demange (1982) and Yu et al. (2013), a
profile is single-peaked on a star if and only if there exists a
candidate that is ranked first or second in every vote. Hence
the profiles single-peaked on a star form a regular language
(under sensible encodings) and can be quickly recognised. In
our framework we can look for a sink in D such that every
non-sink vertex points to it.

8. A given profile can only be single-peaked on a caterpillar
if the forced part of DT is a caterpillar. If so, use the
algorithm from part 2 to make every free vertex a leaf. The
result is still a caterpillar. The lobster case (9) is similar.

10. The forced part is either a path or a subdivision of a
star K1 s with s > 2. In the first case, it suffices to check
whether all free vertices attach to a single vertex of this path
(which then becomes the center). In the second case, first
attach as many free vertices to the center as possible. By
Proposition 6, the remaining free vertices can be attached
to at most one of the leaves of the forced subdivision of a
star. Then for each leaf separately, find a longest path in the
sub-dag of free vertices attachable to it, and check that the
union of these longest paths contains all the remaining free



vertices. [J

Applying these algorithms to the example in Figure 1, we
see that suitable trees have between three and eight leaves,
their diameter at least four, they can have max-degree three
and path-width one, and include a caterpillar but not a
subdivision of a star.

5. HARDNESS RESULTS

The algorithms in the proof of Theorem 7 enable us to
answer a wide range of questions about the set 7 (V). The
NP-hardness results in this section, however, show that it is
likely that not every such question can be answered efficiently.

Consider the following computational problem.

SINGLE-PEAKED TREE LABELLING

Instance: Profile V over C, unlabelled tree T on |C| vertices
Question: Is there a labelling of the vertices of T" with candi-
dates in C s.t. V is single-peaked on that labelled tree?

THEOREM 8. Problem SINGLE-PEAKED TREE LABELLING
is NP-complete even if the input trees are restricted to diam-
eter at most four or to max-degree at most three.

PrOOF. The problem is in NP since for a given labelling
we can easily check whether it makes the profile single-peaked
onT.

For the hardness proof, we reduce from x3c. Given an
X3C-instance with objects 1, ..., %3, and sets s1,..., S, we
construct a tree T' by taking a star K1, and attaching three
fresh leaves to exactly m of the leaves of the star. Then T
has diameter four. We construct a profile over the candidate
set {x,Z1,...,Z3m, $1,--.,Sn}, with one vote for each object
and for each set. In the following, all indifferences can be
resolved arbitrarily.

For each object x;, vote to force x; to be attached to x or
to a set containing x;:

*, {sets containing x;}, z;, {other sets}, {other objects}.
For each set s;, vote to force an edge from * to s;:
*, 8, {sets other than s;}, {objects}.

If there is a valid partition in the X3C-instance selecting
precisely the sets s;,, ..., s;,,, then we can label T" as follows:
The center of the star is . Its n neighbours are the s;s. We
assign the s;;s to the neighbours of % of degree four. Then
we can assign each object to its set s;;, in the X3C-solution.
By considering top-initial segments of the votes given above,
we see that this makes all votes single-peaked on this tree.
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If there is a labelling of T" making all the votes single-
peaked, then there must be an X3C-solution. To see this, first
note that the vertex labelled x must have degree at least n
because of the set votes. There is only one such vertex in T,
namely the center, which is thus labelled x. It has exactly
n neighbours, which then must all be labelled by some s;.
This leaves us to decide which vertices are labelled by which
objects. Since we have already labelled all neighbours of
the center, the objects must be attached to sjs. Hence by
the constraints of the object votes, the labelling induces an
X3C-solution. [

By copying the center vertex and adding some peripheral
vertices, we can adjust this reduction so that 7’s maximum
degree is three. Notice that the problem is (trivially) fixed-
parameter tractable with parameter k = |C| by just trying
all k! possible labellings of the input tree.

We can use a similar reduction to prove a hardness result
complementing the easiness results of Theorem 7 (we omit
the proof). Recall that a tree is k-regular if every non-leaf
vertex has degree k.

THEOREM 9. Given a profile V, it is NP-complete to de-
ctde whether there exists a positive integer k such that V' is
single-peaked on a k-regular tree. The problem is also hard
for each fixed k > 4.

6. APPLICATION:
COMMITTEE SELECTION

We will now demonstrate how to apply one of the recogni-
tion algorithms presented in the proof of Theorem 7 to obtain
an algorithm for a committee selection problem that is known
to be NP-hard for unrestricted preferences. Specifically, the
computational problem we consider is winner determination
under the Chamberlin—Courant rule with Borda misrepresen-
tation function; our results extend to other misrepresentation
functions that satisfy a mild condition. Our algorithm can
be used for any profile that is single-peaked on a tree and
is efficient for trees that have few internal vertices provided
that the target committee size is not too large.

We start by defining the Chamberlin—Courant rule and
providing a brief summary of complexity results for it, fol-
lowed by the description of our algorithm and a proof of
correctness.

Chamberlin and Courant (1983) propose a family of rules
that take a candidate set C, a profile V' over this set and
a target committee size k as an input, and output a subset
of candidates (committee) of size k. Given a candidate set
C, |C| = m, every vector s = (s1,...,Sm) of non-negative
integers with 0 = s1 < ... < s,,, defines a positional misrepre-
sentation function pus : V' X 2¢ 5 7 as follows: us(v,C") = s;
if v ranks her most preferred candidate in C’ in position
i. The (utilitarian version of the) Chamberlin-Courant rule
outputs some committee C’ of size k that minimises the
quantity Y oy ps(v,C") (which we call the s-score of C”)
over all size-k subsets of C'. The misrepresentation function
associated with the vector s = (0,1,...,m — 1) is known as
the Borda misrepresentation function.

Finding a winning committee for the Chamberlin—Courant
rule is known to be NP-hard, even for the Borda misrepre-
sentation function (Lu and Boutilier 2011); however, this
problem can be solved in polynomial time for an arbitrary
misrepresentation function if the input profile is single-peaked
(Betzler et al. 2013) or, more broadly, has bounded single-
peaked width (Cornaz et al. 2012), as well as for a large class
of misrepresentation functions including the Borda misrep-
resentation function if the input profile is single-peaked on
a star (Yu et al. 2013). Yu et al. also provide an algorithm
for profiles that are single-peaked on a tree, which works
for arbitrary misrepresentation functions; its running time is
polynomial in |V| and the quantities |C|* and k*, where X is
the number of leaves of a suitable tree (they also explain how
to find a suitable tree with the minimum number of leaves).

While the latter algorithm is useful for profiles that are
single-peaked on a tree with few leaves, we will now present an



algorithm that is tailored for profiles that are single-peaked
on trees with few internal vertices. It is inspired by Yu et
al.’s algorithm for preferences that are single-peaked on a
star.

THEOREM 10. Given a candidate set C, |C| = m, a profile
Voover C, |V| =n, a tree T € T(V) with  internal vertices
such that V 1is single-peaked on T, and a target committee
size k > 1, we can find a winning committee of size k for
(C,V) under the Chamberlin-Courant rule with the Borda
misrepresentation function in time poly(n,m, (k + 1)").

PROOF. Given a candidate ¢ € C, let f(c) be the number
of voters in V that rank c first, and let C° be the set of
candidates that correspond to the internal vertices of T.
For each candidate ¢ € C°, let ch(c) denote the set of leaf
candidates in C'\ C° that are adjacent to ¢ in T'.

Our algorithm proceeds as follows. For each candidate
¢ € C° it guesses a pair (b(c),4(c)), where b(c) € {0,1}
and 0 < £(c) < k: b(c) indicates whether c itself is in the
committee and ¢(c) indicates how many candidates in ch(c)
are in the committee. We require ) o (b(c) + £(c)) = k.
Next, it sets C' = {c € C° : b(c) = 1}, and then for each
¢ € C° it orders the candidates in ch(c) in non-increasing
order of f(c) (breaking ties according to a fixed ordering >
over ('), and adds the first ¢(c) candidates in this order to
o

Each guess corresponds to a committee of size k. Guessing
can be implemented deterministically: consider all options for
the collection {(b(c), £(c)) }ceco (there are at most 27-(k+1)"
possibilities), compute the score of the resulting committee
for each option, and output the best one.

It remains to argue that this algorithm finds a committee
with the minimum Borda score. To see this, let S be the set
of all size-k committees with the minimum Borda score, and
pick a committee S* from arg maxcres |C' N C°|, breaking
ties according to > (note that this means that there is no
set S € argmaxcres|C’ N C°| such that S*\ S = {c},
S\ S8* ={c'} and ¢’ > ¢). For each c € C°, let b*(c) =1 if

c € 8" and b*(c) = 0 otherwise, and let £*(c) = |ch(c) N S™|.

Our algorithm will consider the collection {(b*(c), £*(c)) }eeco
at some point, and output a committee S. We will now argue
that S = S™.

Indeed, we have C° NS = C° N S*, so it remains to argue
that ch(c) N S* = ch(c) NS for each ¢ € C°. Suppose for
the sake of contradiction that this is not the case, i.e., there
exists a ¢ € C° and a pair of candidates ¢, ¢’ € ch(c) with
ceS\S* eS8 \S. If c e S*, consider the committee
S = (S*\ {"}) U {c}. We claim that S’ has the same
Borda score as S*. Indeed, the voters who do not rank
¢ or ¢” first prefer c to either of these two candidates, so
they are unaffected by the change, the misrepresentation of
the f(c’) voters who rank ¢” first changes from 0 to 1, the
misrepresentation of the f(c’) voters who rank ¢’ first changes

from 1 to 0, and we have f(c') > f(c”) by construction of S.

As we also have ¢’ > ¢” by construction of 9, this contradicts
our choice of S* from arg maxg/cs |S' N C°|.

Now, suppose that ¢ ¢ S*. Consider the committee S’ =
(S*\ {c"}) U{c}. Again, we claim that S’ has the same
Borda score as S*: we increase the misrepresentation of each
of the f(c”") voters who rank ¢” first by 1 (as all of them
rank c¢ second), decrease the misrepresentation of each of the
f(c") voters who rank ¢ first by at least 1 (as all of them
rank ¢ second), and do not increase the misrepresentation

of any other voter (as all of them prefer ¢ to ¢”). Thus, the
Borda score of S’ does not exceed that of S*, but |S'NC°| >
|S* N C°|, a contradiction with our choice of S*. [J

It is clear from our proof that Theorem 10 holds for every
positional misrepresentation function whose score vector sat-
isfies s1 = 0, s2 = 1, s3 > 2. Observe also that our algorithm
is in FPT with respect to the combined parameter (k,7n); in
contrast, for general preferences computing the Chamberlin—
Courant winners is W[2]-hard with respect to k even under
the Borda misrepresentation function (Betzler et al. 2013).
Moreover, the algorithm of Yu et al. (2013) for trees with
few leaves is in XP with respect to the number of leaves A,
but is not in FPT with respect to A or even (k, ).

7. CONCLUSIONS AND FUTURE WORK

We have designed polynomial-time algorithms for recog-
nizing profiles that are single-peaked on special classes of
trees, and demonstrated that such algorithms may be use-
ful for efficient winner determination procedures under the
Chamberlin—Courant rule. We believe that results similar to
those of Section 6 can be obtained for other types of trees,
and, more broadly, for other computational problems that
are hard for general preferences, but easy for single-peaked
preferences. Moreover, it seems plausible that such results
can be extended to profiles that are “almost” single-peaked
on a tree, for distance measures such as the ones proposed
by Cornaz et al. (2012), Faliszewski et al. (2014) or Erdélyi
et al. (2013). On the other hand, our analysis suggests new
measures of closeness to single-peakedness (on the line) that
are specialised to profiles that are single-peaked on a tree,
namely, being single-peaked on a tree that is “almost” a line.
Such measures may turn out to be easier to compute and
exploit than the ones for arbitrary profiles, which tend to be
computationally demanding (Erdélyi et al. 2013; Bredereck
et al. 2013).

Conceptually, the notion of single-peakedness on a tree has
been criticised for having less explanatory power than that of
single-peakedness on a line. Indeed, profiles that are single-
peaked on a star and ones that are single-peaked on a line
have little in common, beyond the guaranteed existence of
Condorcet winners, and arguably, a designation that lumps
them together is of limited use. The tools developed in
our work permit us to identify coherent subdomains of this
broad domain, which, in turn, enables us to reason about
structurally similar profiles (ones that are single-peaked on
‘similar’ trees) and their shared properties. We hope that this
intuition will lead to new insights about real-life preference
domains.
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ABSTRACT

For one-sided matching problems, two widely studied mech-
anisms are the Random Serial Dictatorship (RSD) and the
Probabilistic Serial Rule (PS). Both mechanisms require only
that agents specify ordinal preferences and have a number
of desirable economic and computational properties. How-
ever, the induced outcomes of the mechanisms are often in-
comparable and thus there are challenges when it comes to
deciding which mechanism to adopt in practice. In this pa-
per, working in the space of general ordinal preferences, we
provide empirical results on the (in)comparability of RSD
and PS and analyze their respective economic properties.
We then instantiate utility functions for agents, consistent
with the ordinal preferences, with the goal of gaining in-
sights on the manipulability, efficiency, and envyfreeness of
the mechanisms under different risk attitude models.

Categories and Subject Descriptors

1.2.11 [Distributed Artificial Intelligence]: Multiagent
systems; J.4 [Social and Behavioral Sciences|: Eco-
nomics

General Terms

Economics, Theory, Experimentation

Keywords

Mechanism Design, Matching, Random Assignment, Proba-
bilistic Serial, Random Serial Dictatorship

1. INTRODUCTION

The problem of assigning a number of indivisible objects
to a set of agents, in the absence of monetary transfers,
is fundamental in many multiagent resource allocation ap-
plications, and has been the center of attention amongst re-
searchers at the interface of artificial intelligence, economics,
and mechanism design. Assigning dormitory rooms or of-
fices to students, students to public schools, college courses
to students, organs and medical resources to patients, mem-
bers to subcommittees, etc. are some of the myriad examples
of one-sided matching problems [31, 5, 13, 25].

Appears at: 3rd Workshop on Exploring Beyond the Worst Case in
Computational Social Choice. Held as part of the 15th International Con-
ference on Autonomous Agents and Multiagent Systems. May 9th-10th,
2016. Singapore.

Two important (randomized) matching mechanisms that
only elicit ordinal preferences from agents are Random Se-
rial Dictatorship (RSD) [2] and Probabilistic Serial Rule
(PS) [11]. Both mechanisms have important economic prop-
erties and are practical to implement. The RSD mechanism
has strong truthful incentives but guarantees neither effi-
ciency nor envyfreeness. PS satisfies efficiency and envyfree-
ness; however, it is susceptible to manipulation. Therefore,
there are subtle points to be considered when deciding which
mechanism to use. For example, given a particular prefer-
ence profile, the mechanisms often produce random assign-
ments which are simply incomparable and thus, without ad-
ditional knowledge of the underlying utility models of the
agents, it is difficult to determine which is the “better” out-
come. Furthermore, properties like efficiency, truthfulness,
and envyfreeness can depend on whether there is underlying
structure in the preferences, and even in general preference
models it is valuable to understand under what conditions
a mechanism is likely to be efficient, truthful, or envyfree as
this can guide designers choices.

We study the comparability of PS and RSD when there
is only one copy of each object, and analyze the space of
all preference profiles for different combinations of agents
and objects. We show that despite the inefficiency of RSD,
the fraction of random assignments at which PS stochasti-
cally dominates RSD vanishes, especially when the number
of agents is less than or equal to the available objects. We
then instantiate utility functions for agents to gain insights
on the manipulability, social welfare, and envyfreeness of the
two mechanisms under different risk attitudes.

Our main result is that under risk aversion, the social
welfare of RSD is as good as PS but RSD does create envy
among the agents (though the fraction of envious profiles
and total envy are small). Moreover, when the number of
agents and objects are equal, RSD assignments are less likely
to be dominated by PS and overall RSD assignments cre-
ate negligible envy among agents. We also show that PS
is highly susceptible to manipulation in almost all combi-
nations of agents and objects. The fraction of manipulable
profiles and the gain from manipulation rapidly increases,
particularly when agents become more risk averse.

2. MODEL

In this section, we describe the basic one-sided match-
ing problem and introduce the two mechanisms we study
in detail, Random Serial Dictatorship (RSD) [2] and Proba-
bilistic Serial Rule (PS) [11]. We then introduce a number of
properties and criteria used to evaluate these mechanisms.



2.1 One Sided Matching

A one-sided matching problem consists of a set of n agents,
N, and a set of m indivisible objects, M.! Each agent i € N
has a private strict preference ordering, »;, over M where
a >; b indicates that agent i prefers to receive object a over
object b. We represent the preference ordering of agent ¢ by
the ordered list of objects =;= a >; b >; ¢ or =;= (abc),
for short. We let P denote the set of all complete and strict
preference orderings over M. A preference profile =€ P™
specifies a preference ordering for each agent, and we use
the standard notation =_;= (>1,...,>i—1, >it1,---,>n)
to denote preferences orderings of all agents except i and
thus == (>4, >_s).

The goal in a one-sided matching problem is to assign the
objects in M to the agents in N according to preference
profiles, under the constraint that no object can be assigned
to more than one agent. If m = n then this means that
each agent will receive exactly one object, however if m < n
then some agents will receive no object and if m > n then
some agents may receive multiple objects. An assignment is
represented as a matrix

Ay Aig A o0 Aim

A2 A2,1 A2,2 ... AQ,m
A=1] . | = . . : :

An An,l An,2 e An,m

where A; ; € [0, 1] is the probability that agent 7 is assigned
object j. We let A denote the set of all feasible assign-
ments where an assignment A € A is feasible if and only if
VijeM, Y . .nyAij=1 If Ae Aissuch that A, ; € {0,1}
then we say that A is a deterministic assignment; otherwise,
A is a random assignment. Every random assignment can
be represented as a convex combination of deterministic as-
signments [37], and thus we view random assignments as a
probability distribution over a set of deterministic assign-
ments.

2.2 Matching Mechanisms

In general, a matching mechanism, M, is a mapping from
the set of preference profiles, P™ to the set of feasible as-
signments, A. That is, M : P" — A. In this paper, we
focus our attention on two widely studied mechanisms for
one-side matching: Random Serial Dictatorship (RSD) [2]
and Probabilistic Serial Rule (PS) [10].

RSD relies on the concept of priority orderings over agents.
Such an ordering is an ordered list of agents where the first
agent gets to select its most preferred object from the set
of objects, the second agent then selects its most preferred
object from the set of remaining objects and so on, until no
objects remain.> Given a preference profile =€ P™, RSD
returns an assignment RSD(>) € A which is a uniform dis-
tribution over all deterministic assignments induced from all
possible priority orderings over the set of agents. RSD has

IThis problem is sometimes called the assignment problem
or house allocation problem in the literature.

2For n < m, RSD requires a careful method for picking
sequence at each realized priority ordering based on an ar-
bitrary serial dictatorship quota mechanism, which directly
affects the efficiency and envy of the assignments [19, 12].
For simplicity, we use the variant of RSD based on a quasi-
dictatorial mechanism [29] where the first agent selects its
most preferred (m—mn+1) objects, and the rest of the agents
choose one object each.

been widely adopted for fair and strategyproof assignment
for the school choice problem, course assignment, house al-
location, and room assignment [1, 35, 2, 3]

PS treats objects as a set of divisible goods of equal size
and simulates a simultaneous eating algorithm. Each agent
starts “eating” its most preferred object, all at the same
rate. Once an object is gone (eaten away) then the agent
starts eating its next preferred object among the remaining
objects. This process terminates when all objects have been
“eaten”. Given a preference profile =€ P", PS(>) € Ais a
random assignment where A; ; is the probability (fraction)
that object j is assigned to (or “eaten by”) agent i.

2.3 General Properties

In this section, we define key properties for matching mech-
anisms. In particular, we formally define efficiency, strat-
egyproofness and envyfreeness for (randomized) matching
mechanisms under ordinal preferences. To evaluate the qual-
ity of a random assignment, we use first-order stochastic
dominance [18, 11]. Given a random assignment A;, the
probability that agent i is assigned an object that is at least
as good as object £ is defined as follows

> Ay 1)

JEM:j= ;L

w(>i, £, Ai) =

We say an agent always prefers assignment A; to B;, if for
each object ¢ the probability of assigning an object at least
as good as £ under A; is greater or equal that of B;, and
strictly greater for some object.

DEFINITION 1 (STOCHASTIC DOMINANCE). Given a pref-
erence ordering >i, random assignment A, stochastically
dominates (sd) assignment B;(# A;) if

Vee M, w(=it, A;) > w(>=:, ¢ B;) (2)

A matching mechanism is sd-efficient if at all preference
profiles >=€ P", for all agents ¢ € N, the induced assignment
is not stochastically dominated by any other assignment.

DEFINITION 2 (sd-EFFICIENCY). A random assignment
is sd-efficient if for all agents, it is not stochastically domi-
nated by any other random assignment.

An important desirable property in matching mechanisms
is strategyproofness, that is the mechanism is designed so
that no agent has incentive to misreport its preferences.

DEFINITION 3
is sd-strategyproof if at all preference profiles =€ P™, for all
agents i € N, and for any misreport =, P", such that
A= M=) and A" = M(=5,=_;), we have:

Ve e M, w(>—i,€, Ai) > w(>—i,€, A;) (3)

Sd-strategyproofness is a strict requirement. It implies
that under any utility model consistent with the prefer-
ence orderings, no agent can improve her expected utility
by misreporting. We say that a mechanism is weakly sd-
strategyproof if the inequality in Equation 3 is strict for
some £ € M, but does not hold for all objects. Clearly,
sd-strategyproofness implies weak sd-strategyproofness but
the converse does not hold.

An assignment is manipulable if it is not sd-strategyproof.
If there exists some agent who strictly benefits from the

(sd-STRATEGYPROOFNESS). Mechanism M



n>m n<m
PS RSD PS RSD
sd-strategyproof weak v X v
sd-efficiency v X X

sd-envyfree v weak v weak

Table 1: Properties of PS and RSD.

manipulation, (i.e. the mechanism is not even weakly sd-
strategyproof) then we say the assignment is sd-manipulable.

Finally, we are interested in whether mechanisms are fair
and use the notion of envyfreeness to this end. An assign-
ment is sd-envyfree if each agent strictly prefers her random
allocation to any other agent’s assignment.

DEFINITION 4

erence »;, assignment A; is sd-envyfree if for all agents
Vk#i€ N,

vl e M, w(>—i,€, Az) > IU(>-7;,E, Ak) (4)

We say an assignment is weakly sd-envyfree if the inequality
in Equation 4 is strict for some ¢ € M, but does not hold for
all objects. A matching mechanism satisfies sd-envyfreeness
if at all preference profiles =€ P", it induces sd-envyfree
assignments for all agents.

2.4 Properties of RSD and PS

The theoretical properties of PS and RSD have been well
studied in the economics literature [11], and we summarize
the results in Table 1. Both mechanisms are ex post efficient,
that is, their realized outcomes cannot be improved without
making at least one agent worse off. PS has been shown to
be both sd-envyfree and sd-efficient. However, it is not even
weakly sd-strategyproof when n < m [22] and is only weakly
sd-strategyproof when n > m. On the other hand, RSD is
always sd-strategyproof, but it is only weakly sd-envyfree
and is not sd-efficient. Example 1 illustrates the inefficiency
of RSD.

EXAMPLE 1. Suppose there are four agents N = {1,2, 3,4}
and four objects M = {a,b,c,d}. Consider the following
preference profile == ((abed), (abed), (bade), (badc)).  Ta-
ble 2 shows the outcomes for PS(>) and RSD(>). In this
example, all agents strictly prefer the assignment induced by
PS over the RSD assignment. Thus, RSD is inefficient at
this preference profile.

a b c d a b c d
Ay 1/2 0 1/2 0 Ay 5/12 1/12 5/12 1]/12
Az 1/2 0 1/2 0 Ay 5/12 1/12 5/12 1/12
As 0 1/2 0 1/2 Az 1/12 5/12 1/12 5/12
Ay 0 1/2 0 1/2 Ay 1/12 5/12 1/12 5/12

(a) Assignment under PS(>) (b) Assignment under RSD(>)
Table 2: Example showing the inefficiency of RSD

3. INCOMPARABILITY OF RSD AND PS

We argue that the theoretical findings on RSD and PS
do not necessarily provide enough guidance to a market de-
signer trying to select the correct mechanism for a specific
setting. For example, while we know that PS is sd-efficient
and RSD is not, this does not mean that PS always outper-
forms RSD.

(sd-ENVYFREENESS). Given agenti’s pref-

a b c a b c

A, 1/2 0 1/2 A, 1/2 0 1/2
Ay 1/2 1/4 1/4 Ay 1/2 1/6 1/3
As 0 3/4 1/4 As 0 5/6 1/6

(a) Assignment under PS(>~) (b) Assignment under RSD(>)
Table 3: Incomparability of RSD and PS

EXAMPLE 2. Suppose there are three agents N = {1,2, 3}
and three objects M = {a,b,c}. Consider the following pref-
erence profile == ((acb), (abc), (bac)). Table 3 shows PS(>)
and RSD(>). Neither assignment dominates the other since
agent 1 is ambivalent between the two assignments while
agent 2 prefers PS(>) and agent 3 prefers RSD(>).

If we knew the utility functions of the agents, consistent
with their ordinal preferences, then we might be able to use
the notion of (utilitarian) social welfare to help determine
the better assignment.® However, it is easy to construct
different utility functions for the agents in Example 2 where
both RSD and PS maximize social welfare.

Similarly, the envy of RSD and the manipulability of PS
both depend on the structure of preference profiles, and
thus, a compelling question, that justifies the practical im-
plications of deploying a matching mechanism, is to analyze
the space of preference profiles to find the likelihood of in-
efficient, manipulable, or envious assignments under these
mechanisms.

4. GENERAL PREFERENCES

The theoretical properties of PS and RSD only provide
limited insight into their practical applications. In partic-
ular, when deciding which mechanism to use in different
settings, the incomparability of PS and RSD leaves us with
an ambiguous choice in terms of efficiency, manipulability,
and envyfreeness. Thus, we examine the properties of RSD
and PS in the space of all possible preference profiles as
well as under lexicographic preferences. Lexicographic pref-
erences are present in various applications and have been
extensively studied in artificial intelligence and multiagent
systems as a means of assessing allocations based on ordinal
preferences [15, 32, 17]. Under lexicographic preferences, we
denote the efficiency, strategyproofness, manipulablity, and
envyfreeness with ld- (lexicographically dominate) prefix.

The number of all possible preference profiles is super ex-
ponential (m!)". For each combination of n agents and m
objects we performed a brute force coverage of all possible
preference profiles. Thus, for all subsequent figures each
data point shows the fraction of all possible preference pro-
files. For the cases of n =10 and m € {9, 10}, we randomly
generated 1,000 instances by sampling from a uniform pref-
erence profile distribution. For each preference profile, we
ran both PS and RSD mechanisms and compared their out-
comes in terms of the stochastic dominance relation. Note
that not only is computing RSD probabilities #P-complete
(and thus intractable) [6, 33], but checking the desire prop-
erties such as envyfreeness, efficiency, and manipulablity of
random allocations is shown to be NP-hard for general set-
tings [9, 8]. Thus, for larger settings even if we randomly

3Given utility functions for the agents, where u;(j) is the
utility agent ¢ derives from being assigned object 7, the (utili-
tarian) social welfare of an assignment A is 3, >, Ai jui(j).
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Figure 1: The fraction of preference profiles under which PS dominates RSD.
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(a) The fraction of manipulable preference profiles under PS.

sd.manipulable
100

Agents

Objects
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Figure 2: Heatmaps illustrating the manipulablity of PS.

sample preference profiles it is not easy to verify the afore-
mentioned properties.

A preliminary look at our empirical results illustrates the
following: when m < 2,n < 3, PS coincides exactly with
RSD, which results in the best of the two mechanisms, i.e.,
both mechanisms are sd-efficient, sd-strategyproof, and sd-
envyfree. Another interesting observation is that when m =
2, for all n PS is sd-strategyproof (although the PS assign-
ments are not necessarily equivalent to assignments induced
by RSD), RSD is sd-envyfree, and for most instances PS
stochastically dominates RSD, particularly when n > 4.

4.1 Efficiency

Our first finding  is that the fraction of preference profiles
at which RSD and PS induce equivalent random assignments
goes to 0 when n grows. There are two conclusions that
one can draw. First, this result confirms the theoretical
results of Manea on asymptotic inefficiency of RSD [24], in
that, in most instances, the assignments induced by RSD are

4Periodically, we present results without a figure.

not equivalent to the PS assignments. Second, this result
suggests that the incomparability of outcomes is significant,
that is, the social welfare of the random outcomes is highly
dependent on the underlying utility models.

The fraction of preference profiles =€ P™ for which RSD
is stochastically dominated by PS at > converges to zero
as 7= — 1. Figure la shows that when n grows beyond
n > 5, due to incomparability of RSD and PS with regard
to the stochastic dominance relation, the RSD assignments
are not stochastically dominated by sd-efficient assignments
induced by PS.

We also see similar results when we restrict ourselves to
lexicographic preferences (Figure 1b). The fraction of pref-
erence profiles =€ P™ for which RSD is lexicographically
dominated by PS at >~ converges to zero as = — 1.

For lexicographic preferences, we also observe that the
fraction of preference profiles for which PS assignments strictly
dominate RSD-induced allocations goes to 1 when the num-
ber of agents and objects diverge. The fraction of preference
profiles =€ P" for which RSD is lexicographically domi-
nated by PS at > converges to 1 as |n — m| grows.



One immediate conclusion is that although RSD does not
guarantee either sd-efficiency or ld-efficiency, in most set-
tings when  — 1 (and also n < m for sd-efficiency), nei-
ther of the two mechanisms is preferred in terms of efficiency.
Hence, one cannot simply rule out the RSD mechanism.

4.2 Manipulability of PS

One critical issue with deploying PS is that it does not
provide incentives for honest reporting of preferences. Al-
though for n > m PS is weakly sd-strategyproof [11] and
ld-strategyproof [34], when n < m PS no longer satisfies
these two properties.® The real concern is that, in the ab-
sence of strategyproofness, PS allocations are only efficient
(or envyfree) with respect to the reported preferences, which
in turn may not be truthful. Thus, we are interested in un-
derstanding the degree to which PS allocations are manipu-
lable.

Figure 2 shows that the fraction of manipulable profiles
goes to 1 as n or m grow. PS is almost 99% manipulable for
n > 5,m > 5. Another interesting observation is that, for
all n < m, the fraction of sd-manipulable preference pro-
files goes to 1 as m — n grows (Figure 2b). These results
imply that when agents are entitled to receive more than a
single object, agents can strictly benefit from misreporting
their preferences. The manipulability of PS under lexico-
graphic preferences has a similar trend and the fraction of
ld-manipulable preference profiles converges to 1 even more
rapidly.

4.3 Envyin RSD

We measured the fraction of agents that are weakly sd-
envious of at least one another agent when running RSD.
Our results show that the percentage of agents that are
weakly envious increases with the number of agents. More-
over, fixing any n > 3, the percentage of agents that are
(weakly) envious grows with the number of objects; how-
ever, there is a sudden drop in the percentage of envious
agents when there are equal number of agents and objects.

5. UTILITY MODELS

Given a utility model consistent with an agent’s prefer-
ence ordering, we can find the agent’s expected utility for a
random assignment. Let u; denote agent i’s Von Neumann-
Morgenstern (VNM) utility model consistent with its prefer-
ence ordering >;. That is, u;(a) > u;(b) if and only if a >; b.
Then, agent i’s expected utility for random assignment A;
is E(u1|AZ) = Zjelw Awu,(j)

We say that agent ¢ (strictly) prefers assignment A; to
B; if and only if E(u;|4;) > E(ui|B:). A mechanism is
strategyproof if there exists no agent that can improve its
expected utility by misreporting its preference ordering.

DEFINITION 5
egyproof if for all agents i € N, and for any misreport
—i€ P", such that A = M(>) and A’ = M(=},=_;), given
a utility model w; consistent with >=;, we have E(u;|As) >
E(ui A7)

5A recent experimental study on the incentive properties of
PS shows that human subjects are less likely to manipulate
the mechanism when misreporting is a Nash equilibrium.
However, subjects’ tendency for misreporting is still signifi-
cant even when it does not improve their allocations [20].

(STRATEGYPROOF). Mechanism M is strat-

A matching mechanism is envyfree if for all preference
profiles it prescribes an envyfree assignment.

DEFINITION 6  (ENVYFREENESS). Assignment A is en-

vyfree if for all i,k € N, given utility model u; consistent
with >, we have E(u;|A;) > E(u;|Ag).

A random assignment A is sd-efficient if and only if there
exists a profile of utility values consistent with > such that A
maximizes the social welfare ex ante [11, 26]. This existence
result does not shed light on the social welfare when com-
paring two random assignments, since an assignment can be
sd-efficient but may not have desirable ex ante social welfare.
Given utility functions for the agents, the (utilitarian) social
welfare of an assignment A is ) E(u;|A;). Thus, given a
profile of utilities we investigate the (ex ante) social welfare
of the assignments under PS and RSD.

5.1 Instantiating Utility Functions

To deepen our understanding as to the performance of the
two mechanisms, we investigate different utility models. In
particular we look at the performance of the mechanisms
when the agents are all risk neutral (i.e. have linear utility
functions), when agents are risk seeking and when agents
are risk averse.

Our first utility model is the well-studied linear utility
model, and we use a variant based on the Borda rule from
the social choice literature. Given an agent i’s preference
ordering >;, we let r(>;,j) denote the rank of object j.
For example, given preference ordering a >=; b >; ¢ then
r(>i,a) = 1, r(>;,b) = 2 and r(>=;,¢) = 3. The utility
function for agent 4, given object j is u;(j) = m — r(>i, 7).

We use an exponential utility model to capture risk at-
titudes beyond risk-neutrality. An exponential utility has
been shown to provide an appropriate translation for indi-
viduals’ utility models and provides a constant risk aversion
rate [4]. In particular,

L (1_e*a(m*T(>i,j)))/a7 a#0
“Z(”—{mr(m), AP

The parameter a represents the agent’s risk attitude. If
a > 0 then the agent is risk averse, while if & < 0 then the
agent is risk seeking. When a = 0 then the agent is risk
neutral and we have a linear utility model. The value |«|
represents the intensity of the attitude. That is, given two
agents with a1 < az < 0, we say that agent 1 is more risk
averse than agent 2. Similarly if ay > a2 > 0 then agent 1
is more risk seeking than agent 2.

6. RESULTS

For our experiments, we vary three parameters: the num-
ber of agents n, the number of objects m, and the risk at-
titude factor . Each data point in the graphs shows the
average over all possible preference profiles. We study the
same settings as in Section 4 when n > m and n < m. For
each utility function, we look at homogeneous populations
of agents where agents have the same risk attitudes.

To compare the social welfare, we investigate the per-
centage change (or improvement) in social welfare of PS

compared to RSD under various utility models. That is,
2 B(us [PS(-)) =3, E(ui |[RSD(-))

S, E(ui [RSD(-)) -
bility of PS, we are interested in answering two key ques-
tions: ¢) In what fraction of profiles PS is manipulable by

To measure the manipula-
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Figure 3: The percentage change in social welfare. The negative values show that RSD outperforms PS.

at least one agent? and %) If manipulation is possible,

what is the average percentage of maximum gain, that is

E(ui| PS(=,>—i))~E(u;|PS(>))
E(u;|[PS(>))

der the RSD mechanism, we consider two measures: 1) the

fraction of envious agents, and ) the total envy felt by all

agents.

6.1 Linear Utility Model

We first looked at how RSD and PS perform under the as-
sumption that the utility models are linear. In most cases,
the social welfare under PS increases compared to RSD;
however, the percentage change from PS to RSD becomes
smaller when n = m (less than 0.015 overall improvement in
all cases). Interestingly, under RSD the fraction of envious
agents is approximately 0 when n > m. With regards to
strategyproofness, PS is manipulable in most combinations
of n and m and the fraction of manipulable profiles and the
utility gain from manipulation increases as the number of
objects compared to agents increases.

6.2 Risk Seeking

Figure 3 presents our results in terms of percentage change
in social welfare. Positive numbers show the percentage of
improvement in social welfare. Negative values represent

max;{ }? To study the envy un-

those cases where RSD has increased social welfare com-
pared to PS.

Social welfare: Fixing a < 0, for n > m when - grows
PS improves the social welfare compared to RSD in most
cases and the percentage of improvement also increases. A
similar trend holds when varying risk intensity « for fixed n
and m where n # m. For n < m, when 7> grows the fraction
of profiles at which PS has higher social welfare compared
to RSD rapidly increases and the percentage change is also
noticeably larger, quickly getting close to 90% improvement
(Fig. 3a and 3c). This social welfare gap between PS and
RSD grows as the risk intensity || increases. Surprisingly,
this trend changes for equal number of agents and objects
n = m: the more risk-seeking agents are (larger |a|), RSD
becomes more desirable than PS, and in fact, RSD improves
the social welfare in more instances.

Envy: For n > m, the fraction of envious agents un-
der all profiles vanishes and RSD becomes envyfree. This
is more evident when agents are more risk-seeking. Intu-
itively, these observations confirm the theoretical findings
about the envyfreeness of RSD under lexicographic prefer-
ences [19] since one can consider lexicographic preferences
as risk-seeking preferences where an object in a higher rank-
ing is infinitely preferred to all objects that are ranked less
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Figure 4: The fraction of manipulable instances under PS.

preferably. When n < m, our quasi-dictatorial extension of
RSD creates some envy among the agents, but this envy also
starts to fade out when the risk intensity |a| increases.
Manipulability: Figure 4 shows the manipulability of
the PS assignments when agents are risk seeking. We see
that the possibility of manipulation (and any gain) decreases
as the risk intensity increases. When n > m the fraction of
manipulable profiles goes to 0 the more risk seeking agents
become. However, when n < m even though the the fraction
of manipulable profiles (and manipulation gain) decreases,
the fraction of manipulable profiles goes to 1 as > grows.

6.3 Risk Aversion

Social welfare: Figures 3b and 3d show that fixing risk
factor @ > 0, when - grows PS assignments are superior to
that of RSD in more instances and the percentage change in
social welfare increases. Fixing risk factor a« > 0 and when
- grows, RSD is more likely to have the same social welfare
as PS, and in fact in some instances the social welfare under
RSD is better than the social welfare under PS. Fixing m
and n, when the risk intensity « increases RSD is more likely
to have the same social welfare as PS, that is, the welfare gap
between PS and RSD closes when agents are more risk averse
(« increases). This result is insightful and states that under

risk aversion the random allocations prescribed by RSD are
either as good as PS or in some cases even are superior to
the allocations prescribed by PS. Figure 5 illustrates the
percentage change in social welfare based on the difference
between available objects and agents (m—n) for risk seeking,
linear, and risk averse utilities with different risk intensities.

Envy: When n > m, the fraction of envious agents and
total envy grows as ;- — 1. Increasing the risk intensity
(Ja]), the fraction of envious agents increases; however, the
total envy among the agents remains considerably low. For
n < m, the fraction of envious agents and total envy grows
as risk intensity increases. Lastly, we noticed that in all
instance where RSD creates envy among the agents, around
25% of agents bear more than 50% of envy. That is, few
agents feel extremely envious while all other agents are either
envyfree or only feel a minimal amount of envy.

Manipulability: Figures 4b and 4d illustrate the manip-
ulability of the PS assignments when agents have risk averse
preferences. The fraction of manipulable profiles rapidly
goes to 1 as " grows. Similarly, as agents become more
risk averse (a increases) the fraction of manipulable profiles
goes to 1 and the manipulation gain increases.



7. RELATED LITERATURE

Assignment problems with ordinal preferences have at-
tracted interest from many researchers. Svensson showed
that serial dictatorship is the only deterministic mechanism
that is strategyproof, nonbossy, and neutral [36]. Random
Serial Dictatorship (RSD) (uniform randomization over all
serial dictatorship assignments) satisfies strategyproofness,
proportionality, and ex post efficiency [2]. Bogomolnaia and
Moulin noted the inefficiency of RSD from the ex ante per-
spective, and characterized the matching mechanisms based
on first-order stochastic dominance [11]. They proposed the
probabilistic serial mechanism as an efficient and envyfree
mechanism with regards to ordinal preferences. While PS
is not strategyproof, it satisfies weak strategyproofness for
problems with equal number of agents and objects. How-
ever, PS is strictly manipulable (not weakly strategyproof)
when there are more objects than agents [21]. Kojima and
Manea, showed that in large assignment problems with suf-
ficiently many copies of each object, truth-telling is a weakly
dominant strategy in PS [22]. In fact PS and RSD mech-
anisms become equivalent [14], that is, the inefficiency of
RSD and manipulability of PS vanishes when the number of
copies of each object approaches infinity.

The practical implications of deploying RSD and PS have
been the center of attention in many one-sided matching
problems [1, 27]. In the school choice setting with multi-
capacity alternatives, Pathak observed that many students
obtained a more desirable random assignment through PS in
public schools of New York City [30]; however, the efficiency
difference was quite small. These equivalence results and
their extensions to all random mechanisms [23], do not hold
when the quantities of each object is limited to one.

Other interesting aspects of PS and RSD such as compu-
tational complexity and best-responses strategies have also
been explored [16, 8, 7]. In this vein, Aziz et al. proved
the existence of pure Nash equilibria, but showed that com-
puting an equilibrium is NP-hard [7]. Nevertheless, Mennle
et al. [28] showed that agents can easily find near-optimal
strategies by simple local and greedy search. In the absence
of truthful incentives, the outcome of PS is no longer guar-
anteed to be efficient or envyfree with respect to agents’
true underlying preferences, and this inefficiency may result
in outcomes that are worse than RSD, especially in ‘small’
markets [16].

8. DISCUSSION

We studied the space of general preferences and provided
empirical results on the (in)comparability of RSD and PS. It
is worth mentioning that at preference profiles where PS and
RSD induce identical assignments, RSD is sd-efficient, sd-
envyfree, and sd-strategyproof. However, PS is still highly
manipulable. We investigated various utility models accord-
ing to different risk attitudes. Our main results are:

e In terms of efficiency, the fraction of preference profiles
=€ P" for which PS stochastically (or lexicographically)
dominates RSD converges to zero as ;- — 1. When in-
stantiating the preferences with actual utility functions,
PS allocations are only slightly better than RSD alloca-
tions in terms of social welfare when varying n and m,
particularly under risk averse utilities. In fact, in some
cases RSD allocations are superior in terms of social wel-
fare (see Figure 5).

0.124

0.132 0.123 0.115

0.142 0.145

alpha "
Risk Averse

Risk Taking
Figure 5: The percentage change in social welfare between
RSD and PS for a € (—2,—-1,-0.5,0,0.5,1,2) and different
combinations of m — n. Positive « indicates risk averse and
negative « risk taking profiles. Linear utility is indicated by
a = 0. As agents become more risk averse the social welfare
gap between RSD and PS closes.

e PS is almost 99% manipulable when n < m and the frac-
tion of sd- and ld- manipulable profiles rapidly goes to 1
as 7 grows. When instantiating the preferences with util-
ity functions, the manipulability of PS increases as agents
become more risk averse. Moreover, an agent’s utility gain
from manipulation also grows when the risk intensity in-
creases.

e For risk seeking utilities, when n > m the fraction of en-
vious agents under all profiles vanishes and RSD becomes
envyfree. For risk averse utilities, the fraction of envious
agents increases as agents become more risk averse. How-
ever, the total amount of envy just slightly grows, and
surprisingly, only few agents feel extremely envious while
all other agents are either envyfree or only feel a minimal
amount of envy.

Our work in this paper can be used to help guide design-
ers of multiagent systems who need to solve allocation prob-
lems. If a designer strongly requires sd-efficiency then the
theoretical results of PS indicate that it is better than RSD.
However, our results show that PS is highly prone to manip-
ulation for various combinations of agents and objects. This
manipulation and the possible gain from manipulation be-
come more severe particularly when agents are risk averse,
and designers need to take this into consideration. On the
other hand, while RSD does not theoretically guarantee sd-
efficiency, our results show that it tends to do quite well —
sometimes even outperforming PS in terms of social welfare.
RSD also has the added advantage of being sd-strategyproof
and thus is not prone to the manipulation problems of PS.

An interesting future direction is to study egalitarian so-
cial welfare of the matching mechanisms in single and multi
unit assignment problems as well as in the full preference
domain. Another open direction is to provide a parametric
analysis of the matching mechanisms according to the risk
aversion factor.
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