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Abstract

Reasoning about agent preferences on a set of alternatives,
and the aggregation of such preferences into some social
ranking is a fundamental issue in reasoning about multi-agent
systems. When the set of agents and the set of alternatives co-
incide, we get the ranking systems setting. A famous type of
ranking systems are page ranking systems in the context of
search engines. Such ranking systems do not exist in empty
space, and therefore agents’ incentives should be carefully
considered. In this paper we define three measures for quan-
tifying the incentive compatibility of ranking systems. We
apply these measures to several known ranking systems, such
as PageRank, and prove tight bounds on the level of incentive
compatibility under two basic properties: strong monotonic-
ity and non-imposition. We also introduce two novel non-
imposing ranking systems, one general, and the other for the
case of systems with three participants. A full axiomatization
is provided for the latter.

Introduction

The ranking of agents based on other agents’ input is fun-
damental to multi-agent systems (see e.g. (Resnick et al.
2000)). Moreover, it has become a central ingredient of a
variety of Internet sites, where perhaps the most famous ex-
amples are Google’s PageRank algorithm(Page et al. 1998)
and eBay’s reputation system(Resnick & Zeckhauser 2001).

The ranking systems setting can be viewed as a variation
of the classical theory of social choice(Arrow 1963), where
the set of agents and the set of alternative coincide. Specif-
ically, we consider dichotomous ranking systems, in which
the agents vote for a subset of the rest of the agents. This is a
natural representation of the web page ranking setting(Ten-
nenholtz 2004), where the Internet pages are represented
by the agents/alternatives, and the links are represented by
votes.

Some basic work targeted at the foundations of ranking
systems has been recently initiated. In particular, basic prop-
erties of ranking systems have been shown to be impossi-
ble to simultaneously accommodate(Altman & Tennenholtz
2005a), various known ranking systems have been recently
compared with regard to certain criteria by (Borodin et al.
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2005), and several ranking rules have been axiomatized (Alt-
man & Tennenholtz 2005b; Palacios-Huerta & Volij 2004;
Slutzki & Volij 2005).

Although the above mentioned work consists of a sig-
nificant body of rigorous research on ranking systems, the
study did not consider the effects of the agents’ incentives
on ranking systems. The issue of incentives has been exten-
sively studied in the classical social choice literature. The
Gibbard-Satterthwaite theorem (see (Mas-Colell, Whinston,
& Green 1995)) shows that in the classical social welfare set-
ting, it is impossible to aggregate the rankings in a strategy-
proof fashion under some basic conditions. The incentives
of the candidates themselves were considered in the context
of elections(Dutta, Jackson, & Le Breton 2001), where a
related impossibility result is presented. Another notion of
incentives was considered in the case where a single agent
may create duplicates of itself(Cheng & Friedman 2005).

In the context of ranking systems, (Altman & Tennenholtz
2006) have defined a notion of a (fully) incentive compatible
ranking system and have categorized the incentive compat-
ible ranking systems satisfying several basic properties. In
this paper, we generalize this notion of incentive compatibil-
ity to systems that allow deviations to a limited degree and
provide tight bounds for the levels of incentive compatibility
under two important properties, suggesting and evaluating
practical ranking systems in the process.

We define three notions of limited incentive compatibility
and use these notions to quantify the incentive compatibility
of ranking systems. Specifically, we quantify the incentive
compatibility of the Approval Voting and PageRank ranking
systems and prove a significant lower bound on the incen-
tive compatibility of any ranking system satisfying the basic
strong monotonicity property, which is satisfied by almost
all practical ranking systems.

In addition, we consider non imposing ranking systems,
i.e. systems in which any strict ordering of the agents is
feasible. We show that although there are no fully incentive
compatible non imposing ranking systems, we can find such
a non imposing ranking system that is incentive compatible
up to a deviation by one agent by at most one rank.

Finally, we provide a full axiomatization of a non-
imposing incentive compatible ranking system for the set-
ting with exactly three agents.



Ranking systems and Incentive Compatibility

Before describing our results regarding ranking systems, we
must first formally define what we mean by the words “rank-
ing system” in terms of graphs and linear orderings:

Definition 1. Let A be some set. A relation R C A x A
is called an ordering on A if it is reflexive, transitive, and
complete. Let L(A) denote the set of orderings on A.

Notation 1. Let =< be an ordering, then ~ is the equality
predicate of <, and < is the strict order induced by <. For-
mally, a ~ bif andonlyifa < band b X a; and a < b if
and only if @ < bbutnotb < a.

Given the above we can define what a ranking system is:

Definition 2. Let Gy be the set of all directed graphs on
a vertex set V' that do not include self edges. A ranking
system F'is a functional that for every finite vertex set V/
maps graphs G € Gy to an ordering <Ee€ L(V). If F is
defined only on a subset of Gy we call it a partial ranking
system.

One can view this setting as a variation/extension of the
classical theory of social choice as modeled by (Arrow
1963). The vertices in the ranking systems setting corre-
spond to the agents and alternatives in the social choice set-
ting, and the edges correspond to the votes. In the sequel, we
will use these terms interchangeably. The ranking systems
setting differs from the classical social choice setting in two
main properties. First, in this setting we assume that the set
of voters and the set of alternatives coincide, and second, we
allow agents only two levels of preference over the alterna-
tives, as opposed to Arrow’s setting where agents could rank
alternatives arbitrarily.

Basic Properties of Ranking Systems

Now we define some basic properties of ranking systems to
guide our quantification.

A basic requirement from a ranking system is that when
there are no votes (or all votes) in the system, all agents must
be ranked equally. We call this requirement minimal fair-
ness.

Definition 3. A ranking system F' is minimally fair if for
every graph G = (V, () with no edges, and for every graph
Gt = (V,V xV\ {(v,v)]v € V}) with all edges and for
every vi,v2 € Vi G, V2 and v ~G. V2.

Another basic requirement from a ranking system is that
as agents gain additional votes, their rank must improve, or
at least not worsen. Surprisingly, this vague notion can be
formalized in (at least) two distinct ways: The monotonic-
ity property considers the situation where one agent has a
superset of the votes another agent has in the same graph,
where the positive response property considers the addition
of a vote for an agent between graphs. This distinction is
important because the two properties are neither equivalent,
nor imply each other.

Notation 2. Let G = (V, E) be a graph, and let v € V be
a vertex. The predecessor set of v is Pg(v) = {v'|(v/,v) €
E}. The successor set of v is Sg(v) = {v'|(v,v") € E}.
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Definition 4. Let F' be a ranking system. F’ satisfies weak
positive response if for all graphs G = (V, E) and for all
(v1,v2) € (V x V) \ E, and for all v3 € V: Let G’
(V,E U (v1,v2)). Then, vs <& vy implies v <&, vo and
V3 <g vo implies v3 <g/ Va.

Definition 5. A ranking system F' satisfies weak mono-
tonicity if for all G = (V, E) and for all v1,vy € V: If
P(v1) € P(vy) then vy jg v9. I furthermore satisfies
strong monotonicity if P(v1) C P(v2) additionally implies
U1 <g V3.

Another basic property of ranking system is that all strict
rankings must have a graph that generates them.

Definition 6. Let F' be a ranking system, F' satisfies non
imposition if for all V' and for all strict linear orderings L €
L(V): there exists some G € Gy such that F/(G) = L.

The aforementioned conditions are basic in the sense
that all well-known ranking systems such as PageRank,
Hubs&Authorities, and Approval Voting satisfy all of them.

Incentive Compatibility

Ranking systems do not exist in empty space. The results
given by ranking systems frequently have implications for
the agents being ranked, which are the same agents that de-
termine in the ranking. Therefore, the incentives of these
agents should in many cases be taken into consideration.

In our approach, we aim that a ranking system will mini-
mize agents’ gain of rank for stating untrue preferences, un-
der the assumption that the agents are interested only in their
own ranking (and not, say, in the ranking of those they pre-
fer). We further assume that an agent in interested in its
expected rank, assuming equally ranked agents are ordered
randomly. Formally, the expected rank (henceforth referred
to simply as rank) is defined as follows:

Definition 7. The rank of a vertex v in a graph G under the
ranking system F’ is defined as

G (v)

{o" v < v} [+ 2 {0 =~} =
TV v <o+ 2 {0 20}

Given this definition of rank, we can now define the mag-
nitude of an agent’s best deviation:

Definition 8. Let F' be ranking system and let G = (V, E)
be a graph for which F' is defined. The deviation magni-
tude 0L (v) of v in G under ranking system F is defined
as max{r{y g, (v) — rg(v)‘ F(V,E') is defined, Vo' € V'\

{v}),v" €V : (VW) € E< (v,v') € E'}. Thatis, the
maximum rank difference v can obtain for itself by changing
its outgoing vertices in GG under F.

Now we can consider the case where no agent ever has a
useful deviation:

Definition 9. Let F' be ranking system. F'is called (fully)
incentive compatible over a set of graphs G if for all graphs
G € Gandforallv € V: §E(v) = 0.

It has been shown (Altman & Tennenholtz 2006) that
there are no fully incentive compatible ranking systems sat-
isfying all of the basic properties we have outlined above.



Therefore, it is essential to weaken this requirement of in-
centive compatibility. This can be done in three different
ways:

Definition 10. Let F' be a ranking system. F is called k-
worst case incentive compatible over a set of graphs G if for
all graphs G € G and for all v € V: §5(v) < k. We say
that the worst case incentive compatibility of F'is k if it is k-
worst case incentive compatible, but not (k — &)-worst case
incentive compatible for all ¢ > 0.

Definition 11. Let F' be a ranking system. F is called k-
mean incentive compatible over a set of graphs G if for all
graphs G € G: Y, 65(v)/|V| < k. We say that the
mean incentive compatibility of F'is k if it is k-mean incen-
tive compatible, but not (k — €)-mean incentive compatible
foralle > 0.

Definition 12. Let F' be a ranking system. F is called k-
agent incentive compatible for a set of graphs G if for all
graphs G € G: |[{v € V|6§ (v) > 0}| < k. We say that the
agent incentive compatibility of F' is k if it is k-agent incen-
tive compatible, but not (k — 1)-agent incentive compatible.

Note that when & is zero, all of these definitions coincide
with full incentive compatibility as defined above.

Of the basic properties we defined above, (Altman & Ten-
nenholtz 2006) have shown that weak positive response,
weak monotonicity and minimal fairness could each be sat-
isfied by an (artificially constructed) fully incentive compat-
ible ranking system. This leads us to concentrate on the lev-
els of incentive compatibility attainable under strong mono-
tonicity and non-imposition. In these fundamental cases,
full incentive compatibility cannot be obtained, and thus it is
interesting to try and obtain a more limited degree of incen-
tive compatibility. In the sequel we show tight bounds for
the levels of incentive compatibility under these two condi-
tions.

Incentive Compatibility Under Strong
Monotonicity

When we study the incentive compatibility of ranking sys-
tems satisfying strong monotonicity, it is helpful to keep
in mind that this property is satisfied by almost all practi-
cal ranking systems, including Approval Voting, PageRank,
and Hubs& Authorities. Specifically, we are going to quan-
tify the incentive compatibility of the Approval Voting and
PageRank ranking systems, when the out-degree of each ver-
tex is limited to some constant k.

Definition 13. The approval voting ranking system AV is
defined as a <4V b < |P(a)| < |P(D)].

First, we are going to prove a general negative result about
ranking systems that satisfy strong monotonicity.

Theorem 1. There exists no strongly monotone ranking sys-
tem that is (% — g)-worst case incentive compatible on the
set of graphs with max out-degree k for all ¢ > 0. Fur-
thermore, there exists no minimally fair strongly monotone
ranking system that is ( g —€)-mean incentive compatible on

the set of graphs with max out-degree k for all € > 0.
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Proof. Assume a strongly monotone ranking system
F and assume a graph G (V,E) with k +
1 vertices V {vo,v1,...,vp} and edges E
{(vo,v1), (vo,v2), ..., (vo,vx)}. Assume a strongly mono-
tone [-worst case incentive compatible ranking system F'.
By strong monotonicity, F' ranks

F

F F F
Vo =g V1 Mg V2 g g Uk

This gives r& (vo) = 4. However, if vy changes its votes to
(), the rank will become (by strong monotonicity) vg ~ vy ~
Vg ~ -+ ~ v, and thus rg/ (vo) = % We have shown

a manipulation of magnitude g, in contradiction to the fact

that F'is (4 — ¢)-IC, where £ > 0.

Now assume a minimally fair strongly monotone ranking
system F’. We will show a graph G = (V, E) in which all
agents have a deviation of magnitude % The graph is the
complete clique with k + 1 vertices: V = {0,...,k} and
E =V xV\{(v,v)|lv € V}. Note that this graph has a
maximal out-degree of £ and F' ranks all agents equally (due
to minimal fairness). However, if any agent v removes all its
outgoing edges to form a graph G’, then that agent will be,
by strong monotonicity, ranked above all other agents. Thus,

rg/ (v) = %, while rg: (v) = k + 5. Thus 65/ (v) = %
for all v € V. Therefore, I is not (4 — £)-mean incentive

compatible for all £ > 0. O

We can now quantify the incentive compatibility of the
approval voting ranking system, showing that the aforemen-
tioned lower bound is tight.

Proposition 1. The approval voting ranking system AV sat-
isfies the following over the set of graphs with max out-
degree k:

e The worst case incentive compatibility of AV is g

e The mean incentive compatibility of AV is %

e The agent incentive compatibility of AV over the set of
graphs with n vertices (n > 1) is n.

Proof. First we will prove that AV}, is £-worst case incen-
tive compatible. Let G = (V,E),G? = VE) € G
be graphs that differ in the outgoing edges from v. Note
that |Pg(v)] = |Pgr(v)| as neither G nor G’ include
self-edges. Let Sger = {u € Sg(v) \ Se/(v)}. Note
that |Sdel| < k. Forallu € V \ Sdel: |Pg(u)|
{wl(w,u) € E} < [{w|(w,u) € E'}| = [Pg(u)l,
and thus |PG/(u)| < |Pgl(’U)| = |Pg(u)| < |Pg(’U)| and
|Por(u)] < |Por(v)] = |Pg(u)] < |Pg(v)|. Further-
more, for all w € Sge @ |Po(u)| = |Po(u)| + 1. Let
Soe = {u € Sger : |Pa(u)] = |Pa(v)|} and Sy, = {u €
Sdel : |Pg(u)| +1= |Pg(’U)|} Now,

rg! (v) = 15" (v)

= VI <o v}

=3 {v'[v =g v}
+3 [{v'v" 2o v}
—3 {v']v’ Zg v}

%|5a| + %|Sb| < %|Sdel| < %

IN



The %-mean incentive compatibility immediately follows,
and the n-agent incentive compatibility is trivial. AV}, sat-
isfies strong monotonicity and minimal fairness, and thus it
is not (£ — ¢)-mean incentive compatible, and not (£ — ¢)-
worst case incentive compatible for all ¢ > 0.

To show that AV, is not (n — 1)-agent incentive compat-
ible over the set of graphs with n vertices (n > 1), assume
the full loop with n vertices G = (V, E) defined as follows:

|4 {0,...,n—1}

E {(;,4+1 modn),[i=0...n—1}
Now, by removing all of its edges, each agent can improve
its own relative rank by %, and thus all n agents have a devi-

ation, and thus AV is not (n — 1)-agent incentive compati-
ble. O

We now define the PageRank matrix which is the matrix
which captures the random walk created by the PageRank
procedure. Namely, in this process we start in a random
page, and iteratively move to one of the pages that are linked
to by the current page, assigning equal probabilities to each
such page.

Definition 14. Let G = (V, E) be a directed graph, and
assume V' = {v1,ve,...,v,}. The PageRank Matrix A
(of dimension n x n) is defined as:

_ J1/ISa(w)l (vj,v) € E
0 Otherwise.

The PageRank procedure will rank pages according to the
stationary probability distribution obtained in the limit of the
above random walk; this is formally defined as follows:

Definition 15. Let G = (V| E) be some strongly connected
graph, and assume V' = {vy,va,...,0,}. Let0 < d < 1
be a damping factor. Let 7 be the unique solution of the
system (1 —d)-Ag-7+d-( 1 1 1 )T = 7 where
>>r; = n. The PageRank PR¢(v;) of a vertex v; € V is
defined as PR (v;) = r;. The PageRank ranking system is
a ranking system that for the vertex set V maps G to <57,
where ng is defined as: for all v;,v; € V: v; ng v, if
and only if PR (v;) < PRg(vj).

We will now quantify the incentive compatibility of the
PageRank ranking system:

Proposition 2. The PageRank ranking system PR with
damping factor d is not (5 — 2)-mean incentive compatible
nor (n — 1)-agent incentive compatible on the set of graphs
with n vertices (n > 2) and out-degree 1.

Proof. Consider the graph G (V,E) where V =
{0,...,n—1}and E = {(i,i+1 mod n)|i=0,...n—1}.
In this graph PR ranks all agents equally due to symmetry.
Let v € V be some agent. Assume wlog v = n — 1 and let
G' = (V,E')bedefinedas E' = E\ {(n —1,0)} U{(n —
1,n — 2)}. Applying linear algebra, we conclude that PR
ranks0 <1 <+ <n—3<n—1=<n—2inG" and thus
r&ft(v) = rEf(n — 1) = n — 1.5. However, rEf (v) = %,
and thus 657 (v) > 252, This is true for all v € V, so we
see that PR is not (§ — 2)-mean incentive compatible nor
(n — 1)-agent incentive compatible for an arbitrary graph G
with n vertices.

[Ac]

4]
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A similar lower bound showing deviations of magnitude
O(n) by all agents can be shown for the Hubs& Authorities
ranking system as presented by (Kleinberg 1999).

Non-imposing Ranking Systems

Recall that non-imposing ranking systems are those that ac-
commodate any strict order on the vertices. We will now
show that this requirement cannot be satisfied when requir-
ing full incentive compatibility.

Fact 1. There exists no non-imposing incentive compatible
ranking system.

Proof. Assume the vertex set V' = {vj,v2}. There are
two potential edges in this graph e; = (v1,v2) and ey =
(va,v1). Let G = (V, E) be a graph s.t. v1 < vz and let
G’ be a graph s.t. v2 <¢r v1. As e (v1) # rg(vi) and
ra(ve) # rei(ve), from incentive compatibility, the sym-
metric difference E® E' = (EUE')\ (ENE') = {e1,ea}.
Let B = E @ {e1} = E' @ {e2}. From incentive com-
patibility rg» (’Ul) = Tg(’Ul) = % = rg (’UQ) = rgm (1)2),
but this cannot be as if v1 ~gr» v, rgn (’Ul) = rgr (’Ul) =
1.

We will now show a 1-worst case incentive compatible
ranking system satisfying non-imposition. This ranking sys-
tem is also 1-agent incentive compatible, which sets a tight
bound.

Theorem 2. There exists a ranking system F' that satis-
fies non-imposition, 1-worst case incentive compatibility, %-
mean incentive compatibility on graphs with n vertices, 1-
agent incentive compatibility, and weak positive response.

Proof. The ranking system F' is defined as follows: Assume
a graph G = (V, E) with V' = {vy,va,...,v,}. For each
v # v1 we define

p(v) = {|P(U) \S(v)|+n veS)
[P(v) N S(1)] v S(o)
Now we define a strict ordering <* on V' \ {v; }:
(3 j* Vj

& [p(vi) < p(v;)] v

VIp(vi) = p(vj) Ai < j].

Given this ordering we can finally define <Z%:

vi 26 & (£LNjALAv =" )V
V(i = 1A {uju <* v} > [P(o1)]) V

V(I = 1A Hulu =" v} < |[P(v1)))-

The weak positive response property is satisfied because
addition of an edge (u,v) either weakly increases p(v) if
v # w1, increasing the relative rank of v, or increases
|P(v1)] if v = v1, and thus again increases the relative rank
of v.

To prove F' satisfies non-imposition, assume a vertex
set V. = {v1,...,v,} and strict ordering <’ on V. Let



Uy, Usg, . .., U,—1 be the vertices in V'\ {v; } ordered accord-
ingto <x"andletk = [{v eV :v <" v1}]. Let G = (V, E)
be the graph defined as follows:

E

{(v1,ug)|i > 251} U { (i, v1)]i < K} U
{(us,uj)| 25t <i<j—1+%2}U
{(ui,uj)li < j — 254}
First note that for all u; € V'\ {vy }:
{H— 2] i>nit

1—1 Otherwise

p(ui)

Thus, u1 <* uy <* -+- <* up_1. As |P(v1)] = k — 1,
up <5 <E g <E v <Eup <E - <E u,_q, and
thus <E==, as required.

We will now prove the incentive compatibility features
of this ranking system. Let G = (V,E) be some graph.
Note that both <* and jg are strict orderings. The deviation
magnitude of agent v; is 0, as its rank is dependent only on
its in-degree, which it cannot manipulate:

0G(vn) = max{r{y p,(v) —rG(v)} =

= max{(|[Pv,z)(v1)| + 3) — (IPe(v1)] + 3)} =

max{|Pg(v1)| = [Pa(v1)[} = 0.
Letv; € V' \ {v;1} be an agent. The rank r5 (v;) is:

% |{v’ v <k vl}| + % |{v/ ' <E Uz}‘ =
= [{v v <E v+ 3
{|{v’ v <* v+ 1.5

[{v/ : v <* v} + %

Now, [{v' : v/ <* v;}| is independent of the outgoing edges
of v; given S(v1), as v; € S(vy) iff its outgoing edges are
used to rank agents ¢ S(vp). Thus, the only manipulation
v; might do is to change |P(v1)|, and thus increase its rank
by 1. In order to increase its rank, v; must decrease |P(vy)].
v; can do so by at most 1, by removing an edge (v;, vy) if
it exists. This manipulation can only be done if |[{v'|v/ <*
vi}| = |Pg(v1)|. As <*isstrictand 0 < |Pg(v1)] <n—1,

there exists exactly one agent v; satisfying this condition.
Thus, for some v; € V: 5g(vi) < 1, and for all v; €
V A\ {vi}: 6E(v;) = 0. So we conclude that F is 1-worst
case incentive compatible, %-mean incentive compatible on
graphs with n vertices, and 1-agent incentive compatible.
|

16 (v;)

Otherwise.

A Fully Incentive Compatible Non-imposing
Ranking System for 3 Agents

We have previously shown that there exists no general in-
centive compatible non-imposing ranking system. However,
if we limit our domain we may find that there exist such
ranking systems. In this section, we will provide a full ax-
iomatization for non-imposing incentive compatible ranking
systems when there are exactly three agents.

{o'|v" =2 vi}| = [P(or
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Vg — U1 Vg — U2
| v2 — v | v1 — o ~ v1 < Vg < Vo
V1 — vV | V2 <V <y | V1 <XV <1y
v — v [ v1 = v | wo <vp <1 [ g <01 < V2
V1 — Vo | V2 <V <X U1 ~

Figure 1: Schematic representation of the three-plurality
ranking systems

Definition 16. A ranking system is called three-plurality if
for every graph G = (V, E) such that |V| = 3 there exists
an ordering v, v1, v2 of the vertices in V' such that F' ranks
u=v< f(u) < f(v), where f(v) is one of the following:

fi(vi) I'(vi-1,vi) € E] + I [(vi41,vi-1) ¢ E]

fa(vi) I(vi—1,v:) € EA (vie1,vi41) € E] +
+1I [('Ui—i-lavi) eFEV (UZ‘+1,’Ui_1) ¢ E] R

where all the indices are calculated modulo 3, and [ is the
indicator function.

There are exactly four three-plurality ranking systems for
graphs with V' = {vg, v1,v2}. These ranking systems all
implement plurality voting when each agent must vote, as
illustrated in Figure 1, and differ in the interpretation of the
cases where agents cast no votes or both votes.

Theorem 3. Let F' be a ranking system over the set of
graphs with 3 vertices. F' is three-plurality iff it satisfies
all of the following criteria: incentive compatibility, non-
imposition, weak positive response, and minimal fairness.
Furthermore, these conditions are independent.

)boroof. We must first show that any three-plurality ranking
system F’ satisfies these four criteria. Incentive compatibil-
ity and non-imposition can easily be deduced from Figure
1. To show that F' satisfies weak positive response, note
that any added edge (v;,v;) may only increase f(v;) and
decrease f(vy) for k # j, thus satisfying weak positive re-
sponse. Minimal fairness is also satisfied by noticing the
symmetry in the definitions of f1, fs.

Now we need to prove that any ranking system F’ satis-
fying the four criteria is three-plurality. By non-imposition,
there exist graphs GG, G2, G'3 such that: vg <gl U1 <g] Vo,
V2 <g2 Vo 452 v1, and v <g3 V2 %g% vg. The
set of allowable strategies for agent v; for i € {0,1,2}
is {s%,s5, 85,81} = oV \ {v;}). We can use strat-
egy vectors of the form (s?, s}, s7) to represent the graph
(V,s) UsjUs3).

Let $7,$5,83 be the strategy vectors representing
G1, G4, G5 respectively. By incentive compatibility, s and
s differ by the strategies of at least 2 agents. Assume that
s # s9Nst # syAs? # s3. By IC, in the graph (s9, s}, s%):
r(vp) = 0.5 and in the graph (s9,s1,53): r(vy) = 2.5.
As these two graphs differ only in the outgoing edges of
vy, its rank must be equal, thus must be r(ve) = 1.5 in
both. Therefore, in both (s9, s}, s7) and (s9, s}, s3), F ranks
vp < vy < v1. Again from IC, graph (s9, s}, s7) must

be ranked vo < vy < vy and (s, s}, s3) must be ranked



vp < v1 < va . We can now let Go = (s9, s, 57), and thus
differ from GG; by the strategies of only two agents.

Itis easy to see we can always choose G5 such that G; and
G only differ in the strategies of vy and v;. Similarly, G
can be chosen such that G; and G5 differ only by the strate-
gies of v; and vo. Assume now that s} # si. By IC, in graph
(89,83, 87): r(v2) = r(v1) = 1.5 and thus vy ~ vy =~ vs.
Now, in graph (s9, s3,s%): r(vo) = r(v1) = 1.5 and thus
Vo =~ v1 =~ vy. Now, in graph (s}, s3,s3): 7(v1) = 0.5 and
r(vy) = 1.5,50v1 < v2 < vg. Wenow let Gg = (59, s, 53)
and thus now every pair of graphs from G1, G2, G5 differ by
strategies of two agents. After renaming strategies, we get
a structure isomorphic to the one described in Figure 1, but
without any mapping between the names of the strategies
and acutal edge selection by the agents.

We will first show that the additional strategies of the
agents simply reflect these existing strategies. In (s9, s, s7),
by IC, r(vg) = 1.5. So assume that F' ranks vy < vg < v1.
However, in that case in (s9, s3, s%), 7(v1) = 7(v) = 2.5,
which is impossible. However, in the two remaining cases it
is easy to see that s reflects s{ or s9. The same is true for
all other agents. Therefore, we only need to map the four
strategies for each agent to one of the two options for that
agent.

Note that agent vs is strengthened when agent vy switches
from s to sJ and agent v; is weakened. Assume S(vg) =
{v1} maps to s9, then by weak positive response, S(vg) =
{v1,v2} and S(vp) = 0 must also map to sJ, and further-
more then S(vg) = {v2} must also map to s, in contradic-
tion to the fact that s{ must be playable (by non-imposition).
Similarly, in all cases where |S(v)| = 1, S(v) maps to the
relevant strategy in Figure 1.

By minimal fairness, when E = (), the strategy profile
must be (s, s1,?) or (89, s, 53), thus if S(vg) = () maps
to a strategy s?, then S(v1) = 0 and S(v2) = () must
map to strategies s} and s? respectively. The same goes
for S(vg) = {v1,v2) — if it maps to a strategy s?, then
S(v1) = {vo,v2} and S(v2) = {vo, v1} must map to strate-
gies s} and s7 respectively.

So, we are left with four mapping options:

S(vo) = ) maps to s9 and S(vg) = {v1, vo} maps to s? .
S(vo) = 0 maps to s¥ and S(vg) = {v1, ve} maps to sJ .
S(vo) = 0 and S(vg) = {v1, va} both map to sJ .

S(vo) = 0 and S(vg) = {v1,va} both map to s? .

These mapping options exactly correspond to the four three-
plurality ranking systems — The first two correspond to f7,
and the second two to fy. Of each pair, the first corre-
sponds to the ordering vy, v1, v2 and the second corresponds
to vg, V2, V1.

We have shown any ranking system satisfying the four
conditions must be three-plurality.

To show that the conditions are independent we must
show different ranking systems satisfying all conditions ex-
cept one:

e Incentive compatibility — The approval voting ranking
system satisfies all aforementioned conditions except in-
centive compatibility.
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e Non-imposition — The trivial ranking system that always
ranks all vertices equally satisfies IC, weak positive re-
sponse and minimal fairness.

e Weak positive response — We can swap the meanings of
si and s4 for all agents and get a ranking system satisfying
all conditions except weak positive response.

e Minimal fairness — If we do not assume minimal fair-
ness, we can assign the strategies for S(v) = ) and
S(v) = V' \ {v} differently for each agent v. u

References

Altman, A., and Tennenholtz, M. 2005a. On the axiomatic
foundations of ranking systems. In Proc. 19th International
Joint Conference on Artificial Intelligence, 917-922.

Altman, A., and Tennenholtz, M. 2005b. Ranking systems:
the pagerank axioms. In EC ’05: Proceedings of the 6th
ACM conference on Electronic commerce, 1-8. New York,

NY, USA: ACM Press.

Altman, A., and Tennenholtz, M. 2006. Incentive compat-
ible ranking systems. unpublished manuscript, Technion.
Arrow, K. 1963. Social Choice and Individual Values (2nd
Ed.). Yale University Press.

Borodin, A.; Roberts, G. O.; Rosenthal, J. S.; and Tsaparas,
P. 2005. Link analysis ranking: algorithms, theory, and
experiments. ACM Trans. Inter. Tech. 5(1):231-297.
Cheng, A., and Friedman, E. 2005. Sybilproof reputation
mechanisms. In P2PECON ’05: Proceeding of the 2005
ACM SIGCOMM workshop on Economics of peer-to-peer
systems, 128—132. New York, NY, USA: ACM Press.
Dutta, B.; Jackson, M. O.; and Le Breton, M. 2001.
Strategic candidacy and voting procedures. Econometrica
69(4):1013-37.
Kleinberg, J. M.
perlinked environment.
46(5):604-632.
Mas-Colell, A.; Whinston, M.; and Green, J. 1995. Mi-
croeconomic Theory. Oxford University Press.

Page, L.; Brin, S.; Motwani, R.; and Winograd, T. 1998.
The pagerank citation ranking: Bringing order to the web.
Technical Report, Stanford University.

1999. Authoritative sources in a hy-
Journal of the ACM (JACM)

Palacios-Huerta, 1., and Volij, O. 2004. The measurement
of intellectual influence. Econometrica 73(3).

Resnick, P., and Zeckhauser, R. 2001. Trust among
strangers in internet transactions: Empirical analysis of
ebay’s reputation system. Working Paper for the NBER
workshop on empirical studies of electronic commerce.

Resnick, P.; Zeckhauser, R.; Friedman, R.; and Kuwabara,
E. 2000. Reputation systems. Communications of the ACM
43(12):45-48.

Slutzki, G., and Volij, O. 2005. Ranking participants in
generalized tournaments. International Journal of Game
Theory 33(2):255-270.

Tennenholtz, M. 2004. Reputation systems: An axiomatic
approach. In Proceedings of the 20th conference on uncer-
tainity in Artificial Intelligence (UAI-04).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 2
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /Arial
    /ArialBlack
    /ArialBold
    /ArialBoldItalic
    /ArialItalic
    /ArialMTBlack
    /ArialMTCondensedLight
    /ArialNarrow
    /ArialNarrowBold
    /ArialNarrowBoldItalic
    /ArialNarrowItalic
    /ArialRoundedMTBold
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY7
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMDUNH10
    /CMEX10
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB7
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /CourierNew
    /CourierNewBold
    /CourierNewBoldItalic
    /CourierNewItalic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EUEX10
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /Euclid-Italic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Narrow
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HelveticaNeue-Black
    /HelveticaNeue-BlackItalic
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Heavy
    /HelveticaNeue-HeavyItalic
    /HelveticaNeue-Italic
    /HelveticaNeue-Light
    /HelveticaNeue-LightItalic
    /HelveticaNeue-Medium
    /HelveticaNeue-MediumItalic
    /HelveticaNeue-Roman
    /HelveticaNeue-Thin
    /HelveticaNeue-ThinItalic
    /HelveticaNeue-UltraLight
    /HelveticaNeue-UltraLightItal
    /LASY10
    /LASY5
    /LASY6
    /LASY7
    /LASY8
    /LASY9
    /LASYB10
    /LCIRCLE10
    /LCIRCLEW10
    /LCMSS8
    /LCMSSB8
    /LCMSSI8
    /LINE10
    /LINEW10
    /LOGO10
    /LOGO8
    /LOGO9
    /LOGOBF10
    /LOGOSL10
    /MSAM10
    /MSAM5
    /MSAM7
    /MSBM10
    /MSBM5
    /MSBM7
    /MT-Extra
    /MTEX
    /MTSY
    /MathematicalPi-Five
    /MathematicalPi-Four
    /MathematicalPi-One
    /MathematicalPi-Six
    /MathematicalPi-Three
    /MathematicalPi-Two
    /NimbusMonAntL-Regu
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomD-Bold
    /NimbusRomD-BoldItal
    /NimbusRomD-ExtrBold
    /NimbusRomD-ExtrBoldItal
    /NimbusRomD-Regu
    /NimbusRomD-ReguItal
    /NimbusRomModComD
    /NimbusRomNo2T-Regu
    /NimbusRomNo9DCD-Regu
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusRomNo9SCT-Regu
    /NimbusRomNo9T-Bold
    /NimbusRomNo9T-BoldCond
    /NimbusRomNo9T-BoldItal
    /NimbusRomNo9T-ExtrBold
    /NimbusRomNo9T-Medi
    /NimbusRomNo9T-MediItal
    /NimbusRomNo9T-Regu
    /NimbusRomNo9T-ReguCond
    /NimbusRomNo9T-ReguCondItal
    /NimbusRomNo9T-ReguItal
    /NimbusRomanD-BoldItalicOu1
    /NimbusRomanD-BoldOu1
    /NimbusRomanD-ExtraBoldItalicOu1
    /NimbusRomanD-ExtraBoldOu1
    /NimbusRomanD-RegularItalicOu1
    /NimbusRomanD-RegularOu1
    /RMTMI
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRoman
    /TimesNewRomanBold
    /TimesNewRomanBoldItalic
    /TimesNewRomanItalic
    /TimesNewRomanMTExtraBold
    /Universal-GreekwithMathPi
    /Universal-NewswithCommPi
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfDingbats
  ]
  /NeverEmbed [ true
    /Geneva
    /HelveticaLTMM
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


