Ranking Systems: The PageRank Axioms

Alon Altman and Moshe Tennenholtz
Faculty of Industrial Engineering and Management
Technion — Israel Institute of Technology
Haifa 32000
Israel

31st May 2005

Abstract

This paper initiates research on the foundations of ranking systems, a fundamental ingredient of basic
e-commerce and Internet Technologies. In order to understand the essence and the exact rationale of
page ranking algorithms we suggest the axiomatic approach taken in the formal theory of social choice.
In this paper we deal with PageRank, the most famous page ranking algorithm. We present a set of
simple (graph-theoretic, ordinal) axioms that are satisfied by PageRank, and moreover any page ranking
algorithm that does satisfy them must coincide with PageRank. This is the first representation theorem
of that kind, bridging the gap between page ranking algorithms and the mathematical theory of social
choice.

1 Introduction

The ranking of agents based on other agents’ input is fundamental to e-commerce and multi-agent systems
(see e.g. [4, 16]). Moreover, the ranking of agents based on other agents’ input have become a central
ingredient of a variety of Internet sites, where perhaps the most famous examples are Google’s PageRank
algorithm[11] and ebay’s reputation system[15]. One important set of such ranking systems are page ranking
systems. It is well known that page ranking is fundamental for search technology, as well as for other
applications. A major problem therefore is the study of the rationale of using a particular page ranking
algorithm. What are the properties of a particular page ranking algorithm that characterize and differentiate
it from other page ranking algorithms? In order to address this challenge we introduce and adapt the
axiomatic approach, adopted in the mathematical theory of social choice, into the context of page ranking.

If we treat the Internet as a graph, where the nodes/pages are agents, and the links originating from
node/page p define the preferences of the corresponding agent (i.e. a page that p links to is preferable to a
page that p does not link to) then the page ranking problem becomes the problem of aggregating individual
rankings into a global (social) ranking. Hence, the problem of page ranking becomes a (novel) problem of
social choice. In the classical theory of social choice, as manifested by Arrow[1], a set of agents/voters is
called to rank a set of alternatives. Given the agents’ input, i.e. the agents’ individual rankings, a social
ranking of the alternatives is generated. The theory studies desired properties of the aggregation of agents’
rankings into a social ranking. In particular, Arrow’s celebrated impossibility theorem[1] shows that there
is no aggregation rule that satisfies some minimal requirements, while by relaxing any of these requirements
appropriate social aggregation rules can be defined. The novel feature of the page ranking setting is that the
set of agents and the set of alternatives coincide. Therefore, in such setting one may need to consider the
transitive effects of voting. For example, if agent (i.e. page) a reports on the importance of (i.e. links to)



page b then this may influence the credibility of a report by b on the importance of agent ¢; these indirect
effects should be considered when we wish to aggregate the information provided by the agents into a social
ranking.

The theory of social choice is an axiomatic theory, and consists of two complementary perspectives:

e The normative perspective: devise a set of requirements that a social aggregation rule should satisfy,
and try to find whether there is a social aggregation rule that satisfies these requirements.

e The descriptive perspective: given a particular algorithm r for the aggregation of individual rankings
into a social ranking, then r satisfies many properties; the objective is to find a small set of simple
properties(aka axioms) that are satisfied by r and has the additional feature that every algorithm that
satisfies these properties must coincide with r. A result showing such a set of properties is termed
a representation theorem and captures the exact essence of(and assumptions behind) the use of the
particular algorithm.

An excellent example for the normative perspective is Arrow’s impossibility theorem mentioned above. In
[19] we presented such an approach for ranking systems. Many efforts have been invested in the descriptive
approach in the framework of the classical theory of social choice. In that setting, representation theorems
have been presented for classical voting rules such as the majority rule over two alternatives[8] (see [9] for
an overview). Tackling the descriptive approach in the new Internet context, where the set of voters and the
set of alternatives coincide (i.e. the page ranking context) remained an open major challenge.

In our work we address the above challenge by introducing a representation theorem for PageRank.
Needless to say that PageRank|[11] is the most famous page ranking procedure. In particular, PageRank is
the basis for Google’s search technology![2].If we treat the Internet as a strongly connected graph, where
the nodes are the pages and the edges are links between pages, then PageRank can be defined as the limit
probability distribution reached in a random walk on that graph. Roughly speaking, page p; will be ranked
higher than page p2 if the probability of reaching p; is greater than the probability of reaching ps. We will
show several simple properties (called axioms) one may require a page ranking algorithm to satisfy and prove
that the PageRank algorithm does satisfy these axioms. Then, we prove our main result: any page ranking
algorithm that does satisfy these axioms must coincide with PageRank!

The only work that we are familiar with which deals with a related axiomatization is the recent work on
the axiomatization of citation indexes [12]. This work deals however with the case of numeric inputs (e.g. the
inputs are not only graphs, as in page ranking, but include also numeric measures for the number of citations
by each node, and by each node for each other node), and (most importantly) the axioms considered are
numeric as well (e.g. when defining the axioms we are allowed for computations such as division or matrix
multiplication). Our aim is quite different: we are after ordinal, graph-theoretic requirements that will
provide sound and complete axiomatization for PageRank. This creates a most significant challenge: while
the PageRank algorithm is numeric and is based on the computation of eigenvectors, we are after simple
graph-theoretic properties that will fully characterize the related ranking procedure.

The classical theory of social choice lay the foundations to large part of the rigorous work on the design
and analysis of social interactions. Indeed, the most classical results in the theory of mechanism design (e.g.
the Gibbard-Satterthwaite [5, 17] theorems) are applications of the theory of social choice. While economic
mechanism design had become an extensive line of study in computer science (see e.g. [10]) and electronic
commerce (see e.g. [7, 13, 3]), our work introduces another connection between algorithms and Internet
technologies to the mathematical theory of social choice.

In the next section we define our setting and some preliminaries, including the PageRank ranking system.
In Section 3 we introduce five axioms one may require to hold for any page ranking procedure, and claim that

Mn fact, ranking based on similar ideas can be found in other contexts as well. See [14] for the use of PageRank-like procedure
in the comparison of journals’ impact.



PageRank does satisfy these axioms. In Section 4 we show some useful properties implied by the axioms. In
Section 5 we use these properties for proving that any page ranking procedure that does satisfy the axioms
should coincide with PageRank. Further discussion of the approach taken in this paper is presented in
Section 6. This paper is supplemented by an appendix which includes proofs of the theorems.

2 Page Ranking

The current practice of the ranking of Internet pages is based on the idea of computing the limit stationary
probability distribution of a random walk on the Internet graph, where the nodes are pages, and the edges
are links among the pages. In order for the result of that process will be well defined, we restrict our attention
to strongly connected graphs:

Definition 2.1. A directed graph G = (V, E) is called strongly connected if for all vertices vy ve € V there
exists a path from vy to vy in F.

The output of a page ranking procedure can be viewed as a linear ordering of a set of alternatives:

Definition 2.2. Let A be some set. A relation R C A x A is called an ordering on A if it is reflexive,
transitive, complete and anti-symmetric. Let L(A) denote the set of orderings on A.

Notation: Let < be an ordering, then ~ is the equality predicate of <. Formally, a ~ b if and only if a < b
and b < a.

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

Definition 2.3. Let Gy be the set of all strongly connected graphs with vertex set V. A ranking system F
is a functional that for every finite vertex set V' maps every strongly connected graph G € Gy to an ordering
<Ee L(V).

nYe]

In order to define the PageRank ranking system, we first recall the following standard definitions:

Definition 2.4. Let G = (V, E) be a directed graph, and let v € V be a vertex in G. Then: The successor
set of v is Sg(v) = {u|(v,u) € E}, and the predecessor set of v is Pg(v) = {u|(u,v) € E}.

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 2.5. Let G = (V, E) be a directed graph, and assume V' = {v1,v9,...,v,}. the PageRank Matriz
Ag (of dimension n x n) is defined as:

Ag]. , = 4 ISat)l (,v) € B
" 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 2.6. Let G = (V, E) be some strongly connected graph, and assume V = {v1,vq,...,0,}. Let r
be the unique solution of the system Ag -r =r where 1 = 1. The PageRank PR¢g(v;) of a vertex v; € V' is
defined as PRg(v;) = r;. The PageRank ranking system is a ranking system that for the vertex set V' maps
G to ng, where ng is defined as: for all v;,v; € V: v; ng v; if and only if PR¢(v;) < PRg(vj).

The above defines a powerful heuristic for the ranking of Internet pages, as adopted by search engines[11].
This is however a particular numeric procedure, and our aim is to treat it from an axiomatic social choice
perspective, providing graph-theoretic, ordinal representation theorem for PageRank.
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Figure 1: Sketch of several axioms

3 The Axioms

From the perspective of the theory of social choice, each page in the Internet graph is viewed as an agent,
where this agent prefers the pages (i.e. agents) it links to upon pages it does not link to. The problem of
finding a social aggregation rule will become therefore the problem of page ranking. The idea is to search for
simple axioms, i.e. requirements we wish the page ranking system to satisfy. Most of these requirements will
have the following structure: page a is preferable to page b when the graph is G if and only if a is preferable
to b when the graph is G’. Our aim is to search for a small set of axioms that can be shown to be satisfied by
PageRank. The axioms need to be simple graph-theoretic, ordinal properties, which do not refer to numeric
computations.

In explaining some of the axioms we will refer to Figure 1. For simplicity, while the axioms are stated as
”if and only if” statements, we will sometime emphasize in the intuitive explanation of an axiom only one
of the directions (in all cases similar intuitions hold for the other direction).

The first axiom is straightforward:

Axiom 3.1. (Isomorphism) A ranking system F satisfies isomorphism if for every isomorphism function
v : V1 +— Vi, and two isomorphic graphs G € Gy, , p(G) € Gy, : 55(0): o(=E).

The isomorphism axiom tells us that the ranking procedure should be independent of the names we
choose for the vertices.

The second axiom is also quite intuitive. It tells us that if a is ranked at least as high as b if the graph
is G, where in G a does not link to itself, then a should be ranked higher than b if all that we add to G is
a link from a to itself. Moreover, the relative ranking of other vertices in the new graph should remain as
before. Formally, we have the following notation and axiom:?

20ne may claim that this axiom makes no sense if we do not allow self loops. This is however only a simple technical issue.



Notation: Let G = (V,E) € Gy be a graph s.t. (v,v) ¢ E. Let G' = (V, EU{(v,v)}). Let us denote
SelfEdge(G,v) = G’ and SelfEdge ' (G’,v) = G. Note that SelfEdge ' (G, v) is well defined.

Axiom 3.2. (Self edge) Let F' be a ranking system. F' satisfies the self edge aziom if for every vertex
set V and for every vertex v € V and for every graph G = (V,E) € Gy s.t. (v,v) ¢ E, and for every
v1,v2 € V\ {v}: Let G' = SelfEdge(G,v). If v jg v then v ﬁg/ v1; and vq jg vg iff v1 jg/ va.

The following, third axiom (titled Vote by committee) captures the following idea, which is illustrated in
Figure 1(a). If page a links to pages b and ¢, then the relative ranking of all pages should be the same as in
the case where the direct links from a to b and c are replaced by links from a to a new set of pages, which link
(only) to b and ¢. The idea here is that the amount of importance a provides to b and ¢ by linking to them,
should not change due to the fact that a assigns its power through a committee of (new) representatives, all
of which behave as a. More generally, and more formally, we have the following:

Axiom 3.3. (Vote by committee) Let F be a ranking system. F satisfies vote by committee if for every
vertex set V, for every vertexr v € V, for every graph G = (V,E) € Gy, for every vi,ve € V, and for
every m € N: Let G' = (VU {ur,u2,...,un}, E\ {(v,2)|lz € Sa(v)} U{(v,u;)[i = 1,...,m}U{(u;,z)|z €
Sa(v),i=1,...,m}), where {ui,us, ..., up} NV =0. Then, vi <& vo iff v1 <&/ va.

The 4th axiom, termed collapsing is illustrated in Figure 1(b). The idea of this axiom is that if there is
a pair of pages, say a and b, where both a and b link to the same set of pages, but the sets of pages that
link to a and b are disjoint, then if we collapse a and b into a singleton, say a, where all links to b become
now links to a, then the relative ranking of all pages, excluding a and b of course, should remain as before.
The intuition here is that if there are two voters (i.e. pages), a and b, who vote similarly (i.e. have the same
outgoing links), and the power of each one of them stems from the fact a set of other voters have voted for
him, where the sets of voters for a and for b are disjoint, then if all voters for a and b would vote only for
a (dropping b) then a should provide the same importance to other agents as a and b did together. This
of course relies on having a and b voting for the same individuals. As a result, the following axiom is quite
intuitive:

Axiom 3.4. (collapsing) Let F' be a ranking system. F satisfies collapsing if for every vertex set V', for every
v,v" € V, for every vi,vs € V \ {v,v'}, and for every graph G = (V,E) € Gy for which Sg(v) = Sa(v'),
Po(v)NPg((v') =0, and [Pa(v)UPg(v)|N{v,v'} = 0: Let G' = (V\{v'}, EA\{(v/, z)|z € Sg(v')}\{(z,?")|x €
Pe(v")}U{(z,v)|z € Pe(v')}). Then, vi =E vy iff v1 =E, va.

The last axiom we introduce, termed the proxy axiom, is illustrated in Figure 1(c). Roughly speaking,
this axiom tells us that if there is a set of k pages, all having the same importance, which link to a, where a
itself links to k pages, then if we drop a and connect directly, and in a 1-1 fashion, the pages which linked to
a to the pages that a linked to, then the relative ranking of all pages (excluding a) should remain the same.
This axiom captures equal distribution of importance. The importance of a is received from k pages, all
with the same power, and is split among k pages; alternatively, the pages that link to a could pass directly
the importance to pages that a link to, without using a as a proxy for distribution. More formally, and more
generally, we have the following:

Axiom 3.5. (proxy) Let F be a ranking system. F satisfies proxy if for every vertex set V, for every vertex
v €V, for every vi,v2 € V \ {v}, and for every graph G = (V,E) € Gy for which |Pg(v)| = |Sa(v)|, for
all p € Pg(v): Sa(p) = {v}, and for all p,p’ € Pg(v): p ~E p': Assume Pg(v) = {p1,p2,....pm} and
Sa(v) = {s1,82,...,8m}. Let G = (V\{v}, E\ {(z,v), (v,z)|x € V} U {(pi,si)|i € {1,...,m}}). Then,
U1 jg V2 Zﬁ V1 jg, V3.

If we do not allow self loops then the axiom should be replaced by a new one, where the addition of self-loop to a is replaced
by the addition of a new page, a’, where a links to a’ and where a’ links only to a. Our results will remain similar.



3.1 Soundness

Although we have provided some intuitive explanation for the axioms, one may argue that particular axiom(s)
are not that reasonable. As it turns out however, all the above axioms are satisfied by the PageRank
procedure. The proof of the following basic (soundness) proposition appears in the appendix. In Section
5 we show that the above axioms are not only satisfied by PageRank, but also completely and uniquely
characterize the PageRank procedure.

Proposition 3.6. The PageRank ranking system PR satisfies isomorphism, self edge, vote by committee,
collapsing, and prozy.

4 Several Useful Properties

In this section we prove three technical properties which are implied by our axioms. As a result, these three
properties are satisfied by the PageRank ranking system. The purpose of presenting them is rather technical:
they will be used in the next section, when we show that the PageRank ranking system is the only one that
satisfies our axioms.

Notation: Let V be a vertex set and let v € V be a vertex. Let G = (V,E) € Gy be a graph where
S(v) = {s}, P(v) = {p}, and (s,p) ¢ E. We will use Del(G,v) to denote the graph G’ = (V’, E’) defined
by:

Vo= V\{v}

E' = E\{(p,v), (v;9)}U{(p,s)}

The Del(-, ) operator simply removes a vertex from the graph that has an in-degree and out-degree of
1, replacing it by an edge from its predecessor to its successor. The following lemma says that when our
axioms are satisfied then this operator does not change the relative ranking of all (remaining) pages. The
proof of this lemma appears in the appendix.

Definition 4.1. Let F be a ranking system. F' has the weak deletion property if for every vertex set V', for
every vertex v € V and for all vertices vy, v2 € V' \{v}, and for every graph G = (V, E) € Gy s.t. S(v) = {s},
P(v) ={p}, and (s,p) ¢ E: Let G’ = Del(G,v). Then, vy <E vy iff vy =&, v,

Lemma 4.2. Let F be a ranking system that satisfies isomorphism, vote by committee and proxy. Then, F
has the weak deletion property.

We now move to a second deletion property satisfied by the axioms.

Notation: Let V be a vertex set and let v € V be a vertex. Let G = (V,E) € Gy be a graph where
S(v) = {s1,52,...,s:} and P(v) = {pi|j =1,..., ;i =0,...,m}, and S(p}) = {v} for all j € {1,...t} and
i €{0,...,m}. We will use Delete(G,v,{(s1,{pi]i =0,...m}),..., (s, {p]i =0,...m})}) to denote the
graph G’ = (V’, E’) defined by:
Vo= V\{v}
E' E\A{(p},0), (v,5)[i =0,...,m;j =1,...,t} U
U{(p}, ;)i =0,....m;j=1,... t}

When the grouping of the predecessors is trivial or understood from context, we will sloppily use Delete(G, v).

A sketch of the Delete operator can be found in Figure 2. In this figure we see that node x which links to
three other nodes, and has two sets of three predecessors, where the nodes in each such set are of the same
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Figure 2: Sketch of Delete(G, x).

Figure 3: Sketch of Duplicate(G, a, 3).

importance. The Delete operator will drop = and connect exactly one element from each of the predecessor
sets to exactly one node in the successor set. The following lemma says that when our axioms are satisfied
then this operator does not change the relative ranking of all (remaining) pages. The proof of this lemma
appears in the appendix.

Definition 4.3. Let F be a ranking system. F has the strong deletion property if for every vertex set V, for
every vertex v € V, for all v1, vy € V'\ {v}, and for every graph G = (V, E) € Gy s.t. S(v) = {s1,52,..., 8¢},
P(v) =A{pilj = 1,...,t;i = 0,...,m}, S(p}) = {v} for all j € {1,...t} and i € {0,...,m}, and p’ ~& pj,
for all i € {0,...,m} and j,k € {1,...t}: Let G’ = Delete(G,v,{(s1,{pili = 0,...m}),... (s, {pi]i =
0,...m})}). Then, vq jg vy iff vy jg, Vg.

Lemma 4.4. Let F' be a ranking system that satisfies collapsing and proxy. Then, F' has the strong deletion
property.

We conclude with a third property which is also satisfied by the axioms.

Notation: Let V be a vertex set and let G = (V, E) € Gy be a graph. Let S(v) = {s9,s9,...,s?}. We will
use Duplicate(G, v, m) to denote the graph G’ = (V', E’) defined by:

Vi = Vu{sli=1,....m-1j=1,.. .t}
E = Eu{(v,;s))i=1,....om—1;j=1,...t}U
U{(s?,u)h':L...,m—l;j:1,...t;u€SG(sg)}.

A sketch of the Duplicate operator can be found in Figure 3. In this figure we see that a links to two
nodes, each of which has its own successor set. Then, each node in the successor set of a is duplicated by
a factor of three, i.e. for each node a’ in the successor set of a we add two new nodes to the successor set
of a, each of which with the same successor set as a’. The following lemma says that when our axioms are
satisfied then this operator does not change the relative ranking of the pages, excluding the ones which have
been duplicated. The proof appears in the Appendix.



Definition 4.5. Let F be a ranking system. F' has the edge duplication property if for every vertex set V', for
all vertices v,v1,v2 € V, for every m € N, and for every graph G = (V, E) € Gy: Let S(v) = {s%,93,...,s%},
and let G’ = Duplicate(G, v, m). Then, vy jg vg iff vy jg, vg.

Lemma 4.6. Let F' be a ranking system that satisfies isomorphism, vote by committee, collapsing, and proxy.
Then, F has the edge duplication property.

5 Completeness

We are now ready to show that that our axioms fully characterize the PageRank ranking system. We can
prove:

Theorem 5.1. A ranking system F satisfies isomorphism, self edge, vote by committee, collapsing, and
prozy if and only if F' is the PageRank ranking system.

Given Proposition 3.6, it is enough to prove the following;:

Proposition 5.2. Let F} and Fs be a ranking systems that have the weak deletion, strong deletion, and edge
duplication properties, and satisfy the self edge and isomorphism axioms. Then, Fy and Fy are the same
ranking system (notation: Fy = F).

The proof of Proposition 5.2 is in the appendix. We shall now describe a sketch of the proof. The basic
idea of the proof is to begin with a graph G = (V, E) and two arbitrary vertices a and b in V| and manipulate
G by applying Del(-, ), Delete(:, -, ), Duplicate(-, -, -), and SelfEdge(:,-) to achieve a new graph G,, for
which Fy and Fj rank a and b the same as in G (Formally a <§ b a <E bfor F € {Fy, F»}). Afterwards,

G, is further manipulated to generate G, s for which a :gwa b, but a jgn b=1"> ﬁgnﬁ afor F € {Fy, Fy}

or vice versa (with a and b replaced). So, we conclude that a jgln bsa jgzn b, and thus a jgl bsa jgz b.

The steps required to generate G,, from G, and then G, ;s from G,, may be described algorithmically.
These steps are illustrated in Figure 4:

1. Add a new vertex on every edge on the initial graph (Figure 4b), thus splitting each original edge into
two new edges. These vertices do not change the relative ranking of a and b due to the weak deletion

property.

2. If no original vertices exist in the graph except a and b, go to step 8. Otherwise, select an original
vertex x ¢ {a,b} (in Figure 4 we start by selecting c).

3. Remove all vertices that are both predecessors and successors of z and all edges connected to these
vertices. All of these are new vertices, which have an in-degree and out-degree of 1.
Basically, this step removes all self-edges of = (with an added vertex on them). These deletions do not
change the relative ranking of @ and b due to the weak deletion property and the self edge axiom.

4. Duplicate all predecessors of predecessors of x by z’s out-degree. This does not change the relative
ranking of a and b due to the duplication property (Figure 4c).

Note that all the vertices we duplicate are original ones (possibly a or b, but not z), so to add additional
in-between vertices before x, making the in-degree of x a multiple of its out degree, split into groups
of isomorphic, and thus equally ranked, vertices.

5. Delete = using Delete(G, z) (Figure 4d).



(a) (b)  After (c) After duplication of c¢’s (d) After deletion of ¢
graph adding predecessors
vertices

(e) After deletion (f) After deletion of d
of ¢’s intermediate
successors

(g) After duplication of b (h) Final isomorphic graph

Figure 4: Example run of the Coglpleteness algorithm. Here a £ b.



6. Delete the successors of z (new vertices) to retain the state of one new vertex between each pair of
original vertices (Figure 4e). These deletions do not change the relative ranking of a and b due to the
strong deletion property.

7. Go to step 2 (Figure 4f illustrates the second iteration, where d is selected).

8. Now, a and b are the only original vertices remaining in the graph, and the graph could be defined by
the number of vertices (with edges) between a and b, between b and a, between a and a, and between
b and b.

9. Duplicate a by the number of edges with vertices from b to a and vice versa, thus equalizing the number
of edges with vertices from a to b the number from b to a (Figure 4g). This relative ranking between
a and b is retained due to the duplication property.

10. Now, add self edges (with vertices) to the vertex v € {a, b} with fewer self-edges (with vertices), until
the number of self edges is equal between a and b (Figure 4h). Let v’ = {a,b} \ {v}. By the self edge
axiom and the weak deletion property, if v <" v before adding the self edges, then now v A v’ for
F e {Fl, FQ}

11. By the isomorphism axiom, in this graph, a ~ b, therefore in the graph after step 9, v’ < v for
F € {F1,F,}. But as the relative ranking of a and b did not change until step 10, v’ <& v for
F € {Fy, F,}, and thus a <5 b < a <5 b.

6 Discussion

Representation theorems are the formal mathematical tool for the justification of decision and choice rules.
We have already mentioned the formal theory of social choice, but representation theorems also lay mathe-
matical foundations for other branches of decision and choice theory. For example, the crowning achievement
of the theory of (single-agent) choice is Savage’s representation theorem [18], which provides sound and com-
plete axiomatization for the expected utility maximization decision criterion. Here also one looks for ordinal
requirements, which do not refer to numeric computations, under which an agent can be viewed as an ex-
pected utility maximizer. This is similar to our work, where we considered only graph-theoretic ordinal
axioms to justify the numeric computations done by PageRank.

Although PageRank is probably the most popular page ranking procedure, it may be interesting to
attempt and provide axiomatization for other page ranking procedures, such as Hubs and Authorities [6].
Once such axiomatization is found the different axiomatic systems can be compared as a basis for rigorous
evaluation.

We believe that the problem of ranking of Internet pages is indeed a fundamental problem. We see the fact
that this central problem is a new type of social choice problem as especially intriguing. In order to provide
mathematical foundations to page ranking systems we therefore need to search for basic representation
theorems that will provide ordinal, graph theoretic axiomatizations for basic heuristics and approaches for
page ranking. Representation theorems isolate the “essence” of particular ranking systems, and provide
means for the evaluation (and potentially comparison) of such systems. In this paper we initiated work on
this topic by introducing such representation theorem for PageRank. We hope that others will join us in
exploring the connections between page ranking algorithms and the mathematical theory of social choice.

10



References

[1]
2]

3]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

K.J. Arrow. Social Choice and Individual Values (2nd Ed.). Yale University Press, 1963.

Sergey Brin and Lawrence Page. The anatomy of a large-scale hypertextual Web search engine. Com-
puter Networks and ISDN Systems, 30(1-7):107-117, 1998.

Vincent Conitzer, Jérome Lang, and Tuomas Sandholm. How many candidates are needed to make
elections hard to manipulate? In Proceedings of the 9th conference on Theoretical aspects of rationality
and knowledge, pages 201-214. ACM Press, 2003.

C. Dellarocas. Efficiency through feedback-contingent fees and rewards in auction marketplaces with
adverse selection and moral hazard. In 3rd ACM Conference on Electronic Commerce (EC-03), pages
11-18, 2003.

A. Gibbard. Manipulation of voting schemes. Econometrica, 41:587-601, 1973.

Jon M. Kleinberg. Authoritative sources in a hyperlinked environment. Journal of the ACM (JACM),
46(5):604-632, 1999.

Daniel J. Lehmann, Liaden Ita O’Callaghan, and Yoav Shoham. Truth revelation in approximately
efficient combinatorial auctions. In ACM Conference on Electronic Commerce, pages 96-102, 1999.

Kenneth O. May. A set of independent, necessary and sufficient conditions for simple majority decision.
Econometrica, 20(4):680-84, 1952.

H. Moulin. Azioms of Cooperative Decision Making. Cambridge University Press, 1991.
N. Nisan and A. Ronen. Algorithmic mechanism design. Proceedings of STOC-99, 1999.

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

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

David C. Parkes. Iterative Combinatorial Auctions: Achieving Economic and Computational Efficiency.
PhD thesis, Department of Computer and Information Science, University of Pennsylvania, May 2001.

G. Pinski and F. Narin. Citation influence for journal aggregates of scientific publications: Theory, with
applications to the literature of physics. Information Processing and Management, pages 297-312, 1976.

P. Resnick and R. Zeckhauser. 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, January 2001.

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

M.A. Satterthwaite. Stratey proofness and arrow’s conditions: Existence and correspondence theorems
for voting procedures and social welfare functions. Journal of Economic Theory, 10:187-217, 1975.

L.J. Savage. The Foundations of Statistics. John Wiley and Sons, New York, 1954. Revised and enlarged
edition, Dover, New York, 1972.

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

11



A Proofs

This section includes our proofs. These proofs are not part of the extended abstract, but may be used by
the interested reviewer.

A.1 Proof of Proposition 3.6

Proof. The isomorphism axiom is satisfied directly from the definition by the assumption that V' = {v1,ve,...,v,}.

For the vote by committee axiom, let V = {v1,vs,...,v,} be a vertex set, let G = (V,E) € Gy be a
graph, and let vs,v; € V' be vertices and let m € N be a natural number. Assume vy ng Vt.

Let G' = (VU{vn11,Vn+42, -+ s Ungm |, E\{(v1,2)|2 € Sa(v1)}U{(v1, 0n45)[7 = 1,...,m}PU{(vnj, z)|z €
Sa(v1),7=1,...,m}). Let r be the solution of Ag -r =r, where r; = 1. Let r’ be the following vector:

1

’ Tn
ri/m

ri/m

We will now prove that Ag:r’ = r’. Note that by definition of G’, the matrix Ag: is

0 a2 -+ a1n a1 -+ a1
AG’ _ 0 an, 2 e anpn QGn,1 e an,1
1/m
: 0
1/m

If we multiply, we get: for i € {1,...n}:

n n
/
[AG/’I” ]z = E Qg 574 + ma; i - Tl/m = E Qi 575 = T4,
Jj=2

Jj=1

and for i € {n+1,...n+m}, [Agr']; = 1/m - r1, as required. Also r} =71 = 1, so PRgr(vj) = r for all
jeA{l,....n+m}. Now, PRg/(vs) =7, =rs = PRg(vs) < PRg(v;) = r, = r;, = PRg/(vt), as required.

For the collapsing axiom, let V' = {v1,vs,...,v,}, and let G = (V, E) € Gy. Assume S(v,) = S(vy—1)
and P(v,) N P(vy—1) = 0. Let vk, v; € V be vertices (k,I <n —1). Assume v ng ]

Let G' = (V\{vn}, E\ {(vn,2)|x € Sa(vn)} \ {(z,vn)]x € Pa(vy)} U{(z,vn-1)|z € Pg(vn)}). Let r be
the solution of Ag -r =r, where r; = 1. Let r’ be the following vector:

1

T'n—2
Tn—1+7Tn



We will now prove that Ag:r’ = r’. Note that by definition of G’, the matrix Ag: is

a1 ai2 te ai,n—1
AG/ =
an—21 an—22 o Gp—2,n—1
On—11+0n1 Ap-12+apn2 - 0

If we multiply, we get for i € {1,...n —2}:

n—2 n—2
/
[Acr]i = @in—1(rn +rp-1) + E i jTj = Qin—1Tn + Qin—1Tn—1 + E Qi Ty
=1 =1
Note that a;, = ajn—1 = ‘S(i 37> 50
n—2 n
At = o . . — e — o
[ G'r ]z = Q5T + Qi n—1Tn—1 + Qi nTn = a; T3 = Ty
j=1 j=1
n—2 n—2 n—2
!
A Tn1r = Y (an-1j 4 )1 =Y an1,75+ D an
j=1 j=1 j=1

Note that ap—1,n—1 = apn—1,n = An,n—1 = Ap,n =0, s0O
n n
/
[Acrln1 = E Ap—1,475 + E ApjTj =Tn—1+Tn
j=1 j=1

So, we get Ag:r’ = r’ as required. Also r] =71 = 1, so PRg/(v;) = rj for all j € {1,...,n — 1}. Now,
PRg/(vi) =71}, =1 = PRg(v) < PRa(v) =1 =1, = PRg/(v;), as required.

For the proxy axiom, let V' = {v1, va,...,v,}, and let G = (V, E) € Gy. Assume P(v,) = {v1,v2,...,0n},
v ~ v - 2 vy, and S(v,) = {Veg1, Viga, .o, Viem ), Where £ € {0,...,m}. Let vg,v; € V be vertices
(k,l < n). Assume v, <ER v;.

Let G' = (V\{vn}, E\ {(z,vn), (vn, )|z € V} U{(v;,ve4:)|i € {1,...,m}}). Let r be the solution of
Ag -r =r, where r; = 1. Since v1 >~ vy >~ -+ ~ v,,, we have ry = r9 = --- = rp,, and note that because
P (vy) = {v1,v2,...,vn} and S(v;) = {v,} for all i € {1,...,m}:

n
T = Ean,ﬂi:7’1+7"2+"'+7"m:m7"1:m-
i=1

Let ' = r_,. By definition of G’, the matrix Ag is

o0 --- 0 a1,m+1 a1,m+2 e a1,n—1

0 0 0 At m+1 At m+2 e Qt,n—1

10 0 ai+1,m+1 Apt1,m4+2 - Ap4+1,n—1

0 1 0 air2,m+1 Ap42,m+2 - t42,n—1
Ag =

0 0 et 1 at-i—m,m-i—l at+m,m+2 et at—i—m,n—l

0 0 0 At+m+1,m+1  At4+m+1,m+2 °°  Gt4m+1,n—1

0o o0 - 0 An—1,m+1 An—1,m~+2 e An—1,n—1
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We multiply can now multiply, and since a;, = 0 for all i € {1,...¢,t + m + 1,...,n — 1} (because
S(vy) ={t+1,....,t+m})and a;; =0foralli € {1,...,n—1} and j € {1,...,m} (because S(v;) = {vn}),
we get fori e {1,...t,t+m+1,...,n—1}:

n—1 n
/
)i = Y agry =Y aiyr=r;
=1

Jj=m+1

and for i € {t+1,...,t +m}:

n—1 n—1 n—1 1
[Ag/T‘/]i = Z Qi ;T + it = Z a;;mi +1= Z a; rj + Ef‘n =
j=m+1 j=1 j=1
n—1 n
= Z Qi T + Qi nTn = Zamrj =7
j=1 j=1

So, we get Ag:r’ =1’ as required. Also 77 =11 = 1, so PRg/(vj) = 1} for all j € {1,...,n — 1}. Now,
PRg/(’Uk) = T’;C =T = PRg(’Uk) S PRg(’Ul) =T = ’I’l/ = PRG/(vl), as required.

For the self edge axiom, let V = {v1,v2,...,v,}, and let G = (V, E) € Gy. Assume (v1,v1) ¢ E. Let r
be the solution of Ag -r =r, where r; = 1. Let G’ = (V, EU{(v1,v1)}) and let m = |Sg(v1)|. Let ¥’ be the

following vector:
™

’ mn-il-l 2
mn-il-l T'n
We will now prove that Ag:r’ = r’. Note that by definition of G’, the matrix Ag: is

1

Py | ai2 -+ Q1n
La] a e a
A m+1 42,1 2,2 2,n
G/ =
m
m—Han,l an,2 e an.n

If we multiply, we get: for i € {2,...n}:

1 - m 1 mo
[AG/T/]l = m+1’l"1+ a17jm+1'f’j:m+1rl+m+1za17jTj:
Jj=2 Jj=2

n

= r ai.ir; = r r=r
m—l—l1 m—l—ljz1 Lot m—l—l1 m—l—l1 !

n n
m m m m
(Al = i +;a”m+ 17 " m+1 ;a”” B

So, we get Ag/r’ =r’ as required. Also 7} =71 =1, 50 PRg:(vj) =7} forall j € {1,...,n —1}.

Assume vg <EF ;. Then, PRe/(v2) = 1y < ro = PRg(v2) < PRg(v1) = r1 = i = PRg/(v1), as
required.

Now assume vy <5 vg. Then, PRg/(v2) = rh = ro = PRg(v2) < PRg(v3) = r3 = 1y = PRer(v3), as
required. O
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A.2 Proof of Lemma 4.2

Proof. Let V be a vertex set, let v € V;v1,v2 € V'\ {v} be vertices and let G = (V, E) € Gy be a graph s.t.
S(v) = {s}, P(v) = {p}, and (s,p) ¢ E. Assume v; <L vy. Let so = v and S(p) = {50, 51,52, -+, 8m}-
e Let Gy = (Vi, Ey), where
V1 = Vu {p/}
Er = E\{(psi)]i=0,...,m}U{p,p'}U
u{(p’,s:)|i=0,...,m}.
By the vote by committee axiom with parameter 1, vy jgl Va.
o Let Gy = (1, Es), where
Vo = V1U{ui|i207...7m}
B, Ex\{(p,p)} U
U{(pa Ui)? (u’up/)|7’ = 07 DR m}
By the vote by committee axiom with parameter m + 1, vy 552 Va.

o Let G3 = (13, E3), where

Vs = W\ {p}
Eq Ex\ {(ui,p'), (0’ ,8:)|i =0,...,m}.
U{(us, 8:)|i = 0,...,m}.

By the isomorphism axiom, u; ~¢q, u; for all 4, j € {0,...,m}. By the proxy axiom, v; jgg Va.
o Let G4y = (V4 Ey), where
Vi = Vs\{v}
Ey = E3\{(uo,v),(v,5)} U{(uo,s)}.
By the vote by committee axiom with parameter 1, vy 554 Va.

e Let G = Del(G,v). By the vote by committee, isomorphism, and proxy axioms, as between G and
G5 above, vy jg/ Vg & U1 554 vy. Thus, vy jg/ v as required.

O

A.3 Proof of Lemma 4.4

Proof. Let V be a vertex set, let v € V;v1,v3 € V \ {v} be vertices and let G = (V, E) € Gy be a graph
st. S(w) = {s1,82,...,8¢}, P(v) = {p3|j =1,...,ti=0,...,m}, S(pé) = {v} for all j € {1,...t} and
i€{0,...,m}, and pj» zpf for all j € {1,...t} and i,k € {0,...,m}. Assume v; <& vs. Denote u’ = v.
e Let G; = (4, E1), where
Vi = Vu{dili=1,...,m}

Er = E\{(pjv)li=1,....m;j=1,...,t}U
U{(pz,ui), (ul,s])|z =1,...,m;j=1,...,t}
By the collapsing axiom applied in the reverse direction a total of m times for {(u*=!,u")|i = 1,...,m},

F
U1 jGI V2.
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e Let Gy = (Va, Es), where

Vo = WM\{d']i=0,...,m}
E, = E; \{(pé-,ui),(ui,sj)|i =0,....m;5=1,...,t}U
W{(ph,sj)li=0,....,m;j=1,...,t}
By the proxy axiom applied a total of m + 1 times for {u‘[i = 0,...,m}, v1 <&, ve.

Note that Gy is exactly G’ = Delete(G, v, {(s1,{pi|i = 0,...m}),... (s, {pili = 0,...m})}), so v1 =E, vo
as required.

O

A.4 Proof of Lemma 4.6

Proof. Let V be a vertex set, let v,v1,v2 € V be vertices, and let m’ € N be a natural number. Assume
m’ > 1 (otherwise G’ = G), and let m = m’ — 1. Let G = (V, E) € Gy be a graph. Assume v; <% v, and
let S(v) = {s9,59,...,5%}.

e Let Gy = (V4, Ey), where
i = VU{uﬂi:O,...,m;j:1,...t}
E; = E\{(v,z)lz € Se(v)} U{(v,u})[i=0,....m;j=1,...t} U
U{(uf, z)|r € Sg(v),i =0,...,m;j=1,...t}
By the vote by committee axiom with parameter (m + 1)¢, vy jgl Va.
o Let Gy = (13, Es), where
Vo = ViUu{wlli=0,...,m;j=1,...t}
Es Ex\{(v,u})[i=0,...,m;j=1,...t}U

U{(v,w;-), (w;,u;)h =0,...,m;j=1,...t}

By the vote by committee axiom (applied (m — 1)t times) with parameter 1, vq ng Va.
o Let G3 = (13, E3), where
Vs = W \{uli=0,...,myj=2,....t}
Es = EQ\{(uj-,xkc6SG(U);i:O,...,m;j:2,...,t}\
(W, uf)[i=0,....,m;j =2,...,t}U
U{(wh,uf)li =0,...,m;j=2,...,t}.
By the collapsing axiom applied a total of (m+1)(t —1) times for {(u’_,,u})[j =2,...,t;i =0,...m},
v 2§, v2.
e Let G4 = (V4, Ey), where
Vi = W\ {«l]i=0,...,m}
E, = E3\{(u},»)|i=0,...,m;z € Sg(v)}\
\{(wh,up)li=0,...,m;j=1,...,t}U
U{(w;,sg)ﬁ:(),...,m;j:1,...,15}.



By the isomorphism axiom, w§ ~ wi for all i € {0,...,m} and j,k € {1,...,t}. By the proxy axiom
(applied a total of m + 1 times for {uj]i = 0,...m}), v1 <&, v.

e Let G5 = (V5, E5), where

Vs = Vau{sili=1,...om;j=1,...,t}
Es = EN\{(w},sNli=1,....m;j=1,...,t}U
U{(w;,sz»)ﬁ:l,...,m;j:1,...,t}U

U{(sz,x)kc € S(sg);i =1,...,m}.

By the collapsing axiom applied in the reverse direction a total of m - ¢ times for {(szfl,s;)h =

i F
L...,myj=1,...t}, v1 3G, va.

o Let Gg = (g, Eg), where

Ve = V5\{w;-|i:0,...,m;j:1,...t}
Eg = E5\{(v,w;),(w;-,sj-)ﬁ:O,...,m;j:1,...t}U

U{(v,s§)li =0,...,m;j =1,...t}.

By the vote by committee axiom applied in the reverse direction a total of (m + 1) - ¢ times for
{wili=0,...,m;j =1,...t}), v ng Va.

Note that G is exactly Duplicate(G, v, m + 1) = Duplicate(G,v,m’) = G', so v =&, vs as required.

A.5 Proof of Proposition 5.2

Proof. Let V be a vertex set and let G = (V, E) € Gy be some graph. If |V| = 1, then there exists only one
ordering on V', so trivially jglzjgz. Assume V = {v1,v9,...,v,}. We will show that vy jgl PR jgz
vg. Without loss of generality we can show only one direction. Let F' € {Fy, F»}.

Let Gy = (Va, E2) be the following graph (G with a vertex added on every edge):

Vo = VU{u l(vi,v;) € E}
Ey = {(vi,ui), (uig, 05)|(vi, v5) € E}.
Note that
G = Del(Del(- - - Del(Ga,u1) - -+, u|g|-1), u|g|)
where {u1,...,u g} = {ui;|(vi,v;) € E} and that G satisfies the conditions of weak deletion property for

the vertices {u; j|(vi,v;) € E}, thus vy <E vy & vy j& V.

For all strongly connected directed graphs G’ such that for all v € V and for all v' € Pg/(v) U Ser(v)
s.t. [Ser (v')] = |Par(v')] = 1, let us denote for all v € V: SZ(v) = {v' € V:z € Sg/(v), S (z) = {v'}} and
Pi(v) ={v' €V :z € P (v), Per(z) = {v'}}.

For, i = 3,...,n, we recursively define G; as follows: Let {q1,4¢2,...,qm} = Sa,_,(vi) N Pg,_,(v;). Let
G)_, be the graph

G!_, = SelfEdge ' (Del(- - - SelfEdge " (Del(Gi_1,q1),v:) - -+ »qm) Vi)-

vi



Now, let P2, (v) = {p1,...,p}. and let S (v;) = {s1,52,...,5}. Let G”_, be defined as:
G, i1 i—1

1"

" . = Duplicate(---Duplicate(G,_,p1,1)- -+ ,pk,1)

Let {pjli =1,...,1} = Sar_(p;) be the duplicated successors of p; for j =1...k. Now let G; = (V;, E;) be
defined as:

", = Delete(G;_,vi,{(st, {pjli =1,....k}),..., (si, {D}li = 1,...,k})})
Gi = Delete(---Delete(Delete(G”,51),82) - ,s1).

By the edge duplication and strong deletion properties and the self edge axiom, wv; jgi v for all i €
{2,...,n}.

We will now prove that for all ¢ € {2,...,n} and for all v € V; \ V: |Pg,(v)| = |Sg,(v)] = 1 and
Pg,(v)USg,(v) CVandfor allv € V: (Pg,(v) USg, (v)) NV = 0. Proof by induction: Go trivially satisfies
both requirements. Now assume that for all v € V; \ V: |Pg, (v)| = |Sq, (v)] = 1 and Pg,(v) U Sg,(v) CV
and for all v € V: (Pg,(v) U Sg,(v)) NV = 0. Clearly, G} satisfies the conditions, because we only removed
elements from V;, and not changed the predecessors or successors of any v € V' \ V;. Also, all edges added
between vertices in V' were removed. The Duplicate(:, -, ) operation adds vertices with in-degree 1 and
out-degree equal to the out degree of the successors of v, which is also 1. So, the new vertices added in G
satisfy the conditions. Furthermore, no edges were added between elements of V. Thus, G/ satisfies the
conditions. In G, 41, we removed v and all its successors. The predecessors of v in G keep their out-degree
1, and point to elements of S, (v), and thus still meet the requirements. Other elements of V \ V have

not, changed their edges, and thus still meet the requirements. Still, no edges were added between elements
of V. Therefore, for all v € Vi1 \ V: |Pg,,,(v)] = |Sg,,,(v)| =1 and Pg,,,(v) U Sg,,,(v) €V and for all
veV: (Pg,,(v)USqg,,(v) NV =0.

Specifically, this is true for G,, = (V,,, E,,). Furthermore, V;, NV = {v1,v2}. Thus, G,, could be described
as:

Vi = {vl,vg}U{v;-kU,k6{1,2};i:1,...,njk}
E, = {(vj,v;k),(uék,vk)|j,k€{1,2};i:1,...,njk}.

The only parameters which affect the structure of G, are n; (j,k € {1,2}), so we can denote G,, =
G[?’Lll,n12,n21,n22]. 1\IOW7 let

G!, = Duplicate(Duplicate(G,,vi,n21),v2,n12)
= G[nzlnll,7121”127”12”21,”12”22]-
By the edge duplication property, v; jg Vg & U1 jg/ Va.
Consider the following 3 cases:
e If no1ni11 = mionge, then the graph is isomorphic to itself, replacing vy with ve and v;k with v};j.

In this case, by the isomorphism axiom, vy zg/ ve and thus vi ~% vy, and therefore v, jg vy for
F e {Fl, F2}

e If noyniy > nignos, let § = noiniy — nionge > 0. Now we define fori =n+1,...n+ d:

G/- = Seledge(Gi,l, ’UQ)

K3

G; = G[”Ql”llv N21M12, M12M21, N12M22 + 1 — n]

Note that G} = Del(G;, v3212"22+i_"). Thus, by the self-edge axiom and the weak deletion property,
v <& vy = g ﬁgnM v1. Now, note that G5 = G[n21ni1,n12n21, n12N21, N21n11], thus as before,
by isomorphism, vy :gnM vy. Therefore we conclude that vq ﬁg vy for F € {F1, Fa}.
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o If noyni1 < nisnoe, we can similarly conclude that v ﬁg v1, and therefore vy jg vy for F € {Fy, Fa}.

We have shown that for every vertex set V', for all G = (V, E) € Gy, and for every vi,vs € V: 13 jgl Vg &
U1 jgz ve. Thus, F1 = Fy, concluding the proof of the proposition. o

viii



