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Abstract

This paper studies a family of link-based algorithms that propagate page importance through links.
In these algorithms there is a damping function that decreases with the distance, so a direct link implies
more endorsement than a link through a long path. PageRank is the most widely known ranking function
of this family.

We focus on three damping functions, having linear, exponential, and hyperbolic decay on the lengths
of the paths. The exponential decay corresponds to PageRank, and the other functions are new. Our
analysis includes a comparison among them and experiments for studying their behavior under different
parameters.

1 Introduction

One of the measures of importance of a scientific paper is the number of citations that the article receives.
Following this idea, several authors proposed to use links for ranking web p28eX)] 26]; however, it

quickly become clear that just counting the links was not a very reliable measure of authoritativeness (it
was not in scientific citations either), because it is very easy to manipulate in the context of the web, where
creating a page costs nearly nothing.

The PageRank technique, introduced by Retgad. [30], actually tries to mend this problem by looking
at the importance of a page in a recursive manner. In other words, “a page with high PageRank is a page
referenced by many pages with high PageRank”: PageRank not only counts the direct links to a page, but
also includes indirect links. The same is valid for scientific citations.

PageRank turns out to be a simple, robust and reliable way to measure the importance of web pages, and
it can be computed in a very efficient way. For these reasons, most of today’s commercial search engines
are believed to use PageRank as an important source of ranking.

In this paper we:

e describe general ranking functions that depend on incoming paths of varying lengths,

e show that PageRank belongs to this class of functions,
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e show how to compute these rankings,
e suggest why 0.85 is a good choice of the parameter for PageRank, and

e compare the ranking orders induced by different ranking functions, finding ways of approximating
PageRank up to very high precision.

The rest of this paper is organized as follo@gction2 introduces the notion of functional rankingec-
tion 3 describes three damping functioi@gctiond compares them analytically, aisgction5 experiments
with different parameters for each function. Finathe last sectiopresents our conclusions.

2 Functional Rankings

In this section, we introduce the notion fainctional ranking a general family of ranking functions that
includes PageRank. To describe PageRank formally, consider a web gribpagfes. LefAnxn be the
link matrix in this graphga; j = 1 iff there is a link from pageto pagej. This link matrix is seldom used as
it is, mainly for two reasons:

Normalization. In the Web, creating an out-link is free, so there is an incentive for web page authors to
create pages with many out-links; this is the reason why a metaphor of “voting” is enf@dead [
which each page has only one “vote” that has to be split among its linked pages. This is typically
done in link-based ranking by normalizidgrow-wise: the normalization process means that every
web page can only decide how to divide its own score among the pages it leads to, but it cannot assign
more score than it has. Another way to look at normalization is that the matrix is turned into the
transition matrix of a stochastic process.

The normalization does not need to give each out-link the same value, as there is evidence that web
links have different purposes such as navigating in a multi-page set, expanding the contents of the
current page, pointing to another resource, €. [Also, links within the same site can be consid-

ered self-links and as such do not confer as much authority as a link between different sites; indeed,
there are ranking methods like BHIT$]] or Altavista’s Eigenrank that treat them differently. Other
characteristics of links, such as if they appear at the beginning or the bottom of the page, or if they
appear within a certain HTML element, can also be used for non-uniform normaliza}ion [

We will assume uniform normalization, so if a page Hasut-links, each of those links has a weight
of 1/d, but the results of this paper can be applied to other forms of normalization.

Dangling nodes. Special attention should be paid to the possible presence of nodes with no outgoing arcs
(also known as “dangling nodes”): in fact, dangling nodes fail to produce a row-stochastic matrix,
because the rows of dangling nodes are filled with zeroes. Dangling nodes can be dealt with by
adding an extra node that is linked to and from all other nodes, or by introducing new arcs from each
dangling node to every node in the graph. In our analysis, we shall assume that all dangling nodes
have been eliminated already in some way, so that we do not have to worry about their presence. All
the algorithms we will present can be modified so that dangling nodes can be dealt with explicitly and
with virtually no additional cost.

Let P be the row-normalized link matrix of the graph withnodes. PageRankKa) is defined as the
stationary distribution of the matrix
aP+(1—a)l'v
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wherea € [0,1) is a parameter calledamping factor(sometimes also called a dampening factor), aigl

a fixedpreference vectothat may represent the interests of a particular user, or another ranking vector that
is used for weighting pages. Note that the above matrix is ergodic (at least, if every entiy sfrictly
positive), so it has exactly one stationary distribution. Even though most of our results can be easily restated
with a non-uniform preference vecterfor the sake of clarity we shall only consider the uniform preference
1/N in the rest of the paper.

As observed in], the PageRank vecto(a) can be written as:

= .1
r(a) = (1—0()t;cxtN1Pt.

Or in matricial form: 1
r(a):(l—a)ﬁl(l—aP)’l |aP|| <1

There is an equivalent, and actually very intriguing way of rewriting this formula, mentionezbjn [
that leads to a conclusion similar to those &jf [given a pathp = (x3,X2,...,Xk) in the graph, we define its
branching contributioras follows

branchingp) = dldzldk_1

whered; is the outdegree, this is, the number of outgoing arcs, of mpde
Then, the ranking of nodeaccording to PageRank is

(1—a)alP!

ri(a) = Z Tbranchingp)
pePath—.i)

where Patf+,i) is the set of all paths into nodeand |p| is the length of pattp: this is becaus¢P!);;
contains the sum of the branching contributions of all paths of lenfgtim i to j, as one can easily show by
induction ont. This way of expressing the PageRank of a node is interesting, because it highlights the fact
that the rank of a node is essentially obtained as a weighted sum of contributions coming from every path
entering into the node, with weights that decay exponentially in the length of the path.

A natural generalization of this idea consists in taking into consideration a rafkiofgthe general
form:

l 1
R =Y dampingt)-1-P
2 N

or equivalently

R = Z dampinQ|p|)lbranchingp)
pePath—,i) N

where the damping function is a suitable choice of weights. We will refer to this form of rankiumes
tional ranking because it is parametrized by the damping function. As we have seen, generic PageRank is
a functional ranking where the damping function

dampingt) = (1—a)a’

decays exponentially fast.



3 Damping Functions

In this section, we show several functional rankings by describing their damping functions. First, we show
which class of damping functions generate well-defined functional rankings.
As shown in B, Corollary 2.4], for every pair of nodesand j, and for every length

branchingp) < 1.
pePattti, ]),|p|=t

A more general property holds:

Theorem 1 For every node i and every length t

branchingp) = 1.
pePatr(i,f),\ p|:t

Proof. By induction ont. Fort = 0, there is only one path froimof length O, and its branching is 1. For
the inductive stepy pepari ), p)—t+1 Pranchingp) can be rewritten by observing thatjihas outdegresd,
every path from of lengtht 4 1 is the concatenation ofvith a path of length from an out-neighbor of

1

branchingp) = z 1 Z branchingp) = Z i

d 1
pePatf(i,—),[p|=t+1 ji1I=] ™ pePath(],—),|p|=t =]

As a consequence, to guarantee that the functional ranking is well-defined and normalized (i.e., that rank
values sum to 1) we need:

N
Zl Z dampind| p|)1 branchingp) = 1
i=1pePath{—,i) N

that is

o : 1 .
tZjdampm@t)N Z branchingp) = 1.
= pePati{—,—)

UsingTheoreml, ¥ cpa——) branchingp) = N, so the latter equality is equivalent to

dampingt) = 1.
2

Hence, every choice of the damping function such §fat,dampingt) = 1 yields a well-defined nor-
malized functional ranking. Nonetheless, not all choices are equivalent, so we have to find out which
functions generate better rankings. Since a direct link should be more valuable as a source of evidence than
a distant link, we focus on damping functions that are decreasingtbe length of the paths.

3.1 Linear damping

Let's start by considering a simple damping function such as:

2(L—t)
=y t<L

L
0 t>L

dampindt) = {
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this is, a damping function that decreases linearly with distance, and reaches zero at disEmedrivial
casel = 1 gives a uniform ranking, anld= 2 is ranking by indegree, as in the latter case all paths of length
> 2 are not considered.

From the definition,

R = dampingt)vP*
2

= (T S
- t;)L(H—l)VP

2 L-1 X
= L(L+1)Vt;(L_t>P

— gL P PP (P

provided thail — P)? is not singular.
An advantage of this type of ranking is that only the first few levels are considered, so the computation
is fast and the number of iterations is fixed.

Computation. For computing this functional ranking, we can define the following sequence:

2
o - _“=
R L1’
(k+1) (L—k-1)
R 7(L—k) R"P.

The functional ranking with linear damping E;;(%R("). An algorithm for computing this ranking,
shown inFigurel, arises directly from this summation.

3.2 Exponential damping: PageRank

As we already noted, PageRank can be seen as a functional ranking where the damping function decays
exponentially:
dampingdt) = (1—a)a'.

As longer paths have less importance in the calculation of PageRank, it could be approximated by using
only a few levels of links. In1Q], it is shown that by using only the nodes at distance 1 from a target
node (equivalent to linear damping with= 2), PageRank can be approximated with 30% of average error.
Using nodes at distance 2, the average error drops to 20% and at distance 3, to 10%. After that, there are no
significant improvements by adding more levels, and the cost (the number of nodes to be explored) is much
higher.

Computation.  Since PageRank is the principal eigenvector of the modified graph matrix, it can be eas-
ily approximated by the iterative Power Method algorithm, as suggested byeRadein their original

paper BQ); this iterative algorithm gives good approximations (both in norm and with respect to the in-
duced node order) in few iterations, even though convergence speed and numerical stability decay when
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Require: L: maximum path length, N: number of nodes preference vector
1: fori: 1 ... Ndo {Initialization}

2:  8[i] < R[i] < 2v[i]/(L+1)

3: end for

4: for step: 1... L—1do {lteration step

5. Aux+0

6: fori:1... Ndo{Follow links inthe graph
7 for all j such that there is a link fromto j do
8: Aux[j] < Aux[j] + R[iJ/outdegre€i)

9 end for

10:  end for

11:  fori:1... Ndo {Add to ranking valu¢

12: R[] — Auxli] x acPs;

13: S[i] < S[i] + R[i]

14:  end for

15: end for

16: return R

Figure 1: Algorithm for computing a functional ranking with linear damping.

o gets close to 118, 17]. Other methods to compute PageRank have been proposed, some of them us-

ing techniques for the solution of systems of linear equations, some other concentrating on some specific
features of the web as a graph that determine forms of locality in the computation of PageRank (see, for
example, B0, 16, 13, 25, 22, 21)).

3.3 Quadratic hyperbolic damping: TotalRank

Recently, a ranking method called TotalRa®k lias been proposed. The method aims at eliminating the
necessity for an arbitrary parameter by integrating PageRank over the entire randérdfr) is the vector
of PageRank, then TotalRank is defined as:

T= /Olr(a)da .

T can be written as:

1 1
/Or(a)da = /0(1—0()0( 1-Pda

t

8<\|3M8

1

t:a+na+arﬁ

2l Zle-

By using the definition of the logarithm of a matrix:

In(l —P) = — F:

Py
M s

we can write TotalRank as:



T=PY1+01-PHin(l —P))

provided thaP~1 is not singular andP # 1.

TotalRank is as a weighted sum of the score associated with paths of varying lengths, in which the
weights are hyperbolically decreasing on the lengths of the paths. In other words, TotalRank is a functional
ranking with damping function:

and it is well defined a§ ;> ;dampingdt) = 1.

Computation. It is known that the cost of calculating TotalRank is the same as the cost of calculating
PageRank via the Power Metho@|,[ even though some more iterations are required to obtain the same
precision.

3.4 General hyperbolic damping: HyperRank

TotalRank is part of a more general family of weighting schemes for paths of different lengths that can be
approximated using:

1 * 1
=N 2 (t+ 1P

Again, this way of ranking follows the general scheme, with damping function chosen as

1
B (E+1P

Here, we are using Riemann’s zeta functi¢(f3) = z{”:lt% for normalization, and we nedsl> 1 for it
to converge. Note that whegdh= 2 we get weights similar to those of TotalRank, in whichtttle coefficient
is 1/(t +1)(t 4 2) whereas here itis/Z(2)(t + 1)2.

A meaningful choice fof should be done considering the distribution of paths of different lengths in a
scale-free graph. A large in PageRank, or a smdlin HyperRank, means increasing the effect of longer
paths in the score.

s(B) 1-P.

dampingt) =

Computation. Figure 2 shows an algorithm for approximating HyperRank. Let us define a vector se-
quenceR®) as follows:

1
RO — -
NZ(B)
k+1\P
k1) _ (XL hm
R <k+2> RKp .

Itis easy to see thgty> ,R™ = s(B), becaus®® = 1/(N-Z(B)(k+ 1)®))1-P¥; this observation leads
to the algorithm, Note that convergence speed is much slower than ordinary PageRank, especiglly when
is close to 1, the norm of thieth summand being bound by L+ 1/k)B. Interestingly enough, though,
convergence speed is reasonablgig sufficiently large.
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Require: N: number of nodesy: preference vectoff: damping parameter
1: fori: 1 ... Ndo {Initialization}

2. S[il — R[] < V[i|/Z(B)

3: end for

4: k0

5: while not convergedlo {Iteration step

6: k«—k+1

7. Aux <0

8: fori:1... Ndo{Follow links in the graph
9: for all j such that there is a link fromto j do
10: Aux[j] < Aux[j] + R[i)/outdegredi)

11: end for

12:  end for

13: fori:1... Ndo{Add to ranking valu¢
14: R[i] « Aux[i] x(k/(k+1))P

15: S[i] < SJi] + R[]

16:  end for

17: end while

18: return S

Figure 2: An algorithm to compute general hyperbolic rank.

3.5 An empirical damping

An empirical damping function would consider how much the value of an endorsement decreases by fol-
lowing longer paths in the real web graph. This cannot be known exactly, but we can attempt to measure
it indirectly. Pages that link to each other are more similar than pages chosen at ratffjpavidence

from topical crawlers32] shows that when doing breadth-first exploring, the topic “drifts” as the distance
increases. On the same line of though, we propose to use the decrease of text similarity as an approximation
to an “empirical” damping function.

To find out which is the correlation between link-distance and similarity, we performed the following
experiment: we considered a web graph corresponding to a partial snapshotwf tt@mmain, and sampled
200 nodes at random. For each sampled node, we followed links backwards to obtain nodes at a minimum
distance of 1, 2, 3, 4, or 5 links. Then, we sampled 12,000 pairs at each minimum distance at random,
and computed their similarities with the original nodes. Similarity was measured using the normalization of
TF.IDF [3], without stemming nor stopwords removal.

The resulting averages are showrFigure3, with standard deviation error bars. Text similarity clearly
decreases with distance, and in some applications the empirical distribution of text similarity versus distance
could be used as an “empirical” damping function. Different measures of text similarity can yield different
distributions; for instance3p] uses the number of repeated words and phrases between pages and obtains a
faster decrease in similarity.
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Figure 3: Link distance vs. average text similarity.

4 Comparing Damping Functions

A comparison of the damping functions described in the previous section is shaviguire 4. of course,
hyperbolic damping functions decay asymptotically more slowly than exponential damping, but notice that
for short paths the latter may dominate the former in many cases.

0.25 ‘ ‘ | |
PageRank o=1/2 —=—
PageRank a=1/3 —e—
0.20 PageRank a=1/4 —=— |
' TotalRank, HyperRank f=2 =
HyperRank =3 ———
HyperRank f=4
- 015t |
= \
.20
0.10 %, ‘ |
0.05 p |
0.00 e S e R
! 2 3 4 5 6 7 8 9 10
Length of the path (t)

Figure 4: Weights given by the different damping functions for some values of
andp.

In this section, we aim at analyzing how similar are these functional rankings, and how could we use
one of the damping functions to approximate another with a suitable choice of parameters.
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4.1 Approximating TotalRank with PageRank

It has been shown experimentally that the rank correlation (Kendalbgtween TotalRank and PageRank
is maximal whera ~ 0.7 [5]; the maximum value for is over 095, meaning that for that specific choice of
a, PageRank and TotalRank induce almost equivalent ranking orders.

We now want to approach the same problem in an analytic fashion; more precisely, we aim at study-
ing the difference between TotalRank and PageRank by calculating the difference between their respective
damping functions:

| 1
dampingoaranit) (t+1)(t+2)

damping’ageRan(ﬂ)(t) = (1_a)at‘

As they are normalized, both damping functions have the same summation over the entire tange of
Our approach is to consider the summation of their differences up to a maximum length for a path. As the
two functions are decreasing, the difference in the first levels makes most of the difference in the rankings.
If ¢is the maximum path length we are interested in, we aim at minimizing this sum:

VA
é(aml(wzf“‘“)“t) ot

The minimum absolute value is 0, and it is obtained whés equal to

con 1 logt log?¢

Figure5 showsa*(¢) as a function of. Recall that for the World-Wide Web graph, the average length
of a path between two nodes, when a path exists, has been estimated in alfgjuirlB[[1], but clearly
today is over 20. Now, in the range of path lengths between 15 and 20 the vaiti¢/pparameters that
minimizes the difference between the exponentially decaying weights of PageRank and the hyperbolically
decaying weights of TotalRank is roughly88.

4.2 Approximating HyperRank with PageRank
Now we want to approximate the weights of:
1 2 1
s(B) = =3
P =N® 2t 0

using the weights of:
l-a 2
rg)==—-SaP,
N2
and we proceed again by considering paths up to a certain length:

i 1 t
tzo<z<s><t+1>ﬁ ~ (= )

The minimum can be zero, and it is attained at;:
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Difference Optimal value
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0.80

0.75
0.70

0.65
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sum of weights with TotalRank

o that minimizes the difference of

0.50

0.45
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Maximum length of the paths considered

Figure 5: Besta*(¢) for minimizing the difference of the sum of weights between
PageRank and TotalRank.
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Thea that minimizes the difference of weights for different valueg ahd of the maximum path lengths
£is shown inFigure6. In the case o8 = 2, for instance, for path lengths up to 10 to 20, the bastbetween
0.75 and 085.

1.0
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© : N }‘\
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S . °
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2.5 e 3 01 f Max path length=10
B 3.0 1o t5 U 25 0.0 Max path length:S‘ e
Length T 15 2 2.5 3 3.5 4
Exponent B

Figure 6: Besta for minimizing the difference of the sum of weights between
PageRank and HyperRank with expon@ntor various path lengths.
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4.3 Approximating PageRank with LinearRank

For approximating the damping function of PageRank with the damping function of LinearRank, we con-
sider the summation of the differences up to a certain path lengths If:

Z L2y
Zo<<l°‘)°‘ L<L+t1>>

And if ¢ > L:
L-1

t; ((1—0()0(t - EE:::%) —i—tiu.—d)dt

We will assume that < L, so the evaluation of the difference between the two rankings is done in an area
in which both rankings have non-zero values. Thiaat minimizes the difference for a given combination
of a and/ is

L(a,0) = ¢ 21— ol

— (+140(ta*V/2)

and we have plotted it for different valuesefand/ in Figure?.

40

Max path len‘gth=25 J—
ks 35 | Max path length=20 - e
3 Max path length=15 -~
5 Max path length=10 a
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£ n P g s
5= —
o 25 -
<=
Sz .
EE 20 [T T
g5 e s
= | * e
g 15
3 10

St
0.5 0.6 0.7 0.8 0.9
Exponent o

Figure 7: BestL for minimizing the difference of the sum of weights between
LinearRank and LinearRank, for various path lengths.
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5 Parameters for the Damping Functions

For our experiments, we used several snapshots from the Web, includingthe t and.eu. int domains.
For comparison, we also considered a synthetic scale-free network produced according to the evolving
model described by Kumaat al. [24] (a combination of preferential attachment and random links) with the
parameters suggested by Pandurargjaad. [31]. As far as the latter is concerned, in the generated graph
the exponents for the power-law in the center part of the distributions are -2.1 for in-degree and PageRank,
and -2.7 for out-degree; we generated a 100,000-nodes graph without disconnected nodes.

In this section, we study the behavior of the ranking functions for varying values of their parameters.

5.1 Characteristic path lengths

In scale-free networks, the distances between pairs of nodes follow a Gaussian distrijutiom fverage
is not given in their paper). Analytic estimations for the average distance of a graph of scale-free network
of nnodes include:

e O(log(n)) [34],
e O(log(n)/log(np)) in sparse graphs with links [11],

e 1+log(n/z1)/log(z2/z1) wherez, is the average indegree, andis the average number of nodes at
distance 229], and

e O(log(n)/log(log(n))) [7].

We did the following experiment: starting from a node picked at random, we followed the links back-
wards and counted the number of nodes at different distaigsre8 plots the average distances found,
which appear to be growing (sub)logarithmically with the size of the greure9 shows the distribution
obtained in each sample. For this experiment, we are not counting the pages without in-links.

16
15 /.-’-
14

13
12
11

10
9

e

Average distance

W A LN N 9 ©

10% 107 10

Number of nodes (N)

10

Figure 8: Average distances versus number of nodes.

If graphs of different sizes show different path lengths, what is the effect of this in the ranking calcu-
lation? Let's suppose that for a graph with nodes it is found, by experimental or analytic means, that a
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Figure 9: Distribution of the average number of nodes at a certain distance from
a given node.

good parameter for PageRankii$. Now, we would like to have a good parametgrfor a graph with the

same properties, except that the size of the new gralh s N;.

One possible approach, consistent with what we have done so far, is to consider that the sum of the
weights up to the average path lengths of the graphd. 6) have to be similar for both rankings to behave
in a similar way. If we take this approach, the solution is:

1- (o)

*
a3

*

a3

L+l
= (@)

1- ()

log(Nq)

~ (q"l‘) log(Np)

An example that can be used in practice is the following: let’s consider a web grapNwith 1.5 x 10°
pages (the size of the full Web estimated tiy]]), and another graph with onlj, = 50 x 10° pages (the
size of the Web of a large country); the second graph is roughly 3 orders of magnitude smaller.
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If it is shown empirically thatr; = 0.85 is a good value for the PageRank parameter for the whole Web,
thena’ = 0.81 should have a similar behavior in the 50-million page set, which is natural as the path lengths
are shorter. If the subset of web pages were even smaller, for instdneel0° pages (the size of the web
of a large organization), them; = 0.76.

5.2 Damping parameters and in-degree

In this section, we are using data from thex Web graph and a 8,500-nodes synthetic graph with the same
indegree and outdegree distribution than the previous synthetic graph. We first measured the variance of
the values from the ranking function, as we consider that a high variance is good in a ranking function
as the relative values differ more. We also measured the relationship between the ranking function and
in-degree for different values of the parameters in terms of covariance, correlation coefficient and ranking
orders (Kendall's). The results are shown Figure10.

Variance Covariance Correlation coefficient Kendall'st

0.80

2e-12
2e-12
2e-12
le-12
le-12

5 00x 10" 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9

0
01 02 03 04 05 06 07 08 09
o Damping factor ot

0.3
0.2
0.1
0.0

iance between PageRank and in-degree

4x
3%10°
2%
1x

0.1 0.3 0.5 0.7 0.9 5 ox10° 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9
01 02 03 04 05 06 07 08 09

Damping factor o o o

Figure 10: Variance of PageRank, and its relationship with indegree in terms of
covariance, correlation coefficient and Kendatl'soefficient, for varying values
of the parameten. Top: . uk web graph; bottom: synthetic graph.

The variance is higher as increases. In regard to the relationship with indegree, for company home
pages, it has been shown that the logarithm of the in-degree is correlated with PagéBRakf results
are consistent with this observation. The covariance monotonically increasea Wwith in the case of
the synthetic graph and in the web graph. Not surprisingly, using the generative model the correlations are
higher. We observe a maximum correlationoat 0.7 in the synthetic graph and at= 0.5 in the web
graph. We also notice that the correlation drops significativelly excreases, because a lageneans that
longer paths have an effect in the calculation; note, however, that this phenomenon does not significantly
impact on the correlation coefficient that is still very large.

A high correlation between PageRank and in-degree is bad from the point of view of a search engine,
because it makes link-spam easier. In particular, as the correlation coefficient is higherir tireb graph
near 05, if we choosen close to this value we are helping link spammers. Note, however, that a high
correlation was foreseeable because, as shovif]irgdven approximating PageRank with just only 1 level
of links gets 70% of accuracy.
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The behavior of the Kendall's coefficient which measures the similarity between ranking orders is
the opposite than the one observed in the real graph. This also happens for HyperRarfkigaseihl
we made the same measurements for this functional ranking, and the results were consistent. The graph
seems inverted because a low valugddfas the same effect as a high valuexoflonger paths have more
importance in the calculation.
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Figure 11: Variance of general hyperbolic rank for some valuefofind its
relation with in-degree. Experiments have been performed onthgraph (top)
and synthetic graph (bottom).

The differences in the behavior of the ranking order in the synthetic graph might be explained by the
fact that the generative model we are using does not capture some properties that might be relevant for the
ranking order under a functional ranking such as the clustering coefficient. Also, the synthetic graph is
assortative (highly linked pages are mostly linked to other highly linked pages), while the real web graph is
disassortative (most of the neighbours of highly linked pages have small indegree).

5.3 Experimental comparison of ranking orders

In this section, we present experimental results about the similarity between the ranking orders induced by
some of the functional rankings discussed in the previous sections. To perform the comparison, we used
Kendall'st and data from the U. K. Web grapRigure12 shows how PageRank compares with HyperRank

for various pairs ofi andp. In the limita, 3 — 1 both rankings are equivalent, and they remain similar in a
large region of the parameter space.

In the figure, we can see that the rankings obtained with HyperRank and PageRank can be almost
equivalent (Kendall'st > 0.95), moreover, the analysis shown section4.2 considering only paths of
lengths less than 5, provides a very good approximation for the optimum combination of parameters. This
means that in fact, the difference in the damping functions in the first few levels is crucial.

The exponent§ required for giving a good approximation of PageRank are very small wher.7,
limiting the practical applicability of HyperRank, as its convergence is not faster than the one of PageRank.

As far as LinearRank and PageRank are concerned, long paths andxlahgrild be considered to
obtain a sufficiently similar ranking, as shownRigure13.
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in the U.K. web graph, with various damping parameters. Again, the predicted
optimum with¢ = 5 is very close to the actual optimum.

The predicted optimum given isection4.3with ¢ = 5, this is, considering only the summation of the
differences between both damping functions up to paths of length 5, is very close to what was obtained in
practice. Forn = 0.8, calculating LinearRank with = 10 (which means the same number of iterations)
givest > 0.98; for a = 0.9, calculating LinearRank with = 15 also gives > 0.98. In both cases, the
ranking order of PageRank is approximated by the ranking order of LinearRank with very high precision.

6 Conclusions

In this paper we have defined a broad class of link-based ranking algorithms based on the contribution of
damping factors along all different paths reaching a page. We introduce four particular damping decays: lin-
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ear, exponential, quadratic hyperbolic and general hyperbolic, where exponential is equivalent to PageRank
and quadratic hyperbolic to TotalRank.
We studied the differences and similarities among these ranking algorithms, and we have found that:

e Functional rankings using different damping functions can provide similar orderings, if the parameters
are chosen carefully.

e LinearRank can be used for calculating a ranking that is as good as PageRank, but with a fixed, and
smaller, number of iterations.

e The parameters for the damping functions depend on the characteristic of path lengths in the graph,
which is known to grow sub-logarithmically on the size of the graph.

More work is needed to find other damping functions that compute rankings similar to PageRank but
are easier and faster to compute. We use global ranking similarity, but another measure could be the ranking
similarity in the top 20 results of real queries. In this setting our results can change, so future work will
include this variation.

Because of their high cost, link-based ranking methods that involve iterative calculations at query time
are probably not used by large-scale search engines at this moment, but the functional ranking with linear
damping we have presented can provide a good approximation with few iterations. Also, the approach we
have presented could be also applied to multivalued ranking functions such as23] B84 topic-sensitive
PageRank9] to obtain, for instance, a method for approximating the hubs and authority scores using less
iterations and a linear damping function.

Our approach also helps to understand how easy or difficult is to collude many pages to modify the
ranking of a given page. Clearly there are many different factors: path lengths, damping function, branching
degrees, and number of colluded pages. The graph structure of the collusion will affect those factors and we
plan to analyze them.
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