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Abstract. We consider the problem of classifying graphs using graph
kernels. We define a new graph kernel, called the generalized shortest
path kernel, based on the number and length of shortest paths between
nodes. For our example classification problem, we consider the task of
classifying random graphs from two well-known families, by the num-
ber of clusters they contain. We verify empirically that the generalized
shortest path kernel outperforms the original shortest path kernel on a
number of datasets. We give a theoretical analysis for explaining our
experimental results. In particular, we estimate distributions of the ex-
pected feature vectors for the shortest path kernel and the generalized
shortest path kernel, and we show some evidence explaining why our
graph kernel outperforms the shortest path kernel for our graph classifi-
cation problem.
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1 Introduction

Classifying graphs into different classes depending on their structure is a prob-
lem that has been studied for a long time and that has many useful appli-
cations [II5IT3IT4]. By classifying graphs researchers have been able to solve
important problems such as to accurately predict the toxicity of chemical com-
pounds [14], classify if human tissue contains cancer or not [I], predict if a
particular protein is an enzyme or not [5], and many more.

It is generally regarded that the number of self-loop-avoiding paths between
all pairs of nodes of a given graph is useful for understanding the structure of the
graph [9T5]. Computing the number of such paths between all nodes is however
a computationally hard task (usually #P-hard). Counting only the number of
shortest paths between node pairs is however possible in polynomial time and
such paths at least avoid cycles, which is why some researchers have consid-
ered shortest paths a reasonable substitute. When using standard algorithms
to compute the shortest paths between node pairs in a graph we also get, as a
by-product, the number of such shortest paths between all node pairs. Taking
this number of shortest paths into account when analyzing the properties of a
graph could provide useful information and is what our approach is built upon.



One popular technique for classifying graphs is by using a support vector ma-
chine (SVM) classifier with graph kernels. This approach has proven successful
for classifying several types of graphs [4J5I10]. Different graph kernels can how-
ever give vastly different results depending on the types of graphs that are being
classified. Because of this it is useful to analyze which graph kernels that works
well on which types of graphs. Such an analysis contributes to understanding
when graph kernels are useful and on which types of graphs one can expect a
good result using this approach. In order to classify graphs, graph kernels that
consider many different properties have been proposed. Such as graph kernels
considering all walks [8], shortest paths [4], small subgraphs [17], global graph
properties [I1], and many more. Analyzing how these graph kernels perform for
particular datasets, gives us the possibility of choosing graph kernels appropriate
for the particular types of graphs that we are trying to classify.

One particular type of graphs, that appears in many applications, are graphs
with a cluster structure. Such graphs appear for instance when considering
graphs representing social networks. In this paper, in order to test how well our
approach works, we test its performance on the problem of classifying graphs
by the number of clusters that they contain. More specifically, we consider two
types of models for generating random graphs, the Erdds-Rényi model [3] and
the planted partition model [12], where we use the Erdés-Rényi model to gener-
ate graphs with one cluster and the planted partition model to generate graphs
with two clusters (explained in detail in Sect. . The example task considered
in this paper is to classify whether a given random graph is generated by the
Erdés-Rényi model or by the planted partition model.

For this classification problem, we use the standard SVM and compare ex-
perimentally the performance of the SVM classifier, with the shortest path (SP)
kernel, and with our new generalized shortest path (GSP) kernel. In the experi-
ments we generate datasets with 100 graphs generated according to the Erd&s-
Rényi model and 100 graphs generated according to the planted partition model.
Different datasets use different parameters for the two models. The task is then,
for any given dataset, to classify graphs as coming from the Erdds-Rényi model
or the planted partition model, where we consider the supervised machine learn-
ing setting with 10-fold cross validation. We show that the SVM classifier that
uses our GSP kernel outperforms the SVM classifier that uses the SP kernel, on
several datasets.

Next we give some theoretical analysis of the random feature vectors of the SP
kernel and the GSP kernel, for the random graph models used in our experiments.
We give an approximate estimation of expected feature vectors for the SP kernel
and show that the expected feature vectors are relatively close between graphs
with one cluster and graphs with two clusters. We then analyze the distributions
of component values of expected feature vectors for the GSP kernel, and we
show some evidence that the expected feature vectors have a different structure
between graphs with one cluster and graphs with two clusters.

The remainder of this paper is organized as follows. In Sect. [2| we introduce
notions and notations that are used throughout the paper. Section [3| defines



already existing and new graph kernels. In Sect. [f] we describe the random graph
models that we use to generate our datasets. Section [5| contains information
about our experiments and experimental results. In Sect. [f] we give an analysis
explaining why our GSP kernel outperforms the SP kernel on the used datasets.
Section [7| contains our conclusions and suggestions for future work.

2 Preliminaries

Here we introduce necessary notions and notation for our technical discussion.
Throughout this paper we use symbols G, V, E (with a subscript or a super-
script) to denote graphs, sets of nodes, and sets of edges respectively. We fix n
and m to denote the number of nodes and edges of considered graphs. By |S| we
mean the number of elements of the set S.

We are interested in the length and number of shortest paths. In relation to
the kernels we use for classifying graphs, we use feature vectors for expressing
such information. For any graph G, for any d > 1, let ngy denote the number of
pairs of nodes of G with a shortest path of length d (in other words, distance
d nodes). Then we call a vector v, = [n1,n2,...] a SPI feature vector. On the
other hand, for any d,z > 1, we use ng,, to denote the number of pairs of nodes
of G that have x number of shortest paths of length d, and we call a vector
Vgsp = [M1,1,M1,2,---,N2,1 -..] & GSPI feature vector. Note that ng = Y ng..
Thus, a GSPI feature vector is a more detailed version of a SPI feature vector.
In order to simplify our discussion we often use feature vectors by considering
shortest paths from any fixed node of G. We will clarify which version we use in
each context. By E[vy,] and E[vgg,] we mean the expected SPI feature vector and
the expected GSPI feature vector, for some specified random distribution. Note
that the expected feature vectors are equal to [E[ngllq>1 and [E[ngq]]a>1,2>1-

It should be noted that the SPI and the GSPI feature vectors are computable
efficiently. For example, we can use Dijkstra’s algorithm [6] for each node in a
given graph, which gives all node pairs’ shortest path length (i.e. a SPI feature
vector) in time O(nm + n?logn). Note that by using Dijkstra’s algorithm to
compute the shortest path from a fixed source node to any other node, the al-
gorithm actually needs to compute all shortest paths between the two nodes,
to verify that it really has found a shortest path. In many applications, how-
ever, we are only interested in obtaining one shortest path for each node pair,
meaning that we do not store all other shortest paths for that node pair. It is
however possible to store the number of shortest paths between all node pairs,
without increasing the running time of the algorithm, meaning that
we can compute the GSPI feature vector in the same time as the SPI feature
vector. Note that for practical applications, it might be wise to use a binning
scheme for the number of shortest paths, where we consider numbers of shortest
paths as equal if they are close enough. For example instead of considering the
numbers of shortest paths {1,2...100}, as different. We could consider the inter-
vals {[1,10],[11,20]...[91,100]} as different and consider all the numbers inside
a particular interval as equal. Doing this will reduce the dimension of the GSPI



feature vector, which could be useful since the number of shortest paths in a
graph might be large for dense graphs.

We note that the graph kernels used in this paper can be represented explic-
itly as inner products of finite dimensional feature vectors. We choose to still
refer to them as kernels, because of their relation to other graph kernels.

3 Shortest Path Kernel and Generalized Shortest Path
Kernel

A graph kernel is a function k(G1,G2) on pairs of graphs, which can be repre-
sented as an inner product k(G1,G2) = (¢(G1), ¢(G2))y for some mapping ¢(G)
to a Hilbert space H, of possibly infinite dimension. In many cases, graph kernels
can be thought of as similarity functions on graphs. Graph kernels have been
used as tools for using SVM classifiers for graph classification problems [4U5JT0].

The kernel that we build upon in this paper is the shortest path (SP) kernel,
which compares graphs based on the shortest path length of all pairs of nodes [4].
By D(G) we denote the multi set of shortest distances between all node pairs in
the graph G. For two given graphs GG; and G4, the SP kernel is then defined as:

Ksp(G1,G2) = Y > k(dy,dy),

dleD(Gl) dQED(Gz)

where k is a positive definite kernel [4]. One of the most common kernels for
k is the indicator function, as used in Borgwardt and Kriegel [4]. This kernel
compares shortest distances for equality. Using this choice of & we obtain the
following definition of the SP kernel:

Kspi(G1,Ga) = > > 1[di =dy). (1)

d1€D(G1) d2€D(G2)

We call this version of the SP kernel the shortest path index (SPI) kernel. It is
easy to check that Kgpr(G1,G2) is simply the inner product of the SPI feature
vectors of G1 and Gs.

We now introduce our new kernel, the generalized shortest path (GSP) kernel,
which is defined by using also the number of shortest paths. For a given graph
G, by ND(G) we denote the multi set of numbers of shortest paths between all
node pairs of G. Then the GSP kernel is defined as:

Kasp(G1,Ga) = Y > > > k(dy,dy,ta,t),
d1€D(G1) dQED(Gz) tleND(Gl) tQGND(GQ)

where k is a positive definite kernel. A natural choice for £ would be again a kernel
where we consider node pairs as equal if they have the same shortest distance
and the same number of shortest paths. Resulting in the following definition,
which we call the generalized shortest path index (GSPI) kernel.

KGSPI(Gh GQ) - Z Z Z Z 1 [dl = dz] 1 [tl = tg]

dleD(Gl) d2€D(G2) tleND(Gl) t2€ND(G2)
(2)



It is easy to see that this is equivalent to the inner product of the GSPI feature
vectors of G1 and Gs.

4 Random Graph Models

We investigate the advantage of our GSPI kernel over the SPI kernel for a syn-
thetic random graph classification problem. Our target problem is to distinguish
random graphs having two relatively “dense parts”, from simple graphs gener-
ated by the Erdés-Rényi model. Here by “dense part” we mean a subgraph that
has more edges in its inside compared with its outside.

For any edge density parameter p, 0 < p < 1, the Erdés-Rényi model (with
parameter p) denoted by G(n, p) is to generate a graph G (of n nodes) by putting
an edge between each pair of nodes with probability p independently at random.
On the other hand, for any p and ¢, 0 < ¢ < p < 1, the planted partition
model [12], denoted by G(n/2,n/2,p, q) is to generate a graph G = (VTUV ~, E)
(with |[V*| = |V ™| = n/2) by putting an edge between each pair of nodes u and
v again independently at random with probability p if both u and v are in V+
(or in V) and with probability ¢ if u € V* and v € V= (or, u € V~ and
veVTh).

Throughout this paper, we use the symbol p; to denote the edge density
parameter for the Erdés-Rényi model and ps and ¢ to denote the edge density
parameters for the planted partition model. We want to have ¢o < po while
keeping the expected number of edges the same for both random graph models
(so that one cannot distinguish random graphs by just couting the number of
edges). It is easy to check that this requirement is satisfied by setting

p2 = (1+ao)p1, and g2 =2p1 —p2 — 2(p1 — p2)/n (3)

for some constant ag, 0 < ay < 1. We consider the “sparse” situation for our
experiments and analysis, and assume that p; = ¢g/n for sufficiently large con-
stant cy. Note that we may expect with high probability, that when cq is large
enough, a random graph generated by both models have a large connected com-
ponent but might not be fully connected [3]. In the rest of the paper, a random
graph generated by G(n,p;) is called a one-cluster graph and a random graph
generated by G(n/2,n/2,pa,q2) is called a two-cluster graph.

For a random graph, the SPI/GSPI feature vectors are random vectors. For
each z € {0,1}, we use v$3) and v{Z), to denote random SPI and GSPI feature

vectors of a z-cluster graph. We use nl(iz) and nglzi
dth and (d, z)th component of vgg) and vgl)o. For our experiments and analysis,

we consider their expectations E[vgf,)] and E[véﬁ%], that is, [E[n&z)]]dzl and

to denote respectively the

[E[n&zi]]dzl,zzl. Note that E[n((f;] is the expected number of node pairs that have
x number of shortest paths of length d; not to be confused with the expected
number of distance d shortest paths.



5 Experiments

In this section we compare the performance of the GSPI kernel with the SPI
kernel on datasets where the goal is to classify if a graph is a one-cluster graph
or a two-cluster graph.

5.1 Generating Datasets and Experimental Setup

All datasets are generated using the models G(n,p;) and G(n/2,n/2,p2,q2),
described above. We generate 100 graphs from the two different classes in each
dataset. g9 is chosen in such a way that the expected number of edges is the
same for both classes of graphs. Note that when ps = py1, the two-cluster graphs
actually become one-cluster graphs where all node pairs are connected with the
same probability, meaning that the two classes are indistinguishable. The big-
ger difference there is between p; and ps, the more different the one-cluster
graphs are compared to the two-cluster graphs. In our experiments we gen-
erate graphs where n € {200,400, 600, 800,1000}, np; = ¢y = 40 and py €
{1.2p1,1.3p1, 1.4p1, 1.5p1 }. Hence p; = 0.2 for n = 200, p; = 0.1 for n = 400 etc.

In all experiments we calculate the normalized feature vectors for all graphs.
By normalized we mean that each feature vector vy, and wgs, is normalized
by its Euclidean norm. This means that the inner product between two feature
vectors always is in [0, 1]. We then train an SVM using 10-fold cross validation
and evaluate the accuracy of the kernels. We use Pegasos [16] for solving the
SVM.

5.2 Results

Table [1f shows the accuracy of both kernels, using 10-fold cross validation, on
the different datasets. As can be seen neither of the kernels perform very well on
the datasets where po = 1.2p;. This is because the two-cluster graphs generated
in this dataset are almost the same as the one-cluster graphs. As ps increases
compared to py, the task of classifying the graphs becomes easier. As can be seen
in the table the GSPI kernel outperforms the SPI kernel on nearly all datasets.
In particular, on datasets where ps = 1.4p;, the GSPI kernel has an increase in
accuracy of over 20% on several datasets. When n = 200 the increase in accuracy
is over 40%! Although the shown results are only for datasets where ¢y = 40,
experiments using other values for ¢y gave similar results.

One reason that our GSPI kernel is able to classify graphs correctly when
the SPI kernel is not, is because the feature vectors of the GSPI kernel, for the
two classes, are a lot more different than for the SPI kernel. In Fig. [1| we have
plotted the SPI feature vectors, for a fixed node, for both classes of graphs and
one particular dataset. By feature vectors for a fixed node we mean that the
feature vectors contains information for one fixed node, instead of node pairs, so
that for example, ng from v, = [n1, N9, ...], contains the number of nodes that
are at distance d from one fixed node, instead of the number of node pairs that
are at distance d from each other. The feature vector displayed in Fig. [1]is the
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Table 1. The accuracy of the SPI kernel and the GSPI kernel using 10-fold cross
validation. The datasets where p2 = 1.2p; are the hardest and the datasets where
p2 = 1.5p1 are the easiest. Very big increases in accuracy are marked in bold.

Kernel n  p2 Accuracy

SPI 200 {1.2p1,1.3p1,1.4p1,1.5p1} {52.5%,55.5%, 54.5%56.5%}
GSPI 200 {1.2p1,1.3p1,1.4p1,1.5p1} {52.5%,64.0%,99.0%,100.0%}
SPI 400 {1.2p1,1.3p1,1.4p1,1.5p1} {55.5%,63.5%,75.5%,95.5%}
GSPI 400 {1.2p1,1.3p1,1.4p1,1.5p1} {54.0%,62.0%,96.5%, 100.0%}
SPI 600 {1.2p1,1.3p1,1.4p1,1.5p1} {58.0%,60.5%,75.5%,93.5%}
GSPI 600 {1.2p1,1.3p1,1.4p1,1.5p1} {58.0%,67.0%,94.0%,100.0%}
SPI 800 {1.2p1,1.3p1,1.4p1,1.5p1} {57.5%,59.0%, 72.0%, 98.0%}
GSPI 800 {1.2p1,1.3p1,1.4p1,1.5p1} {57.5%,58.0%, 82.0%, 100.0%}
SPI 1000 {1.2p1,1.3p1,1.4p1,1.5p1} {53.5%,55.0%,66.0%, 98.5%}
GSPI 1000 {1.2p1,1.3p1,1.4p1,1.5p1} {55.0%, 62.0%, 87.5%,100.0%}

average feature vector, for any fixed node, and averaged over the 100 randomly
generated graphs of each type in the dataset. The dataset showed in the figure
is when the graphs were generated with n = 600, the one-cluster graphs used
p1 = 0.06667, the two-cluster graphs used p, = 0.08667 and g = 0.04673, this
corresponds to, in Table |1} the dataset where n = 600, p2 = 1.3p;, this dataset
had an accuracy of 60.5% for the SPI kernel and 67.0% for the GSPI kernel.
As can be seen in the figure there is almost no difference at all between the
average SPI feature vectors for the two different cases. In Fig. [2] we have plotted
the subvectors [nélﬁzzl of véﬁ% and [nézi,}mzl of vg%, for a fixed node, for the
same dataset as in Fig. [Il The vectors contain the number of nodes at distance
2 from the fixed node with & number of shortest paths, for one-cluster graphs
and two-cluster graphs respectively. The vectors have been averaged for each
node in the graph and also averaged over the 100 randomly generated graphs,
for both classes of graphs, in the dataset. As can be seen the distributions of
such numbers of nodes are at least distinguishable for several values of x, when
comparing the two types of graphs. This motivates why the SVM is able to
distinguish the two classes better using the GSPI feature vectors than the SPI
feature vectors.

6 Analysis

In this section we give some approximated analysis of random feature vectors in
order to give theoretical support for our experimental observations. We first show
that one-cluster and two-cluster graphs have quite similar SPI feature vectors
(as their expectations). Then we next show some evidence that there is a non-
negligible difference in their GSPI feature vectors. Throughout this section, we
consider feature vectors defined by considering only paths from any fixed source

node s. Thus, for example, ng) is the number of nodes at distance d from s in



Average Distributions of Number of Nodes with a Shortest Path of Length x to a Fixed Node

72 One-Cluster Graphs, p1=0.06666666, Experimental
I Two-Cluster Graphs, p2=0.08666, q2=0.0467, Experimental

o

Number of Nodes
W
&
o

N
S
=)

100

L/

=

7

m
Length of Shortest Path

Fig. 1. Average distributions of number of nodes with a shortest path of length z to a
fixed node. The distributions have been averaged for each node in the graph and also
averaged over 100 randomly generated graphs, for both classes of graphs. The graphs
used the parameters n = 600, p1 = 0.06667 for one-cluster graphs and ps = 0.08667,
q2 = 0.04673 for two-cluster graphs.

a one-cluster graph, and nffi, is the number of nodes that have = shortest paths
of length d to s in a two-cluster graph.

Here we introduce a way to state an approximation. For any functions a and
b depending on n, we write a /. b by which we mean

b(1-5)<a<v(1+5)

n n

holds for some constant ¢ > 0 and sufficiently large n. We say that a and b are
relatively (1 = O(1/n))-close if a =2, b holds. Note that this closeness notion
is closed under constant number of additions/subtractions and multiplications.
For example, if @ ~,e b holds, then we also have a* ~, b* for any k& > 1 that

can be regarded as a constant w.r.t. n. In the following we will often use this
approximation.

6.1 Approximate Comparison of SPI Feature Vectors

We consider relatively smalll] distances d so that d can be considered as a small
constant w.r.t. n. We show that E[ngl)] and E[n£l2)] are similar in the following

sense.

! This smallness assumption is for our analysis, and we believe that the situation is
more or less the same for any d.
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Fig. 2. Average distributions of number of nodes with & number of shortest paths
of length 2 to a fixed node. The distributions have been averaged for each node in
the graph and also averaged over 100 randomly generated graphs, for both classes of
graphs. The graphs used to generate this figure are the same as in Fig.

Theorem 1. For any constant d, we have E[n((il)] € E[n((f)](l + —=5), holds

2
Cco—
within our ~ye approrimation when co > 2 + V3.

Remark. For deriving this relation we assume a certain independence on the
existence of two paths in G; see the argument below for the detail. Note that
this difference between E[nfil)] and E[nff)] vanishes for large values of ¢g.

Proof. First consider a one-cluster graph G = (V| E) and analyze E[n&l)]. For
this analysis, consider any target node ¢ (# s) of G (we consider this target node
to be a fixed node to begin with), and estimate first the probability F; that
there exists at least one path of length d from s to t. Let A, , be the event that
an edge {u,v} exists in G, and let Wy denote the set of all paths (from s to ¢)
expressed by a permutation (vy,...,v4—1) of nodes in V'\ {s,t¢}. For each tuple
(v1,...,v4-1) of Wy, the event Ay, A Ay vy Ao A Ay, 4 is called the event
that the path (from s to t) specified by (s,v1,...,v4-1,1) exists in G (or, more
simply, the existence of one specific path). Then the probability Fy; is expressed
by

Fy;=Pr \/ Agy ANy Ao N Ay, (4)
(v1,.-,v4-1)EWy
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Clearly, the probability of the existence of one specific path is p{, and the above
probability can be calculated by using the inclusion-exclusion principle. Here we
follow the analysis of Fronczak et al. [7] and assume that every specific path
exists independently. Note that the number of dependent paths can be big when
the length of a path is long, therefore this assumption is only reasonable for
short distances d. To simplify the analysisﬂ we only consider the first term of the
inclusion-exclusion principle. That is, we approximate Fy by

Fy ~ Z Pr [AMI NApws Aot A Avd_l,t] (5)
(v1,00,v4-1)EWq

= |Walp{ = (n=2)(n=3)---(n—(2+d—2)p] ~a n'"'pf,

where the last approximation relation holds since d is constant. From this ap-
proximation, we can approximate the probability f; that ¢ has a shortest path
of length d to s. For any d > 1, let A; be the event that there exists at least one
path of length d, or less, between s and t, and let By be the event that there
exists a shortest path of length d between s and ¢. Then

d
i=1
Note that
d d -1
F, oy ni=lpt = nd=1pd( )
1
< pd-lpd"PL_y _ d-1.d(q
<n pl(npl—l) n®pi( +np1—1

Since np; = ¢g > 1, it follows that

1 1
d-1,d d—1,d

n 1+—)=n 1+ —-).
pi( np; 1) Pi( <o )

While Fy ~yel nd_lp‘li. Thus we have within our =, approximation, that

n'p{ < Pr[Aq < n'pl(1+ ).

Co — 1

It is obvious that f; = Pr[By], note also that Ay = By V A4—1 and that the
two events By and Ag_; are disjoint. Thus, we have Pr[A4] = Pr[Bg|+Pr[Aq4_1],
which is equivalent to

d—1,_d d—2, d—1

n® py —n"Tpr (14 ) — nd=2pd=t,

)< fa<n®ipd(1+ d

Co—l C()—].

2 Clearly, this is a rough approximation; nevertheless, it is enough for asymptotic
analysis w.r.t. the (1 £ O(1/n))-closeness. For smaller n, we may use a better ap-
proximation from [7], which will be explained in Subsection
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Since f; is the probability that there is a shortest path of length d from s to
any fixed ¢, it follows that E[n((il)], i.e., the expected number of nodes that have
a shortest path of length d to s, can be estimated by

E[n((il)} = (’I’L - l)fd ~rel nfd'
Which gives that

1 a- 1 1
npf —n'pl T (14 ——) < Elng”] < n'pf(1+

o d—1,d—1
o )=t ()

Co — 1
holds within our =, approximation.
We may rewrite the above equation using the following equalities

d d d—1_d—1 d d a1 a1 niTipt!
_ pd-1yd-11 = _ pd-1lyd=1 _
n’py —n"pj (+CO_1) n’py —n" pj o1
ndilpffl
d _d d—1,d—1 co—1
= (np{ —n"""p 1-—
(=0 )
1
d. d d—1,_d—1
= - [ — 8
(Tl P1 n P )( (60_1)2)3 ()
and
d,d d—1,.d—1 d,d d—1,.d—1 ndpii
npi(1+ ——) —n""'pi" =npl —n""pi +
Co—l Co—l
npd
1 d— 1
= (np{ —n®1p{ (1 + = 1)
1

— (ndd d—1,d—1 Co
= (npf —n"" Py )(1+(CO_1)2) 9)
Substituting and @D into (@ we get
1 d— 1 1 4 c
(npt =" i1 = —g3) < Bl < (0 =" P (L4 =)
(10)

We will later use these bounds to derive the theorem.

We now analyze a two-cluster graph and E[n((f)]. Let us assume first that s
is in V. Again we fix a target node ¢ to begin with. Here we need to consider
the case that the target node t is also in V't and the case that it is in V.
Let F; and F); be the probabilities that ¢ has at least one path of length d to
s in the two cases. Then for the first case, the path starts from s € V+ and
ends in ¢ € VT, meaning that the number of times that the path crossed from
one cluster to another (either from V* to V= or V= to V1) has to be even.
Thus the probability of one specific path existing is pg*kqéf for some even k,
0 < k < d. Thus, the first term of the inclusion-exclusion principle (the sum of
the probabilities of all possible paths) then becomes

d
n\ d—1 d _
FJ_ ~rel (5) § </€>pg kq§7

even k=0
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where the number of paths is approximated as before, i.e., [V \ {s,t}| - (|[V*T\
{s,t}| = 1)---((JV* \ {s,t}| — (d — 2)) is approximated by (n/2)¢"1. We can
similarly analyze the case where ¢ is in V'~ to obtain

B d
Fj ~al (%)d 1 > <Z>p§ "q5.

odd k=1

Since both cases (t € V*, or t € V™) are equally likely, the average probability
of there being a path of length d, between s and ¢, in a two-cluster graph is

— d — d —
Ff+Fy l(ﬁ)d‘l 3 ( rs kq§+<ﬁ>d‘1 > (¢ py"ab
2 el 3 k) 2 2 k) 2

even k=0 odd k=1

ORMIIERORE

Note here that ps + g2 &l 2p1 from our choice of go (see ) Thus, we have

F +F; ny4-1 (2p1)¢ _
—— rel (*) (Ll) :nd 1pil

2 2 2
Which is exactly the same as in the one cluster case, see . Thus we have
1 c
d, d d—1,d—1 (2) d_pd—1,d—1 0
— 1-—)<E 1+ —).
(TL Y4 n P )( (CO _ 1)2) [ ] (TL b1 — P )( + (CO _ 1)2)
(11)
Using this we now prove the main statement of the theorem, namely that
W] ¢ 5@+ 2
Bn{] € B0 & —)
To prove the theorem we need to prove the following two things
2
Elng] < Elng”)(1+ ——), and (12)
co —
2
1 2
Elng) > Elng”)(1 - —_1> (13)
Co
The proof of (12)) can be done by using ) and .
L ) E[n(2)]
Elng’] < Bln] + ==
Co
d, d d—1pd-1 o d, d d—1,d—1 1
& (npy —n )(1+m)§(niﬂ1*n P1 )(1*m)
2(npf — 0 1p{ (1 - toye)
Co — 1
a1+ —0 < L + 2 2
(co—1)2 — (c0—1)2 c—1 (co—1)?
1 2
ot <2 (14)
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Which holds when ¢g > 2 + v/3 ~ 3.7. The proof of is similar and shown
below.

1 2 2E[n(2)]
Blng’) > Bln”] - ==
Co 1
1 c
d, d d—1,d—1 d, d d—1,d—1 0
<:>(7'lp1—7’l b1 )(1_(00_1)2)2(77’])1_” P )(1+(CO_1)2)

B 2(npf — nt=1p{=H (1 - o)
Co — 1
o1 L 4 @ 2 2
(Co — 1)2 - (CO - 1)2 Co — 1 (CO — 1)3
1 2
P L (15)

= -1 (co—12

Which again holds when ¢q > 2 4+ /3 ~ 3.7. This completes the proof of the
theorem. O

6.2 Heuristic Comparison of GSPI Feature Vectors

We compare in this section the expected GSPI feature vectors E['vgz)] and
E['vg})], that is, [E[ng;]]dzlwﬂ and [E[ngi”dzl,zzh and show evidence that
they have some non-negligible difference. Here we focus on the distance d = 2
part of the GSPI feature vectors, i.e., subvectors [E[nézi}]mzl for z € {1, 2}. Since

it is not so easy to analyze the distribution of the values E[nézi], E[ngZQ)], co., We
introduce some “heuristic” analysis.

We begin with a one-cluster graph G, and let V5 denote the set of nodes of
G with distance 2 from the source node s. Consider any ¢ in Vs, and for any
x > 1, we estimate the probability that it has = number of shortest paths of
length 2 to s. Let V7 be the set of nodes at distance 1 from s. Recall that G has
(n — 1) f1 =y np1 nodes in Vi on average, and we assume that ¢ has an edge
from some node in V; each of which corresponds to a shotest path of distance 2
from s to t. We now assume for our “heuristic” analysis that |V;| = np; and that
an edge between each of these distance 1 nodes and t exists with probability p;
independently at random. Then z follows the binomial distribution Bin(np, p1),
where by Bin(N,p) we mean a random number of heads that we have when
flipping a coin that gives heads with probability p independently N times. Then
for each z > 1, E[néli], the expected number of nodes of V, that have = shortest
paths of length 2 to s, is estimated by

E[nélg);] ~ Z Pr[Bin(npy,p1) =z | = E[nél)] -Pr[Bin(npy,p1) =z |,
teVs

by assuming that |V5| takes its expected value E[nél)]. Clearly the distribution
1)

of values of vector [E[n, ,

(€]

pea.

ls>1 is proportional to Bin(npi,p1), and it has one

peak at z ), = np?, since the mean of a binomial distribution, Bin(N, p) is Np.
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Consider now a two-cluster graph G. We assume that our start node s is in
V+. For d € {1,2}, let V; and V;  denote respectively the set of nodes in V*
and V'~ with distance d from s. Let Vo = V;" UV, . Again we assume that V;*
and V]~ have respectively np2/2 and ngz/2 nodes and that the numbers of edges
from V;* and V;~ to a node in V, follow binomial distributions. Note that we
need to consider two cases here, t € V2+ and t € V,, . First consider the case that
the target node ¢t is in V;‘. In this case there are two types of shortest paths.
The first type of paths goes from s to V1+ and then to t € V2+. The second type
of shortest path goes from s to V;~ and then to ¢t € V2+. Based on this we get

A;Qf) := Pr[¢ has x shortest paths |

= Pr [Bin (gm,pz) + Bin (%qz, Q2) = x}

Pr [N (gpg,of) +N (gqg,ag) €lr—0.5,z+ ().5]}

2, 2
= Pr {N(W,JerUg) € [9:0.5,1’+0.5]} )

Q

where we use the normal distribution N(u,0?) to approximate each binomial
distribution so that we can express their sum by a normal distribution (here we
omit specifying oy and o3). For the second case where ¢t € V, , with a similar
argument, we derive

fz(i;_) = Pr[t has x shortest paths} = Pr [N (’I’Lpz(]270'§ + UZ) €lx—05z+ 0.5]} .

Note that the first case (t € V"), happens with probability |V,"|/(|V5| +
|V5~|). The second case (t € V, ), happens with probability |V, |/(|V5" |+ V5 |)-
Then again we may approximate the xth component of the expected feature
subvector by

E[[Vy ]

@1 E[V5]
Bl BV, )+ B[V |

~ B[V, 17557,
2o S B+ B Ve s

Y
E[V5 15 +

We have now arrived at the key point in our analysis. Note that the dis-
tribution of values of vector [E[n(;i]]mzl follows the mixture of two distribu-
tions, namely, N(n(p3 + ¢3)/2,0% + 03) and N(np2qo,03 + 07), with weights

B{[V5 1/ B[V, ] + B[V, []) and E[|V, [/ (E[[V5"[] + E[[Vy []). Now we estimate

the distance between the two peaks xfe’;) and xl(i’a_k) of these two distributions.

Note that the mean of a normal distribution N(u, 02) is simply p. Then we have

2, 2,— n n
zl()e:l_() - xéeak) = E(pg + qg) — np2g2 = E(pZ - q2)2
n n
~rel —(p2 — (2p1 — p2))? = = (2p2 — 2p1)?

2 2
~rel 20(p1(1 + ) — p1)? = 2n(p1ag)? = 2nagp;

Note that ga e 2p1 — p2 holds (from ); hence, we have p; ~q (p2 + ¢2)/2
> \/P2G2, and we approximately have p? > page. By using this, we can bound
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the difference between these peaks by
(27_)

(24) _ (2) -
peak °

2,2 2
peak peak ~rel 2"a0p1 > 2CVO‘CI’.

That is, these peaks have non-negligible relative difference.

From our heuristic analysis we may conclude that the two vectors [E [néli]]mzl

and [E[ng}ﬁ]}le have different distributions of their component values. In par-
ticular, while the former vector has only one peak, the latter vector has a double
peak shape (for large enough «g). Note that this difference does not vanish even
when ¢g is big. This means that the GSPI feature vectors are different for one-
cluster graphs and two-clusters graphs, even when c¢q is big, which is not the
case for the SPI feature vectors, since their difference vanishes when ¢ is big.
This provides evidence as to why our GSPI kernel performs better than the SPI
kernel

Though this is a heuristic analysis, we can show some examples that our
observation is not so different from experimental results. In Fig. [3] we have plotted
both our approximated vector of [E [nggi]]mzl (actually we have plotted the mixed
normal distribution that gives this vector) and the corresponding experimental
vector obtained by generating graphs according to our random model. In this
figure the double peak shape can clearly be observed, which provides empirical
evidence supporting our analysis. This experimental vector is the average vector
for each fixed source node in random graphs, which is averaged over 500 randomly
generated graphs with the parameters n = 400, p = 0.18, and g2 = 0.0204. (For
these parameters, we need to use a better approximation of explained in the
next subsection to derive the normal distribution of this figure.)

6.3 Inclusion-Exclusion Principle

Throughout the analysis, we have always used the first term of the inclusion-
exclusion principle to estimate . Although this works well for expressing our
analytical result, where we consider the case where n is big. When applying the
approximation for graphs with a small number of nodes, it might be necessary
to consider a better approximation of the inclusion-exclusion principle. For ex-
ample, we in fact used the approximation from [7] for deriving the mixed normal
distributions of Fig. [3| Here for completeness, we state this approximation as a
lemma and give its proof that is outlined in [7].

Lemma 1. Let Ey, Es, ..., E; be mutually independent events such that Pr[E;] <
€ holds for all i, 1 <1 <. Then we have

l
=1—exp (- ZPr[Ei]> -Q. (16)

Where

I+1 41
B Lo e L oM ) (1)
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Remark. The above bound for the error term @ is slightly weaker than the
one in [7], but it is sufficient enough for many situations, in particular for our
usage. In our analysis of each E; corresponds to an event that one specific
path exists. Recall that we assumed that all paths exists independently.

Proof. Using the definition of the inclusion-exclusion principle we get

l

l
Pr [U E] => (=) (k) (18)
=1

k=1

where each S(k) is defined by

S(ky= Y PrE,IPr[E,]--Pr[E]= > = Py,P,---P,.

1<ig <. < <1 1<ip<...<ip <l

Here and in the following we denote each probability Pr[E;] simply by P;.
First we show that

z k
S(k) = % (Z Pi) — Qk, (19)

0< Q< <ﬁ:, - @) e~ (20)

To see this we introduce two index sequence sets Iy, and Il defined by

where

Iy ={(i1,...,i) 14, €{1,..., I} forall j,1<j<k},
HkZ{(il,...,ik)EFk : ij;ﬁij/ forallj,j’,1§j<j’§k}.
Then it is easy to see that

k

l
(ZB): > PPy and KISk = Y. Py D.
i=1

(4150 ik)ET (81500eyi ) €T,

Thus, we have

1 k
kIQy = (Z R) —KS(k) = Y PPy
=1

(415000588 ) ELR \ I g
<N\ Oyl = (18 =11 —1)--- (1 — k+1))€",

which gives bound for Q.
Now from and we have

1 ! (= 1)k ! LA
= (za) S

U |-
k=0 ’ i=1 k=1

i=1

1—Pr
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Here we note that the sum Zﬁc:o(—l)k/k‘!(zi:l P;)F is the first [ + 1 terms of
the MacLaurin expansion of exp(— 22:1 P;). Hence, the error term @ of

becomes
(—1)k ! ko
Q=- E X (E Pi) + E (—1)F1Qy.

kE>1+1 i=1 k=1

We now derive an upper bound for Q.

(—1)k 1 k l
o<y Cl (za) Yo

k>1+1 i=1 k=1
l l
() (le)* <l) k
< + Z — Z €
(I+1)! — k! Pt k
I+1 k
le
S ey
k=0 ’

This proves the upper bound on @, the proof for the lower bound of @ is com-
pletely analogous. Thus, the lemma holds. [J

7 Conclusions and Future Work

We have defined a new graph kernel, based on the number of shortest paths
between node pairs in a graph. The feature vectors of the GSP kernel do not
take longer time to calculate than the feature vectors of the SP kernel. The
reason for this is the fact that the number of shortest paths between node pairs
is a by-product of using Dijkstra’s algorithm to get the length of the shortest
paths between all node pairs in a graph. The number of shortest paths between
node pairs does contain relevant information for certain types of graphs. In
particular we showed in our experiments that the GSP kernel, which also uses
the number of shortest paths between node pairs, outperformed the SP kernel,
which only uses the length of the shortest paths between node pairs, at the task
of classifying graphs as containing one or two clusters. We also gave an analysis
motivating why the GSP kernel is able to correctly classify the two types of
graphs when the SP kernel is not able to do so.

Future research could examine the distribution of the random feature vectors
Vgp and Vgqp, for random graphs, that are generated using the planted partition
model, and have more than two clusters. Although we have only given experi-
mental results and an analysis for graphs that have either one or two clusters,
preliminary experiments show that the GSPI kernel outperforms the SPI kernel
on such tasks as e.g. classifying if a random graph contains one or four cluster, if
a random graph contains two or four clusters etc. It would be interesting to see
which guarantees it is possible to get, in terms of guaranteeing that the vy, vec-
tors are different and the v, vectors are similar, when the numbers of clusters
are not just one or two.
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Number of Nodes

Average and Approximate Distributions of Number of Nodes with x
Number of Shortest Paths of Length 2 to a leed Node

L — Two- Cluster Graphs p2=0.18, q2=0.0204, Apprommatlon |
— | Two-Cluster Graphs, p2=0.18, q2=0.0204, Experimental

: : : : ; ; ; .
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of Shortest Paths

Fig. 3. Average experimental and approximate distributions of number of nodes with z
number of shortest paths of length 2 from a fixed node. The experimental distribution

has

been averaged for each node in the graph and also averaged over 500 randomly

generated graphs. Graphs used had parameters n = 400, p2 = 0.18 and g2 = 0.0204.
(For computing the graph of the approximate distribution, we used a more precise
approximation for Fy; because our n is not large enough, see Sect. for details.)
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