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Distribution of edge load in scale-free trees
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Node betweenness has been studied recently by a number of authors, but until now less attention has been
paid to edge betweenness. In this paper, we present an exact analytic study of edge betweenness in evolving
scale-free and non-scale-free trees. We aim at the probability distribution of edge betweenness under the
condition that a local property, the in-degree of the “younger” node of a randomly selected edge, is known. En
route to the conditional distribution of edge betweenness the exact joint distribution of cluster size and
in-degree, and its one-dimensional marginal distributions have been presented in the paper as well. From the
derived probability distributions the expectation values of different quantities have been calculated. Our results
provide an exact solution not only for infinite, but for finite networks as well.
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I. INTRODUCTION

In recent years, the statistical properties of complex net-
works have been extensively investigated by the physics
community [1-4]. With the increasing computing power of
modern computers, analysis of large-scale networks and da-
tabases has become possible. It has been shown that the de-
gree statistics of many natural and artificial networks follow
power law. Examples for such networks vary from social
interconnections and scientific collaborations [5] to the
world-wide web [6] and the Internet [7,8]. These networks
are usually referred to as scale-free networks, since the
power law distribution indicates that there is no characteris-
tic scale in these systems.

In the early 1960s Erdés and Rényi (ER) introduced ran-
dom graphs that served as the first mathematical model of
complex networks [9]. In their model, the number of nodes is
fixed and connections are established randomly, with prob-
ability pgg. Although the ER model leads to rich theory,
it fails to predict the power law distributions observed in
scale-free networks. Barabdsi and Albert (BA) proposed a
more suitable evolving model of these networks [10,11]. The
BA model is also based on the random graph theory, but
involves two key principles in addition: (a) Growth, that is,
the size of the network is increasing during development,
and (b) preferential attachment, that is, new network ele-
ments are connected to higher degree nodes with higher
probability. In the BA model every new node connects to the
core network with a fixed number of links m.

The study of complex networks usually deals with the
structural properties of networks, like degree distribution
[12], shortest path distribution [13], degree-degree correla-
tions, clustering [14], etc. For complex networks which in-
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volve a transport mechanism betweenness is the matter of
importance. Roughly speaking, betweenness is the number of
shortest paths passing through a certain network element. For
example, in communication networks information flows be-
tween remote hosts via intermediate stations and in the In-
ternet data packets are transmitted through routers and
cables. The expected traffic flowing through a link or a router
is proportional to the particular edge or node betweenness,
respectively. News and rumors spread in social networks,
and node betweenness measures the importance or centrality
of an individual in society.

Node betweenness has been studied recently by Goh,
Kahng, and Kim [15], who argued that it follows power
law in scale-free networks, and the exponent 6=2.2 is inde-
pendent from the degree distribution in a certain range. Sz-
abo, Alava, and Kertész [13] used rooted deterministic trees
to model scale-free trees, and have found scaling exponent
0,=2. The same scaling exponent has been found experimen-
tally by Goh, Kahng, Kim for scale-free trees. The rigorous
proof of the heuristic results of [13] has been provided by
Bollobas and Riordan in [16].

Until recently, less attention has been paid to edge be-
tweenness, even though edge betweenness is often essential
for estimating the load on links in complex networks. For
example, the edge betweenness can measure the “impor-
tance” of relationships in social networks, or it can measure
the expected amount of data flow on links in computer net-
works. The probability distribution of edge betweenness
gives a rough statistical description of links and it character-
izes the network as a whole. Therefore, it is an important tool
for an overall description of links in complex networks.

In some cases, a local property of the network is known as
well. For instance, if the number of friends of any individual
can be counted, then it is reasonable to ask the importance of
a relationship (i.e., an edge in a social network) under the
condition that the number of friends of the related individu-
als is known. In this case, the conditional probability distri-
bution of edge betweenness provides a much finer descrip-
tion of links than the total distribution.
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In this paper we focus on how additional local informa-
tion could be used to describe links. In particular, we aim at
deriving the probability distribution of edge betweenness in
evolving scale-free trees, under the condition that the in-
degree of the “younger” node of any randomly selected link
is known. For the sake of simplicity we consider the in-
degree of the younger node only. Whether a node is younger
than another node or not can be defined uniquely in evolving
networks, since nodes attach to the network sequentially.
Note that the in-degree is considered instead of total degree
for practical reasons only. The construction of the network
implies that the in-degree is less than the total degree by one
for every younger node.

To obtain the desired conditional distribution we calculate
the exact joint distribution of cluster size and in-degree for a
specific link first. Then, the joint distribution of a randomly
selected link is derived, which is comparable with the edge
ensemble statistics obtained from a network realization. The
exact marginal distributions of cluster size and in-degree fol-
low next. After that, we give the distribution and mean of
cluster size under the condition that in-degree is known. For
the sake of completeness the conditional in-degree distribu-
tion is presented as well. Finally, the distribution and mean
of edge betweenness is derived under the condition that the
corresponding in-degree is known. Note that all of our ana-
lytic results are exact even for finite networks, which is valu-
able since the size of the real networks are often much
smaller than the valid range of asymptotic formulae. More-
over, exact results for unbounded networks are provided as
well.

As a model of evolving scale-free trees we consider the
BA model with parameter m=1, extended with initial attrac-
tiveness [17,18]. With the initial attractiveness the scaling
properties of the network can be finely tuned. Note, that in
the limit of initial attractiveness to infinity the preferential
attachment disappears, and new nodes are connected to the
old ones with uniform probability. In this limit the network
looses its scale-free nature and becomes similar to an ER
network with ppr=2/N. Therefore, scale-free and nonscale
free networks can be compared within one model. For the
sake of simplicity the infinite limit of initial attractiveness is
referred to as the “ER limit” throughout this paper.

We restrict our model to trees, that is to connected loop-
less graphs. The simplicity of trees allows analytic results for
edge betweenness, since the shortest paths in trees are unique
between any pair of nodes. Although trees are special graphs,
a number of real networks can be modeled by trees or by
tree-like graphs with only a negligible number of shortcuts.
Important examples of such networks are the Autonomous
Systems in the Internet [19].

The rest of this paper is organized as follows: In Sec. II, a
short introduction to the construction of BA trees is given.
Then, a master equation for the joint distribution of cluster
size and in-degree of a specific edge is derived and solved in
Secs. IIT and IV, respectively. The total joint distribution of
cluster size is calculated in Sec. V. The marginal and condi-
tional distributions of cluster size and in-degree are derived
in Secs. VI and VII, respectively. In Sec. VIII, the condi-
tional distribution of edge betweenness follows. Finally, we
conclude our work and discuss future directions in Sec. IX.
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II. THE NETWORK MODEL

The concepts of graph theory are used throughout this
paper. A graph consists of verfices (nodes) and edges (links).
Edges are ordered or un-ordered pairs of vertices, depending
on whether an ordered or un-ordered graph is considered,
respectively. The order of a graph is the number of vertices it
holds, while the degree of a vertex counts the number of
edges adjacent to it. Path is also defined in the most natural
way: it is a vertex sequence, where any two consecutive
elements form an edge. A path is called a simple path if none
of the vertices in the path are repeated. Any two vertices in a
tree can be connected by a unique simple path. The graph is
called connected if for any vertex pair there exists a path
which starts from one vertex and ends at the other.

The construction of the network proceeds in discrete time
steps. Let us denote time with 7€\, and the developed
graph with G,=(V_,E,), where V_and E, denote the set of
vertices and the set of edges at time step 7, respectively.
Initially, at 7=0, the graph consists only of a single vertex
without any edges. Then, in every time step, a new vertex is
connected to the network with a single edge. The edge is
directed, which emphasize that the two sides of the edge are
not symmetric. The newly connected node, which is the
source of the edge, is always younger than the target node.
The term “younger node of a link” is used in this sense
below. Note that the initial vertex is different from all the
others, since it has only incoming connections; we refer to it
as the root vertex.

The target of every new edge is selected randomly from
the present vertices of the graph. The probability that a new
vertex connects to an old one is proportional to the attrac-
tiveness of the old vertex v, defined as

Av)=a+gq, (1)
where parameter a >0 denotes the initial attractiveness and

q is the in-degree of vertex v. It has been shown in
[18] that the in-degree distribution is asymptotically

r'2a+1)

P(g)=(1+a) T (g+a)~?*9. We will improve this result
and derive the exact in-degree distribution below. Note that
in the special case a=0 the attractiveness of every node is
zero except of the root vertex. It follows that every new
vertex is connected to the initial vertex in this case, which
corresponds to a star topology. The special case a=1 practi-
cally returns the original BA model. Indeed, except for the
root vertex, the attractiveness of every vertex becomes equal
to its degree if a=1; this is exactly the definition of the
attractiveness in the BA model [10]. Finally, if a—o°, then
preferential attachment disappears in the limit, and the model
tends to a Poisson-type graph, similar to an ER graph.

The attractiveness of sub-graph S is the sum of the attrac-
tiveness of its elements:

AS)= 2 A"). (2)

S

We refer to a connected sub-graph as a cluster. The attrac-
tiveness of cluster C can be given easily:
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Root

FIG. 1. Schematic illustration of the evolving network at time 7.
Vertex v, connected to the network at 7,, denotes the root of cluster
C. Variables g and n=|C|-1 denote the in-degree of vertex v and
the number of nodes in C without v (marked by circles),
respectively.

AO)=(1+a)|C| -1, (3)

where |C| denotes the size of the cluster. It is obvious that the
overall attractiveness of the network at time step 7 is

AV)=(I+a)(r+1)-1. (4)

III. MASTER EQUATION FOR THE JOINT
DISTRIBUTION OF CLUSTER SIZE AND IN-DEGREE

Let us consider the size of the network N, an arbitrary
edge e, which connected vertex v to the graph at time step
7,>0, and let us denote by C the cluster which has devel-
oped on vertex v until 7> 7, (Fig. 1). The calculation of
betweenness of the given edge is straightforward in trees,
since the number of shortest paths going through the given
edge, that is the betweenness of the edge, is obviously L
=|C|(N-|C]). Therefore, it is sufficient to know the size of
the cluster on the particular edge to get edge betweenness.

The development of cluster C can be regarded as a Mar-
kov process. The states of the cluster are indexed by (n,q),
where n=|C|-1 denotes the number of vertices in cluster C
without v. The in-degree of vertex v is denoted by g. Tran-
sition probabilities can be obtained from the definition of
preferential attachment

_A(CT\v)_ n-aq
AW,

()

T r+l-a

A +1-
W= (V) agq @

- - , 6
MTAWV)  t+l-a ©)

where @=1/(1+a) €]0,1] and W, , denotes the transition
probability (n,q) — (n+1,g), and W_  denotes the transition
probability (n,q) — (n+1,g+1), respectively.

The Master-equation, which describes the Markov pro-
cess, follows from the fact that cluster C can develop to state
(n,q) obviously in three ways: A new vertex can be con-
nected:
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(1) To cluster C but not to vertex v, and the cluster was in
state (n—1,q);

(2) to vertex v, and the cluster was in state (n—1,g—1);
or

(3) to the rest of the network, and the cluster was in state
(n,q).
Therefore, the conditional probability I’ (n,q|7,) that the de-
veloped cluster on edge e is in state (n,q) satisfies the fol-
lowing Master-equation

Pn.q

7.)
+ W;—l,q—lpf—l(n -lg- 1|7-e)
+ [1 - WT—l,n,q - W;—l,q]PT—l(n’q

Te) = WT—l,Vl—l,qPT—l(n - Lq

), (7)

Since the process starts with n=0, g=0 at 7=7,, the initial
condition of the above Master equation is P, (n,q|7,)
=6,00,,0, Where &, ; is the Kronecker-delta symbol.

IV. THE SOLUTION OF THE MASTER EQUATION

After substituting the above transition probabilities into
(7), the following first order linear partial difference equation
is obtained

(T_ Q)Pf(n7q Te) = (I’l -1- CWI)JPT—l(” - l’q Te)

+(ag+1-2a)P, y(n-1,g-1|7,)
7,), (8)

Let us seek a particular solution of (8) in product form:
f(7)g(n)h(q). The following equation is obtained after sub-
stituting the probe function into (8)

+(r=n-1P_(n,q

[T
(T—a')f(T_l)—T—(n 1 - aq) e n-1

gn=Dhlg-1

+(ag+1-2a) <) 1)

The above partial difference equation can be separated into a
system of three ordinary difference equations. The solutions
of the separated equations are

_ F(’T+ )\])
f(T)_F(T—a+1)’ ®

_ F(I’l+)\2)
g(n)_F(n+)\,+1)’ (10)
h(q)_M (11)

T T(g+Nla+1)’

where \; and \, are separation parameters.

The solution of (7), which fulfils the initial conditions, is
constructed from the linear combination of the above par-
ticular solutions:

Pnglr) = 2 Gy f(Demh(g), (12)

VR

where CM-?\z coefficients are independent of 7, n and q.
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To obtain coefficients C), ,,, the initial condition of (7) is
expanded on the bases of g(n) and &(g). The detailed calcu-
lation is presented in Appendix A.

The solution of (7) is

_I(r=7+1) I'(r—n)
- MNz)ln+ ) I(r=7,-n+1)

INr+1-a)l'(g+1/a-1)
I'r+1-a) I'(l/a-1)

JP)7'(’1’ q Te)

®,(n,q)
(13)

—1)k

where B, (1,9)=E{_omi(—ak), and (1), =T(1+)/T(x)
denotes Pochhammer’s symbol. Note that P (n,q|7,) # 0 iff
0=<g=n=r7—-7, The conditions 0<g¢ and n< 7—7, are ob-
vious, since 1/I'(k)=0 by definition if & is a negative integer
or zero. Furthermore, the condition ¢ <<n can be easily seen
if ®,(n,q) is transformed into the following equivalent form:
(I)a(n,q):jf,, "=l (1-z79)4|__,. This result coincides with
the fact that the size of a cluster n cannot be less than the
corresponding number of in-degrees g.

V. JOINT DISTRIBUTION OF CLUSTER
SIZE AND IN-DEGREE

Equation (13) provides the conditional probability that a
particular edge which was connected to the network at 7,
is in state (n,q) at 7> 7,. In a fully developed network, how-
ever, the time when a particular edge is connected to the
network is usually not known. Moreover, the development of
an individual link is usually not as important as the proper-
ties of the finally developed link ensemble. Therefore, we
are more interested in the total probability P(n,q), that is
the probability that a randomly selected edge is in state (n,q)
at 7, than the conditional probability (13). The total probabil-
ity can be calculated with the help of the total probability
theorem

P,(n,q)= 2, PAn,q

7,=1

(ALNCA (14)

where P (7,) is the probability that a randomly selected edge
was included into the network at 7,. According to the con-
struction of the network one edge is added to the network at
every time step, therefore, I’.(7,)=1/7. The following for-
mula can be obtained after the above summation has been
carried out

+1—a(1/a—l)qq)a(n,q)’ (15)

T
Pr(’%‘]) = (2 a)
— ®n+l

where 0 < a = 1. In star topology, that is when a=1, the joint
distribution P (n,q) evidently degenerates to P n,q)
= %0 5{1,0'

The ER limit of joint distribution can be obtained via the
a—0 limit of (15) (see Appendix B for details):

PHYSICAL REVIEW E 73, 046102 (2006)

0.1 p

0.01 ¢

0.001 ¢

P(na)

1e-04

1e-05

1e-06

1e-07

0.1 F

0.01

0.001

1e-04

P(n.q)

1e-05

1e-06

1e-07 ¢

1e-08 4
1 10 100

q

FIG. 2. (Color online) Joint empirical distribution of cluster size
and in-degree at @=1/2 (symbols), and analytic formula (15) (solid
lines) are compared on double-logarithmic plot. Simulation results
have been obtained from 100 realizations of 10° size networks.

k S(k)
r+1 g1 ol
lim P.(n,q) = — |kl ——

(16)

where 0<g=n<r7 and Sl(l'") denote the Stirling numbers
of the first kind. Note, that for the special case n=¢g=0 the
ER limit is lim,_, P,(0,0)=%2.

The above formulas have been verified by extensive nu-
merical simulations. The joint empirical cluster size and in-
degree distribution has been compared with the analytic for-
mula (15) for @=1/2 in Fig 2. Figures 2(a) and 2(b)
represent intersections of the joint distribution with cutting
planes of fixed in-degrees and cluster sizes, respectively. The
figures confirm that the empirical distributions, obtained as
relative frequencies of links with cluster size n and in-degree
g in 100 network realizations, are in complete agreement
with the derived analytic results.

Equation (15) is the fundamental result of this section.
The derived distribution is exact for any finite value of 7, that
is for any finite BA trees. This result is precious for modeling
a number of real networks, where the size of the network is
small, compared to the relevant range of cluster size or in-
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degree. If the size of the network is much larger than the
relevant range of cluster size or in-degree, then it is practical
to consider the network as infinitely large, that is to take the
7— o0 limit. For the above joint distributions (15) and (16)
the 7— oo limit is evident, since the 7 dependent prefactors
obviously tend to 1 if the size of the networks grow beyond
every limit.

VI. MARGINAL DISTRIBUTIONS OF CLUSTER
SIZE AND IN-DEGREE

We have derived the joint probability distribution of the
cluster size and the in-degree in the previous section. In
many cases it is sufficient to know the probability distribu-
tion of only one random variable, since the information on
the other variable is either unavailable or not needed. It is
also possible that the one dimensional distribution is needed
especially, for example, for the calculation of a conditional
distribution in Sec. VIIL.

The one-dimensional (marginal) distributions IP(n) and
P(g) can be obtained from joint distribution P(n,q) as
follows

n 71
P(n)=2Png), Pug) =2 T nq).
q=0 n=q

After substituting (15) into the above formulas the following
expressions are obtained

T+1 -« l -«

Pedn) = T (m+l-an+2-a)

(17)

if 0<n<r7and P/ n)=0 if n= 7. Furthermore,

(l/a— 1)l/a
T alg+1a=1)4

rHl-a(lla-,a (1) (-ak),
1 (2-a), Skg-kak+2-a
(18)

if 0<g<rand P(q)=0 otherwise. Rice’s method [20] has
been applied to evaluate the first term of P(g) in closed
form.

The ER limit of the marginal cluster size distribution can
obviously be obtained from (17) at a=0. Furthermore, the
ER limit of the marginal in-degree distribution can be de-
rived analogously to the limit of the joint distribution, shown
in Appendix B

T+l—al

PT(Q) =

) \ T+1 1
tim ) = = 5
T+ 1 1 ' (1+a),,
7 T(7+2)T(g)da’™  2-a |,
(19)

If the size of the network grows beyond every limit, that
is if 7—oc, then the marginal distributions become much
simpler
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‘ : l-a
Polrr) = n+l1-a)n+2-a) (20)

1 (l/a_l)lla

P.(q) = ;m (21)

lim P_(¢q) =2797". (22)
a—0

The asymptotic behavior of the cluster size and in-degree
distributions differ significantly. The tail of the cluster size
distribution follows power law with exponent 2 either in BA
or ER network, independently of a. However, we learned
that the tail of the in-degree distribution follows power law
with exponent 1/a+1=2+a in BA networks, and it falls
exponentially in ER topology, which agree with the well
known results of previous works [9].

It is worth noting that the mean cluster size diverges loga-
rithmically as the size of the network tends to infinity:
]ET{n}=E;(1)nPT(n) =(1-a)ln 7+ O(1). The expectation value
of the in-degree, however, obviously remains finite: £ {g}

—= <1, and E.{g}=1 if the size of the network is infinite.

=
Moreover, the standard error of the in-degree can be also
given exactly when the size of the network grows beyond

every limit

E{(g-1)}= (23)

1-2a]

This result implies that the fluctuations of the in-degree di-
verge in a boundless network, if a=1/2, that is in the clas-
sical BA model.

Our analytic results have been verified with computer
simulations. Since cumulative distributions are more suitable
to be compared with simulations than ordinary distributions,
we matched the corresponding complementary cumulative
distribution functions (CCDF) against simulation data. The
CCDF of cluster size, FCT(n)zE;TinPT(n’) can be calculated

straightforwardly

1- 1- 1-
F(n) = T+ a a a’ (24)
T

n+l-a T

where 0=n<7 and O<a=<1. The CCDF of in-degree,
F;(Q)=E;Tiqpr(q’) is more complex, however

F(g) = T+l-a (Ha-1), ~
T T (g+la-1), T
T+1-a(l/a-1),
T 2-a),

q-2

=D (-a-ak),,
XEO k' (g—=2-k)! (k+1/a)(k+2/a)

-«

(25)

where 0<¢g<7 and O0<a=<1. If the size of the network
grows beyond every limit, then the CCDFs are the following:
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FIG. 3. (Color online) Figure 3 shows comparison of empirical
CCDFs of cluster size distributions (points) with analytic formula
(24) (lines) on logarithmic plots, at a=0, and 1/2. Empirical distri-
butions have been obtained from 10 realizations of N=10° size
networks.

o (1/a—1)1/a

1_
Fi(n)=m, Fo(q) = . (20)

(g+ la=1)y,

where 0=n, 0<g and 0<a<1.

Comparison of analytic CCDF of cluster size (24) and
empirical distributions are shown in Fig. 3 for a=0, 1/3,
1/2, and 2/3. Experimental data has been collected from 10
realizations of 10° node networks. Figure 3 shows that simu-
lations fully confirm our analytic result.

On Fig. 4 analytic formula (25) and the empirical CCDFs
of in-degree, obtained from the same 10° node realizations,
are compared. Note the precise match of the simulation and
the theoretical distribution on almost the whole data range.
Some small discrepancy can be observed around the low

alph'a=0 ——
alpha=1/3 =
0.1 alpha=1/2 % ]
. 4 alpha=2/3 -~
0.1 Pxalpha=0 —— ]
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FIG. 4. (Color online) Figure 4 shows comparison of empirical
CCDFs of in-degree distributions (points) with analytic formula
(25) (lines) on logarithmic plots, at =0, 1/3, 1/2, and 2/3.
Empirical distributions have been obtained from 10 realizations of
N=10% size networks. Inset: Comparison at a=0 on semi-
logarithmic plot.
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probability events. This deviation is caused by the aggrega-
tion of errors on the cumulative distribution when some rare
event occurs in a finite network.

VII. CONDITIONAL PROBABILITIES AND
EXPECTATION VALUES

In the previous sections exact joint and marginal distribu-
tions of cluster size and in-degree have been analyzed for
both finite and infinite networks. All these distributions pro-
vide general statistics of the network. In this section we pro-
ceed further, and we investigate the scenario when the
younger in-degree of a randomly selected link is known. We
ask the cluster size distribution under this condition, that is
the conditional distribution P (n|g). The results of the previ-
ous sections are referred to below to obtain the conditional
probability distribution, and eventually the conditional ex-
pectation of cluster size. For the sake of completeness, the
conditional distribution and expectation of in-degree are
given as well at the end of this section.

The conditional cluster size distribution can be given by
the quotient of the joint and the marginal in-degree distribu-
tions by definition

P(n.q)

PAq)
The exact conditional distribution for any finite network can
be obtained after substituting (15) and (18) into the above

expression. For a boundless network the conditional distribu-
tion takes the simpler form

P(nlq) = (27)

M*—l%(n,q), (28)

(2 - a)n+1

where 0<g=<n. If n>1, then P.(n|q)~a(2/a-1),,/n’
+0(1/n*), that is the conditional cluster size distribution
falls faster than the ordinary cluster size distribution. It fol-
lows that the mean of the conditional cluster size distribution
will not diverge like the mean of the ordinary distribution.

What is the expected size of a cluster under the condition
that the in-degree of its root is known? For practical reasons,
we do not calculate £ {n|g} directly, but we calculate E {n
+2-a|g}=EAn|g}+2-a instead

Poc(”|Q) =a

1

P Eq (n+2-a)P(n,q). (29)

(I/a—l)q
Oma), ®,(n,q), the above

ET{n +2- a|q} =

T+l-a
T

Since (n+2-a)P.(n,q)=
summation can be given similarly to the marginal distribu-
tion P,(g) in (18)

1

E (n+2-a)Pn,q) =

n=q

la—-1
T qg+1l/a-1

T+1 -«

T+ 1-a(l/a-1),
T (2—0{)7_1
o (D!

(_ ak)’T
x> r ' .
k=0 .(q_k).ak+l—a
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FIG. 5. (Color online) Figure 5 shows the average cluster size as
the function of the in-degree ¢, obtained from 100 realizations of
10 size networks. Simulation data has been collected at =0, 1/3,
1/2, and 2/3 parameter values. Analytical result (30) of conditional
expectation F{n|q} is shown with continuous lines.

After replacing the above sum in E{n|q}, the following
equation can be obtained

(g+1/a)y,

EAn+2-algt=(1- a)(l/a— 1)I/C(G.,(q{), (30)
where
Lo Wa=Dyiog DY (ab),
Ga) - U@ TR R k-]
i CQla-Dgue D0 (e,
(2—a), “O0R(G—k)k+2a—1
(31)

The identity lim, .. G,(¢)=1 implies that Gg) involves
the finite scale effects, and the factors preceding G (g) give
the asymptotic form of E{n+2-a|q}

(g+1/a)y,

Eofn+2-algb=(1- .
{n+2-algt=( D Dy

(32)
It can be seen that the expectation of cluster size, under the
condition that the in-degree is known, is finite in an un-
bounded network. It stands in contrast to the unconditional
cluster size, discussed in the previous section, which di-
verges logarithmically as the size of the network grows be-
yond every limit.

In the ER limit, the expected conditional cluster size be-
comes

lim E{n +2|q} =29". (33)
a—0

The fundamental difference between the scale-free and non-
scale-free networks can be observed again. In the scale-free
case the expected conditional cluster size asymptotically
grows with the in-degree to the power of 1/, while in the
later case it grows exponentially. On Fig. 5 the exact analytic
formula (30) is compared with simulation results at a=0,
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FIG. 6. (Color online) Figure 6 shows the average in-degree as
the function of the cluster size n, obtained from 100 realizations of
10° size networks. Simulation data has been collected at a=0, 1/3,
1/2, and 2/3 parameter values. Analytical result (35) of conditional
expectation £ {g|n} is shown with continuous lines.

1/3, 1/2, and 2/3. The simulations clearly justify our ana-
lytic solution.

Let us investigate shortly the opposite scenario, that is
when the cluster size is known and the statistics of the in-
degree under this condition is sought. The conditional distri-
bution can be obtained from the combination of Egs. (15)
and (17), and the definition

P (n,q)

(34)
The conditional expectation of in-degree can be acquired by
the same technique as the conditional expectation of cluster
size. Let us calculate E {g+1/a-1|n}=E{gq|n}+1/a—1 in-
stead of £ {g|n} directly

1 n
E{q + l/a—1|n}=JP( )E (g+1/a-1)P(n,q)
An q=0
- M(n +1-a), (35)
o

where 0<n<7. Note, that the conditional expectation of
in-degree is independent of 7, that is of the size of the net-
work. In the ER limit the expectation of the in-degree be-
comes

lim E{g|n}=¥(n+1)+7y, (36)
a—0

where \If(x)zi In I'(x) denotes the digamma function, and
v==W(1)=0.5772 is the Euler-Mascheroni constant. As-
ymptotically the expectation of the in-degree in a scale-free
tree grows with the cluster size to the power of «, while in a
ER tree it grows only logarithmically, since W(n+1)=logn
+0(1/n). Therefore, conditional in-degree and conditional
cluster size are mutually inverses asymptotically. Figure 6
shows the analytic solution (35) and simulation data at «
=0, 1/3, 1/2, and 2/3 parameter values. Simulation data has
been collected from 100 realizations of 10° size networks.
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VIII. CONDITIONAL DISTRIBUTION
OF EDGE BETWEENNESS

Using the results of the previous sections, we are finally
ready to answer the problem which motivated our work, that
is the distribution of the edge betweenness under the condi-
tion that the in-degree of the younger node of the link is
known. It has been noted at the beginning of Sec. III that the
edge betweenness can be expressed with cluster size

L=(n+1)(7-n). (37)
Therefore, conditional edge betweenness can be given for-
mally by the following transformation of random variable n
7—1
PT(L|q) = E 5L,(n+l)(7'—n)]]~:)7(n|q)' (38)
n=0

Obviously, P,(L|q) is nonzero only at those values of L,
where (37) has integer solution for n. If

-1 1)?
”L:Tz —\/(TJ;) _L (39)

is such an integer solution of the quadratic equation (37), and
L+# (7+1)%/4, then

PALlg) =P (n;|q) + P (7= 1-n.lq). (40)

If L=(7+1)%/4 is integer, then P (L|q)=Pn;|q).
The conditional expectation of edge betweenness can be
obtained from (37)

EAL|g} = 7 An + 1]g} - EA(n + Dnlq}. (41)

Therefore, for the exact calculation of E {L|g} the first and
the second moment of the conditional cluster size distribu-
tion are required. The first moment, that is the mean, has
been derived in the previous section. In order to calculate the
second moment let us use the technique we have developed
in the previous sections. Let us consider

E{(n+2-a)(n+1-a)|q}

1

CT+l- a(l/la-1), b, (n,q)
ST PAq) z} 2-a),

‘We shall be cautious when the summation for » is evaluated.

(42)

. -t
The k=1 term in q)a(n,q):EZ=om(—ak),1 must be treated
separately to avoid a divergent term

™1

D, (n,q) _l-a
E(z—a)n_f(q—l)!
Ll o D (ab,

a(-a), 5o kl(g=—k)! k-1

[a¥(r-a)-a¥(1-a)-¥(g)-v]

The exact formula for E{L|g} can be obtained straightfor-
wardly, after (30) and the above expressions have been sub-
stituted into (41).

Let us consider the scenario when the size of the network
tends to infinity. Equation (37) implies that edge between-
ness diverges as 7— %, therefore, L should be rescaled for an
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infinite network. From the asymptotics of the digamma func-
tion W(7—a)=In 7+0(1/7) it follows that E{(n+2—a)(n
+1-a)|q} grows only logarithmically, slower than the linear
growth of 7 {n+2—a|q}. Therefore, edge betweenness as-
ymptotically grows linearly as the size of the network grows
beyond every limit. Let us rescale edge betweenness

_L(7)
T+l

(43)

T

and let us consider the limit A=lim, . A,=n,+1. The
CCDF of the rescaled edge betweenness can be given by

. T=1-n %
Fi(Alg) =lim, .. EnznAfPT(nlm =5 2 n Pelg).

When the summation has been carried out, the following
equation is obtained

Qla= D (DF (—ak)y
-, SaG-piks a1

Fi(Alg) =

where g+1=<A. If 1 <g<A, then only the first term of the
sum should be taken into account, and it is easy to see that
c az(l — a) q2/a 2+a
Fo(Alg) = T (a1) A2 + O(1/AT*9). (45)
It can be seen that the scaling exponent —2 is independent
of a. The above asymptotic formula has been obtained
for infinite networks. The same power law scaling can be
observed in finite size networks as (45) if A.<7. How-
ever, FS(A,|q)=0 if A,>r7 in finite networks, there-
fore asymptotic formula (45) evidently becomes invalid if
A =T

It is obvious that as the size of the network grows larger
and larger, asymptotic formula (44) becomes more and more
accurate. One can ask how fast the convergence is. From
elementary estimations of FS(A.|g) one can show that for
fixed A,

201 -
FA(AJg) = FS(A Jg) — (1 = FS(A Jg) ——= ( 5 “)LTZ

+0(1/7+%), (46)

that is corrections to the asymptotic formula decrease with
72 for large 7.

On Fig. 7 comparison of analytic formula (44) with simu-
lation results is presented for g=1 and g=2. The empirical
CCDF of rescaled edge betweenness, under the condition
that in-degree ¢ is known, is shown for 10%, 10°, and 10° size
networks, at a=1/2 parameter value. The empirical CCDFs
of rescaled edge betweenness evidently collapse to the same
curve for different size networks, and they coincide precisely
with our analytic result.

The expectation of the rescaled edge betweenness under
the condition that in-degree ¢ is known can be given by
E.{A|g}=E.{ny+1|g}. Using (32) and (33) we get

(C] + 1/a)l/oz _

FulAlgh= (1 a0

1+ a, (47)
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FIG. 7. (Color online) Figure 7 shows CCDF of edge between-
ness under the condition that the in-degree ¢ is known. Empirical
CCDF has been obtained from 100 realizations of N=10* and
N=10°, and 10 realizations of N=10° size networks at a=1/2
parameter value. Continuous lines show analytic result (44).

lim E.{A|q} =291 - 1. (48)
a—0

One can see that E.{A|g}~q"* for ¢>1 if a>0 and
E{A|q}~e? for g>1 if a—0.

Analytic results (47) and (48), and simulation data are
shown in Fig. 8 at a=1/2 and a=0 parameter values. Nu-
merical data has been collected from the same 10, 10°, and
10% size networks as above. As the size of the network
grows, a larger and larger range of the rescaled empirical
data collapses to the same analytic curve. On the high degree
region some discrepancy can be observed due to the finite
scale effects.

1e+08.r 06 . —— '
100p00 F
10000@0000 L
1p00 ¢
10000 {00 F
10 £
1000 | 1 .
w 0 5
100
10 ¢ N=1e6 + 1
N=1e5 x
N=1e4  x
4 ) alpha=1/2
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q

FIG. 8. (Color online) Figure 8 shows average edge between-
ness under the condition that the in-degree ¢ is known as the func-
tion of ¢ on log-log plot. Numerical data has been collected from
100 realizations of N=10* and N=10°, and 10 realizations of
N=10° size networks at a=1/2 parameter value. Inset shows the
same scenario at a=0 parameter value on semi-logarithmic plot.
Continuous lines show analytic results (47) and (48).
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Finally, let us note that the precise unconditional distribu-
tion of edge betweenness P (L) =278 (v 1)(rmP’-(1) can be
obtained from (17) as well. Furthermore, CCDF of the un-
conditional betweenness F ‘;(L)=E;;Zi‘1PT(n) can be derived
in closed form

(1-a)(7=2ny)
T (m+l-a)r-n+1-0a)

T+1 -«

(L) =

(49)

For the sake of simplicity we have assumed during our
calculations that in-degrees of the younger nodes are pro-
vided. However, it is possible that even though both two
in-degrees of every link are known, we cannot distinguish
them from each other, that is we cannot tell which is the
younger node. How could we extend our results to this sce-
nario? Let us consider a new edge when it is connected to the
network. The in-degree of the new node is obviously 0. The
in-degree of the other node, which the new node is connected
to, is equal to or larger than one. Due to preferential attach-
ment the larger the in-degree is the faster it grows. Even if
preferential attachment is absent, the growth rate of every
in-degree is the same. Therefore, it is expected that the initial
deficit in the in-degree of the younger node grows or remains
at the same level during the evolution of the network. It
follows that it is a reasonable approximation to substitute the
in-degree of the younger node ¢ with ¢,,;,=min(q,,q,) in our
formulas.

IX. CONCLUSIONS

A typical network construction problem is to design net-
work infrastructure without wasting precious resources at
places where not needed. An appropriate design strategy is if
network resources are allocated proportionally to the ex-
pected traffic. In a mean field approximation the expected
traffic is proportional to the number of shortest paths going
through a certain network element, that is the betweenness.

The precise calculation of all the betweenness require
complete information on the network structure. In real life,
however, the number of shortest paths is often impossible to
tell because the structure of the network is not fully known.
One of the practical results of this paper is that the expecta-
tion of edge betweenness can be estimated precisely when a
limited local information on network structure—the in-
degree of the younger node—is available.

Another difficulty of network design is that the size of
real networks is finite. Moreover, the size of real networks is
often so small that asymptotic formulas can be applied only
with unacceptable error. The other important subject of our
results is that the derived formulas are exact even for finite
networks, which allows better design of realistic finite size
networks.

Various statistical properties of evolving random trees
have been investigated in this paper. We have focused on the
cluster size, the in-degree and the edge betweenness. We
have considered the m=1 case of the BA model extended
with initial attractiveness for modeling random trees. Initial
attractiveness allows fine tuning of the scaling parameter.
Moreover, in the limit of the tuning parameter «—0 the
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applied model tends to a non-scale-free structure, which is in
many aspects similar to the classical ER model. Therefore,
we were able to investigate both the scale-free and the non-
scale-free scenario within the same framework.

First, the evolution of cluster size and in-degree of a spe-
cific edge have been modeled as a bivariate Markov process.
The master equation, associated with the Markov process,
has led us to a linear partial difference equation. An exact
analytic solution of the master equation, which satisfies the
initial conditions as well, has been found. The solution pro-
vides the joint probability distribution of cluster size and
in-degree for a specific edge.

Using the above results we have derived the joint prob-
ability distribution of cluster size and in-degree for a ran-
domly selected edge. It is of more practical importance than
the joint distribution for a specific edge because, in contrast
to the former distribution, it provides the statistical descrip-
tion of the whole network. We also derived the joint distri-
bution in the ER limit. Note that the obtained formulas are
exact for even finite size networks. In addition, the formulas
for unbounded networks have been presented as well.

We have continued our analysis with the one-dimensional
marginal distributions. We have shown some fundamental
differences in the scaling properties of the marginal cluster
size and in-degree distributions. Our results here, compared
to previous results in the literature, is that we have found
exact analytic formulas not only for the large, but also for the
small cluster size and in-degree region.

Although the marginal distributions have their own im-
portance, we have derived them in order to obtain condi-
tional probability distributions. From the combination of the
joint and the marginal distributions we have given the con-
ditional distributions of cluster size and in-degree. We have
also presented conditional expectations of cluster size and
in-degree for both finite and unbounded networks. We have
found that asymptotically the conditional cluster size grows
with in-degree to the power of 1/« and the conditional in-
degree grows with cluster size to the power of a, respec-
tively. The ER limit has been discussed as well. We have
shown that the conditional cluster size grows exponentially
and the conditional in-degree grows logarithmically when
a—0.

Finally, by applying the transformation of random vari-
ables we have derived the distribution of edge betweenness
under the condition that the corresponding in-degree is
known. We have found that the conditional expectation of
edge betweenness grows linearly with the size of the net-
work. For the analysis of unbounded networks we have de-
fined the rescaled edge betweenness A, and derived its dis-
tribution and expectation under the condition that in-degree g
is provided. Our analytic results have been verified at differ-
ent network sizes and parameter values by extensive numeri-
cal simulations. We have demonstrated that numerical simu-
lations fully confirm our analytic results.

For the future, we hope that the methods we have devel-
oped in this paper allow us to describe cluster size and edge
betweenness in more general scenarios. For example, when
not only the younger, but both two in-degrees of links are
considered.
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APPENDIX A: EXPANSION OF THE KRONECKER-DELTA
FUNCTION

We have seen that the general solution of Eq. (7) is
]PT(n,q|Te)=E)\1YA2CM,)\2}‘(T)g(n)h(q), and the initial condi-
tion is I (n,q|7.)= 8, 00,0, Where

{1’
6nm=
s 0’

is the Kronecker-delta function, and n and m are integers.
Coefficients Gy, are calculated in this section. First we
show that

if n=m,

Al
ifn#m (Al

1
Fn-k+1)

n _1k
5}1,0:2( )

(A2)
P
Note that we can consider m=0 without any loss of general-
ity, since 9,,,,= 8,_.0-
If n<0, then the summand in (A2) is zero by definition,
indeed. If n>0, then

5 (- DK 1 1< (n)
=— -1)*=0 (A3
EO kKl Tn—k+1) n!go k =1 (A3)
follows from the binomial theorem. Finally, for n=0,

1 G
I'(-k+1) 0! T'(1)

% (- 1)*

=0 k!

1. (A4)

Coefficients C A\, Can be obtained from the term by term
comparison of I’ (n,q[7,)=2\ \,Cx . f(7)g(m)h(g) with
the expansion of the initial condition 8,9, o, shown above.
One can easily confirm with the help of identity f(n)d,
=£(0)5,, that the same terms appear on both sides, if ;=
—k,, and \,=—ak,, and coefficients Ci, i, are the following:

(- l(r,+1-a) 1 1
k'ky! T(r,—k) T(-ak)T(1/a-1)
(AS)

Ci ke, =

Finally, to obtain (15) the summation for k; can be carried
out explicitly

n

(D" T(r—k)
k=0 K1 M(n-k+1) (7, ~ k)
_Tlr-7+1) I(r—n)

T+ DI(r,)T(r=7,—-n+1)
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APPENDIX B: THE a—0 LIMIT OF JOINT
DISTRIBUTION P (n,q)

In this section we prove that the ER limit of the joint
probability P (n,q) is (16).
Theorem Let us consider P (n,q) as defined in (15),

where 0<g<n<rt are integers. Then the following limit
holds

T+1 2( 1)n1ks(k)< k )
-1

lim P (n,q) =
a—0 F( + 3)k—q 1

(B1)

Proof. First, let us note that ®(n,q) in (15) can be rewrit-
ten in the following equivalent form: ®,(n,q)

| (CDA(1-a=ab) 4
=aX]” TP T Next, symbol

(1/a=1), is replaced with its asymptotic form: (1/a-1),
=1/a9(1+0(w)). After the obvious limits have been evalu-
ated the following equation is obtained

Pochhammer’s

2q1( DY - a - ak),_,
AR s R, K(qg—1-k)!
m ,q) =
al—>0 Tn 1 TF(I’Z+3) a1—>O aq_l

(B2)

The above limit, by definition, can be substituted with
qg—1 order differential at @=0, if all the lower order derivates
of the sum are zero at «=0. Indeed,
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2 (- DM - - ak),_,

= Kg-1-k)!
-1

lim

a—0 af
1S (“DMl—a-ak),,

k(g —1-k)!

a=0
Ld"(l+a),| G EDk-D"
T om! da” weoiy kl(g—=1=k) "~

where the sum is 0 if m<g—1 and 1 if m=qg—1. Therefore,
the limit can be transformed to

T+ 1 1
T(n+3)(g-1)!

d7'(1+a),,

daf™!

lim P(n,q) = .
a—0 a=0
(B3)

Finally, let us consider the power expansion of Pochham-
mer’s symbol: (x)m=EZ1=0(—1)”‘kSif)xk, where S;(f) are the
Stirling numbers of the first kind. The expansion formula has
been applied at x=1+« and m=n—1, which implies

lim P (n,q)
a—0
e T O o Rk
T (n+ 3) ke (g-1)! dat™! =0
B TFZ;:3),€_2 s ( Ijl)
O
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