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[PAPER

Wigner’s Semicircle Law of Weighted Random Networks

Yusuke SAKUMOTO®, Member and Masaki AIDA™™, Fellow

SUMMARY  Spectral graph theory provides an algebraic approach to
investigate the characteristics of weighted networks using the eigenvalues
and eigenvectors of a matrix (e.g., normalized Laplacian matrix) that rep-
resents the structure of the network. However, it is difficult to accurately
represent the structures of large-scale and complex networks (e.g., social
network) as a matrix. This difficulty can be avoided if there is a universality,
such that the eigenvalues are independent of the detailed structure in large-
scale and complex network. In this paper, we clarify Wigner’s Semicircle
Law for weighted networks as such a universality. The law indicates that
the eigenvalues of the normalized Laplacian matrix of weighted networks
can be calculated from a few network statistics (the average degree, average
link weight, and square average link weight) when the weighted networks
satisfy a sufficient condition of the node degrees and the link weights.

key words: random matrix theory, Wigner’s semicircle law, spectral graph
theory, Laplacian matrix, network analysis

1. Introduction

Many networks such as railway networks, social networks,
the Internet, and airport networks are modeled as weighted
networks that are composed of nodes and weighted links [1]—
[3]. The weighting of links is important in network model-
ing, but it is a tedious task in the case of large-scale and com-
plex networks, such as social networks. In a social network,
nodes and links correspond to persons and their relation-
ships, respectively. To assign the correct weight to each link
in the social network, the strength of the relationships among
people should be accurately estimated from a huge amount
of personal data (e.g., communication histories in mobile
phones and social media). Owing to the risk of breaching
privacy and the associated computational complexity, it is
unrealistic to gather such personal data, and calculate the
strength of the relationships accurately.

Spectral graph theory provides an algebraic approach
to investigate the characteristics of weighted networks us-
ing the eigenvalues and the eigenvectors of a matrix (e.g.,
normalized Laplacian matrix) that represents the structure
of the network [4], [5]. In particular, the eigenvalues are
important to understand the characteristics related to the en-
tire network on the basis of spectral graph theory. In [6], it
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has been demonstrated that the eigenvalue distribution of the
normalized Laplacian matrix affects the information dissem-
ination speed throughout the social network. In general, the
eigenvalues of the matrix are calculated from all the matrix
elements. The elements of the matrix representing the struc-
ture of a weighted network are determined by the weights on
the links. Hence, the weighting of the links is required to ap-
ply spectral graph theory for weighted networks. This would
deter the application of spectral graph theory for large-scale
and complex networks. However, the weighting of the links
is avoidable if there is a universality that the eigenvalues
are independent of the detailed structure (e.g., the weight of
each link) of large-scale and complex networks. Therefore,
finding of such a universality of the eigenvalues expands the
applicable region of spectral graph theory.

Random matrix theory discusses a universality of the
eigenvalues if the elements of the matrix are given by ran-
dom variables [7]-[9]. In [9], Chung et al. analyzed the
random matrix corresponding to the normalized Laplacian
matrices of unweighted networks, and have confirmed the
universality (Wigner’s semicircle law) that the eigenvalues
of the normalized Laplacian matrix follow the semicircle
distribution. In [6], it was investigated whether Wigner’s
semicircle law [9] of unweighted networks is satisfied for
weighted networks, through numerical experiments. How-
ever, the condition of weighted networks satisfying Wigner’s
semicircle law was not explicitly furnished, and the width of
the eigenvalue distribution (spectral radius) was not found.
Hence, the universality for weighted networks is not fully
understood. Given the available literature, no study has
elucidated the universality of the eigenvalues for weighted
networks.

In this paper, the universality (Wigner’s semicircle law)
of the eigenvalues is presented for weighted networks on the
basis of the discussion of [9]. Our findings include (a) a suf-
ficient condition for weighted networks to satisfy Wigner’s
semicircle law and (b) an expression of the spectral radius
of the eigenvalue distribution. According to the derived
expression, the spectral radius determines the eigenvalue
distribution of the normalized Laplacian matrix of weighted
networks, and is calculated from a few network statistics (the
average degree, average link weight, and square average link
weight). Hence, the eigenvalues can be obtained from a few
network statistics when the weighted networks satisfy the
sufficient condition of the node degrees and the link weights.
Using some numerical examples, the validity of the sufficient
condition is confirmed.

Copyright © 2021 The Institute of Electronics, Information and Communication Engineers
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This paper is organized as follows. In Sect. 2, spectral
graph theory and the random matrix theory for weighted
networks is described. In Sect.3, Wigner’s semicircle law
for weighted networks is proved on the basis of the random
matrix theory. Section 4 shows some numerical examples.
Finally, in Sect. 6, we conclude this paper and discuss the
future work.

2. Preliminary
2.1 Spectral Graph Theory

In spectral graph theory, the structure of a network is rep-
resented by a matrix, and the characteristics of the network
are investigated using its eigenvalues and eigenvectors. In
this section, we describe spectral graph theory for weighted
networks.

We denote a weighted network by G = (V, E, w) where
V and E are the sets of nodes and links, respectively. Let
n be the number of nodes in G. The link between nodes i
and j is denoted by (i, j). Link (7, j) has the weight w(i, j)
where w(i, j) = w(j,i) and w(i, j) > 0. Let di be the set of
adjacent nodes of node i. The weighted degree d; of nodes
i is defined by

d; = Z w(i, ). (1

jeoi

To represent the structure of links and nodes in G, there
are adjacency and degree matrices, A and D, respectively.
The (i, j)-th element A(i, j) of adjacency matrix A is defined
by

.. w(i,j) ifGj)eE
A, j) = . 2
(0.J) {0 otherwise @
Degree matrix D is defined by
D := diag(d;)1<i<n- 3

To represent both the structure of nodes and links in G, a nor-
malized Laplacian matrix N is often used. The normalized
Laplacian matrix N is defined by

N :=1-D'2AD7'/? 4)

where I is the identity matrix.

Since a normalized Laplacian matrix N is symmet-
ric (N = N"), its eigenvalues A; (I = 1,...,n) are real num-
bers. Let q; be the eigenvector of eigenvalue A; where
q'q =1 We assign a number to A; in ascending order, and
hence A; refers to the [-th minimum eigenvalue of N. The
range of the eigenvalues is given by

0= <A <...<A, <2, (®)]

If 1, > 0, the weighted network G is connected (i.e., there is
at least one path between every pair of nodes). The weighted
network G is not a bipartite graph, if 1, < 2. We define the
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spectral radius r by r := maxo<;<, |1 — 4;|. Spectral radius
r satisfies 0 < r < 1 because 0 < 4; < 2for2 <[ < n.
Eigenvector ¢ of minimum eigenvalue A is given by

o e (G e (Jdi AN, ©)

where Vol(G) is defined by

Vol(G) := Z d;. (7

ieG

Since the eigenvectors g; is an orthonormal basis, matrix
0 = (q1)1<k<n is the orthogonal matrix (Q~' = Q").

Using Q and A = diag(A;)1 <k <n, the normalized Lapla-
cian matrix N is given by

N=0AQ =) liqq). ®)
=1

From the above equation, N is determined by eigenvalues
(A1)1<1<n and eigenvectors (q;)1<;<n. Hence, the weighted
network G can be analyzed not only with N but also with
its eigenvalues and eigenvectors. Spectral graph theory pro-
vides an algebraic method for analyzing G with eigenvalues
A; and eigenvectors ¢g; of N. In particular, the eigenvalues
Ay are important to understand the statistical characteristics
related to the entirety of the weighted network G. In order
to calculate eigenvalues A;, in general, all elements N (i, j)
must be given accurately. However, if there is a useful uni-
versality of eigenvalues A;, we can investigate the statistical
characteristics of the weighted network G without all ele-
ments N(, j).

2.2 Random Matrix Theory

Random matrix theory focuses on random matrices whose
the elements are given by random variables, and clarifies that
a universality of the eigenvalues appears if the matrix size
approaches infinity. When the links and their weights in the
weighted network G are randomly given with a stochastic
rule, elements N (i, j) of the normalized Laplacian matrix N
become random variables, and N can be treated as a random
matrix. Note that the universality of eigenvalues A; of N
corresponds to a characteristic of the statistical ensemble
of the random networks generated with the same stochastic
rule. Hence, clarifying such a universality contributes to the
growth of the statistical mechanics on networks.

In [9], the link between nodes i and j in an unweighted
network is randomly generated using the stochastic rule with
random variable L;;. If L;; = 0, there is no link between
nodes i and j. On the other hand, if L;; = 1, a link exists

between nodes i and j. We denote probability P [L,- ;= 1]
by p;j, which is given by

pij = poioj, 9

where 0; > 0 and p = 1/ };cy 0;. Using Eq. (9), the ex-
pectation of the node i’s degree is given by o;. Let oy,
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O min> and o max be the average degree, the minimum degree,
and the maximum degree. These are defined by oy :=
1/nYiey Oi, Omin = infjey 0, and omax 1= sup;ey 0,
respectively. We can write p as p = 1/(n0ay). Similar
to [9], it is assumed that o2, < 1/p, so that pij < 1. Using
the above stochastic rule, special networks (e.g., networks
with no links) are rarely generated. The probability of gen-
erating such special networks is very small, and therefore,
this stochastic rule poses no problem in the discussion of a
universality appearing when n — oo.

In the weighted network G, the weight of the link (i, j) is
randomly set using the stochastic rule with random variable
W. In the stochastic rule, the random variable W follows
the conditional probability density function fy Ly (w | D),
which is defined by

fwiLy | Ddw :=Pw <W <w+dw | Ly =1].
(10)

If L;; = 0 (i.e, link (i, j) does not exist), W is always 0, and
hence fW‘Lij(w | 0) = 6(w) where 6(x) is the Dirac delta
function. On the contrary, if L;; = 1, then W > 0. Since link
weights in actual networks cannot be infinity, it is assumed
that W is bounded. Using a finite value wmax, W < Wmax-
For convenience, we write

pw W) = fwiL,; (w [ 1). (1)

Let E,,,, [W™] be the m-th moment of W with the condition
L;j = 1. E,,, [W™] is defined by

w

Epy [W"] = fo W™ py (w) dw. (12)

Even if the weights of all links in G are divided by wax, the
normalized Laplacian matrix N remains invariant. Hence,
without loss of generality, we assume wpy,x = 1. With
this assumption, E,, [W™] has the following properties:
(a) E,,W[Wl] < Eg, [W™] forl > m, and (b) E,,, [W™] < 1
since Ep,, [W°] = 1.

Following the above stochastic rules, not only elements
N(i, j) but also the eigenvalues A; (I = 2,...,n) of the nor-
malized Laplacian matrix N for the weighted network G
become random variables depending on the set of random
variables I' = (L, W) where L = (Lij)(i,j)eV2~ Let A be the
random variable for eigenvalue A of N. We denote the con-
ditional eigenvalue density of eigenvalues 4; (I = 2, ..., n) of

N by f/(\"’])q(/l | ¥), which is defined by

1 n
f,(\'f)r(/l ly) = — Zé(/l - ), (13)
=2

where A; is the function of y. Since eigenvalues A; vary

stochastically, conditional eigenvalue density fl(\'ll%(/l | v)

is also a random variable. Note that fj(\"‘ll(/l | ¥) can be
treated as a conditional probability density function because

f/{i" f/(\'l’)r(/l | ¥)dd = 1. Using probability P [T = y],
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eigenvalue density 1(\")(/1) of N is given by

V() = Bary[ (2 )]

1 n
= DP[C=y] Y 6(-a). (4)
Y 1=2

n—1

Since f/i" f/(\")(/l)d/l =1, f/(\")(/l) can be also treated as

a probability density function. Then, we denote the m-th

moment for 1 — A using £\ (1) by Ef(n>[(1 — A)™], which
A

A
is defined by

An

Eal(1=A)"]= [ a-2"f"()d2

A
1 n
— IEMNL%]U - m’"]. (15)

Using the approach of the random matrix theory, the
previous work [9] has established the universality (Wigner’s

semicircle law) that the eigenvalue density 1(\")(/1) for un-
weighted networks follows a certain distribution (i.e., semi-
circle distribution). If such a universality exists even for
the weighted network G, eigenvalue density f/(\") (A1) can be
obtained without giving link weights w(i, j) correctly. This
allows the analysis of G based on spectral graph theory even
if G is a large-scale and complex network, such as social
network.

3. Wigner’s Semicircle Law of Weighted Network G

In this section, we probe Wigner’s semicircle law for a
weighted network G on the basis of the discussion in [9].
Wigner’s semicircle law for G is as follows:

Theorem. If the weighted network G satisfies the degree
condition

2 O'avg
> ———C 16
T > gt (16)

/(\") () of the normalized Laplacian matrix N converges to

a semicircle fiistribution fa(A) as n — co. A semicircle
distribution fa(A) is given by

fA(A)—{ iﬂ,/f’l—(l—@2 1-F<A<l+F
- nr
0

k)

otherwise
17)
where 7 is the limit value of spectral radius r as n — oo, and
is given by
2 \/ EPW [Wz]
7= (18)

m EI’W [W] '

Remark. When the links in G are not weighted, W is al-
ways 1if L;j = 1, and hence B, [W] = E,,, [W?] = 1. By
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substituting them into Egs. (16) and (18), we obtain Wigner’s
semicircle law for unweighted networks shown in [9]. There-
fore, it can be generalized to a weighted network G.

The degree condition (16) means that oy is sufficiently
large in a weighted network G, and is necessary to satisfy
Eqs. (45) and (58) in the proof. How easily Eq. (16) holds,
depends on the value of o min. If omin is large, it is easy to
satisfy Eq. (16).

According to the degree distribution of the Facebook
friend network reported in [10], the minimum and the aver-
age degrees of Facebook users are 1 and 190, respectively.
Since B, [W?] is smaller than 1, Eq. (16) is not satisfied for
the friend network of Facebook users. Note that the survey in
[10] targeted all Facebook users who logged in May 2011,
and includes not only frequent Facebook users but also infre-
quent ones. According to [11], frequent users of Facebook
tend to have many friends. Hence, the induced subgraph
of the frequent Facebook users would have a minimum de-
gree large enough to satisfy Eq.(16). Since the frequent
users mainly disseminate information in social networks, the
analysis of such an induced subgraph is important to under-
stand the characteristics of the information dissemination.
Analysis of the induced subgraph of frequent users in actual
SNSs will be done as part of a future study. In this analysis,
we obtain the degrees of SNS users with the node sampling
method [12], and use the obtained degree as o;.

Equation (17) implies that the width of the eigen-
value distribution of the normalized Laplacian matrix N
becomes large as 7 increases. From Eq. (18), 7 is determined
by the network statistics (avg, Epy [W?], and EPW[W]Z).
In particular, if relative variance ]EPW[WZ]/]1-31,,“,[W]2 in-
creases, 7 increases. Hence, there is the relationship be-
tween the width of the eigenvalue distribution and rela-
tive variance EPW[WZ]/EPW[W]2. According to the anal-
ysis in [7], 7 of the semicircle distribution increases, as
the variance of the non-diagonal elements of the matrix
considering Wigner’s semicircle law increases. As rela-
tive variance EI,,W[WZ]/EPW[W]2 increases, the variance
of the non-diagonal elements of the normalized Laplacian
matrix N also increases. Thus, the relationship between
the width of the eigenvalue distribution and relative vari-
ance B, [W2] [Epyw [W] 2 expressed in Egs. (17) and (18) is
derived.

Proof. 1f eigenvalue density f/(\") () is given by a semicircle
distribution fA (1), even moment Ez [(1 = A)?"] and odd
moment Ez [(1 - A)?™+1] for 1 — A are given by

1+7

E[(1-A)*"] = fl (1= (D) da
(R 2m)!
N (E) m! (m+ 1) (19)
147
Eq[(1- M) =f1_f (1= > fA(D) da
=0. (20)
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Since Ez [A] = 1, the above moments for 1 — A correspond
to the central moments of A. The following are equivalent:

1. As n — oo, eigenvalue density f (n)

A (4) converges to
semicircle distribution fA(/l).

2. As n — oo, even moment Ez [(1 — A)?™] and odd

moment Ez [(1 — A)?™+1] converge to Egs. (19) and
(20), respectively.

To prove Wigner’s semicircle law for a weighted network G,
we show that 2. is fulfilled if the degree condition (16) is
satisfied.

For convenience, we use matrix M after removing the
effect of minimum eigenvalue 1| from normalized Laplacian
matrix N. Matrix M is defined by

M=) 0-1)qq=1-N-qd
=2
_papr- _L_pirgpin (21)
Vol(G) ’

where K is the matrix with all elements given by 1, and
corresponds to the adjacency matrix for the complete graph
including self-loops at all nodes. Matrix M has n—1 nonzero
eigenvalues, and the [-th largest eigenvalue is given by 1 —4;.
Hence

Te[M™] = Z(l )™, (22)

=2

By substituting the above equation into Eq. (15), we obtain

1
1 E]P[r][TI‘ [Mm] ] . (23)

n—

Ef,f")[(l -N"] =

Since E,,, [W] is finite, the weighted degree d; of the
node i converges to its expected value Epiri[d;] as n — oo.
Epiry[d;] is given by

Epprj[di] = Z (PijEfw‘Li_, (W Lij=1]
Jjev

+(1 = pip)Egy,,, [W | Lyj = 0])
= > PiEpu W]
JjeVv
=Ep, [W] Z PO
jev
=E,, [W]o;. (24)
Note that p;; = p 0;0°; was used to derive the above equation.

By substituting Ep(rj[d;] into Eq. (21), we obtain matrix C,
which is given by

1
C=———0"?407"? - po'’Ko'?, (25)
EPW[W]

where o = diag(o;)1<i<n- As n — oo, matrix M converges
tomatrix C, since d; = Epprj[d;]. Since Wigner’s semicircle
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law discusses the limit theorem where n — oo, the proof is
valid if C is used instead of M.

Element C(i, j) of matrix C is a random variable, and
is given by

wi]- .
CG, j) = { Bpw[W]yTio; VEiE ij .
~PNTIT] otherwise
(26)

Let Epry[C™ (i, j)] be the m-th moment of C(i, j). Specifi-
cally, the 1st moment Epri[C (i, j)] is given by

Epr)[C G, )]
~ P | B, TWTEo
+ (1= pij)Efy,, [on'iffj
- 0. 27)

~ VOO

Lij = 1]

Lij = 0}

For m > 2, the m-th moment Eprj[C (i, j)™] is bounded by

Epry[C™ (i, j) ]
Ly = 1]

Lij = 0]

W m
=p;E - T
Dij fwiL;; [(Epw (W] e PVOT O—J)

+ (1= pi)Efy,, [(p Vo'io—f)m

m-=2 1 m—1
Z (=pij) Epy [W"™]
— P (’7) E =

_l m
=0 pw [W]" " (oi0j)m/?

= l m-l
n (_p) IE’PW[VV ]
) 28
P ; ( l )EPW[W]m_l(o'io'j)m/z—l—l (28)
= ,DEPW[W’"]

Epy [W]m(O'iO'j)m/Z—l
< mEDW_W

<z [W]ma-’"‘z (I +o0(1)). 29)
Pw

(1+o(1))

min

To derive the above equation, the term with / = 0 in the sum
since p = 1/(noag) = 1/o(n) = o(1) was retained. Note
that o (f(n)) is a function that increases faster than or equal
to f(n) as n — oo. Then, we use f(n) = o(1) as

lim f(n) = 0. (30)
The m-th moment Tr[C™] is given by

Tr[C"] = ). C1,0)C(,05) .. C(o, 1)
UV €Ppm
h(vm)

> 11 cenm (31)

U €Dy I=1

where v,,, = (v1, 2, 03, ..., Uy, ) TEPrEsents a cycle of length m
in the complete graph with n nodes, and ®,, ,, is the set of
the cycles with length m. In cycle v,,, h(v,,) is the number
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G—W
Fig.1  The complete graph with 4 nodes.

of disjoint links, ¢; is the [-th link, and m; is the occurrence
number of link ¢;. In particular, m; satisfies

h(@©m)
Z m; =m. (32)
=1

where (i, j) and (j, i) are treated as the same link in a cycle
when counting m; since C is a symmetric matrix.

Figure 1 shows the example of the complete graph with
4 nodes. For example, @46 includes vs = (1,2,3,1,2,3). In
cycle vg, h(ve) =3, 2 = (2,3) and my = 2.

From Eq. (23) and M ~ C, the m-th moment EfA(n) [(1-

A)™] is approximated by

1
IE]P:[F][TI'[Cm]]. (33)

Epn[(1=A)"] x —

As n — oo, the error of the approximation approaches to 0.

Hence, we investigate Eprj[Tr[C™]] in order to prove that

Ef(m[(l — A)™] converges to Eqgs. (19) and (20) as n — oo.
A

To show the convergence of even moments E f“”[(l -
A
A)>™], we investigate E]p[[‘][Tr[sz] ]. Using the indepen-
dence of C(i, j), an even moment Ep(ri[ Tr [C 2’”] ] is bounded
by

h(©m)

EP[F][Tr[sz]] = Z H Epry[C(en)™ ]

Um E(I),,,ZM =1

m E [WZ]I E [Wz(m—l)]pl

< ) N Zm B ———— (1 +0(1)
=0 EPW[W] O nin
N Epy [W2]'p!

<l = — (14 0(1)),  (34)
=0 EPW[W] O min

where Z; ,,, is a set of cycles (vy, vy, ..., U2;,,) With length 2m
and disjoint / + 1 nodes. Note that Z; ,,, C @, 2,,. For exam-
ple, (1,2,3,1,2,3) is included in Z 3. The cycles included
in Z; ,,, are composed of at least / disjoint links. To derive
the second right-hand side of the above equation, we first
divide all cycles in @, 5, into the sets Z; ,,, of the cycles that
the number of disjoint links is /. Each set has |Z; | cycles.
Using Eq. (29), for vy, € Z;,,,, we obtain

hom) 211 2m=-1)7 Al
Epw [W2] By [W lp
| | Epr)[Ce)™] < 22 S 2l
=1 Epw[w] o-min
(35)
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since that E,,, [W?] is the largest in the m-th moments
Epw [W"] for m > 2. 1In the first right-hand side of
Eq. (34), the reason why the cycles longer than m are
not considered, is as follows. First, Epri[C(, /)] = 0
Hence, [], (”’")Ep[r][C(el)m’] is 0 except if m; > 2 for
1 <1 < h(vy). Since my > 2for1 <1 < h(vy,), the
number of links / in the cycle is at most m.

To extract the main term of Epypj[ Tr [C 2’"] ], we rewrote
Eq. (34) with

m m
E]P’[F][Tr[czm]] < Z Nim = Nm,m Z :li, (36)
=1 [=1 fmm

where 77, ,, is

Epw [W2]' 0!
M = | Zin| =5 (37)
EPW [W] O-mm
In the above equation, |Z; ,,| is given by
| Zim| = 1 Za (L, m)| | Zp (I, m)| | Zc (1, m)|
n! 2m 1 21
=— [+ )*om=D
(n—l—l)'( )( ) I+1\1
(38)

where Z,(l, m) is the number of permutations (ix)1<k<i+1
by selecting / + 1 nodes from n nodes, and is given by

n!
(n-1-1I"

Then, |Z, (I, m)| is the number of combinations such that
each iy appears more than once in the cycle with length 2m
and is given by

|Zp (1, m)| = (22’7)((1 + l)z)z(m_l)z (22’?)(1 + 1)4m=D
(40)

| Za(l,m)| = (39)

In the above equation, since there is no restriction except
that each i must appear at least twice, it is multiplied by
(I + D*=D_ Moreover, Z.(I, m) is the number of the sec-
ond appearance positions for iy and is given by

1 (2]
| Zc (1, m)] Zm(l)' (41)

Note that the right side of the above equation is the Catalan
number.
By substituting Eq. (38) into Eq. (37), 1, is given by

Epw [W?]'p!
Ul,mzlzl,m| bw 2m _om_al
EPW[W] O hin
= G
PR
1 (2 (w2]'p
( ) Epw (42)
[+ 1\1]E,, [W]*"o2m2"
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Then in (36) is bounded by

9 77
Ni,m (n -m—1)! ( )(l 1)4(m—l)
Nm,m (n—l— 1)
m+1 (1) Bpy [W2] By [W221] pf
[+1 (2;1") oZm=2lg, (W2 pm
(zm) lfm(l + 1)4(mfl)4lfm
2(m-1 -1 —
21 m(m )E W [W2]7 o=t

l—m 2 m2(m 1) m4(m—l)4l—m

o 2mDg 2l et

mm

o 6 m-l
<2|l—= , 43
[40—2 ]EPW[WQ]} )

min

To obtain the upper bound of 7 L

mation was used, and is given by

, the Stirling’s approxi-

1/27z_nn+]/2 efn < VL' < nn+l/2 e*n“’l. (44)

According to the following discussion, if the degree condi-
tion is satisfied, the right-hand side of Eq. (43) for m > [
becomes o(1). First, for m > [, we derive
6
T ave M
— = o(1). (45)
402 Ep, [W?]

To prove the above equation, we should show
T avg M°

402 Ep, [W?]

min

=o(1). (46)

Similarly for [9], using m = log n, we obtain the condition

O'mm = o ((log n) ) “n

[WZ]

to satisfy Egs. (45) and (46). The condition (47) is the same
as the degree condition (16).

Therefore, if the degree condition (16) is satisfied, for
m > [, we obtain

nlm

nmm

o(l). (48)

By substituting the above equation into Eq. (36), the upper
bound of ]Ep[r][Tr[C 2’“]] is given by

Eer[Tr[ €2 |1 < (1 + 0(1)) 7hmm- (49)

On the other hand, the lower bound of EP[F][Tr[C 2’”] ]
is given by
h(vm)

E]p[[‘][TI'[sz]] = Z 1_[ EP[F][C(el)mI]

0, €Ppm h=1

> | Zpm By [C G, )]
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>|Z |p’“w(1 —o(1))
- - EPW[W]Z’H
= (1= 0o(1) N (50)

Note that the second right-hand side of the above equation
was obtained by only using the cycles with disjoint m links.
To derive the third right-hand side, we used

Epy [W7] ]

Epry[C G, j)?] = p (1-o(1)). (51)

PW
This can be derived from Eq. (28).
According to Egs.(36) and (50), ]E]p[r][Tr[sz]] is
bounded by

D (1= 0(1)) < Boqr[ T €] < Danam (1 + 0(1)).
(52)

As n — oo, the even moment E f<n)[(1 — 1)>™] converges to

1
Jim B o[ (1 - 2] = lim
n—oo p —
1+0(1)
m

n—ooo n—

1 Epr) [TI‘ [C2m] ]

Nm,m
n! (2m\Ep,, [ [W?]"p
—1>'m+1\ ] By [W]>"

= W[V‘;]/]Zm m 1 1 (2m)

= lim
n—o(n—1)(n—

lim g (n)
n—oo O'anE

Epy [W2]" 1 (Zm)

2m
o'gl/gEPw (W] m+ 1

_ (5)2’" _@m! 53)

2 m!(m+ 1)

where g(n) is defined by

n!
90 = T em=D (54)

Note that lim,, . g(n) = 1.

Therefore, if a weighted network G satisfies the degree
condition (16), the even moment ]Ep[r][Tr[sz]] converges
o Ez[(1 - )*"] asn — co.

Next, we investigate the odd moment Ep(p[ Tr [C 2ml ] 1.
moment  Epprj[Tr [C 2'"] 1,
EP[F][TI‘[szH ] ] is bounded by

Similar to the even

h()
Exr[Tr[C?™! 1= > [ ] BawilClen™]
vmeq)n,2m+l I=1
S Epy [W2]'' !
<D Nl S (14 0(1))
=0 PW[W] O min

m p’ m !
l,m ’ ILm
< = _—, 55
D o = Mo ) ((rmm n;n’m) (55)
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where 22:1 my =2m+ 1,and n;  is given by
, Epy (W2 lp’
Nm = 1 Z1,ml o 5 (L+o().  (56)
EPW [W] min

Using a method analogous to the one for the even moment,
1, ! (Tmin My, ) is bounded by

, ’ —1+1/2
nl,m < 4 ]EPW [WZ] |: O-avg m6 :|m o
O min n;n,m ,O'avng 4 O-mmEpW [Wz]
o m6 m—-1+1/2
<4 J5y W] [#}
w 40—r2nmEPW[W2]
(57)

If the degree condition (16) is satisfied, for m > [, we obtain

Pw

6 m—1+1/2
Cayg M
[m} = o(D). (58)

Hence, the upper bound of 1/(n — I)Ep[r][Tr[C2m+1]] is

given by

oD . . (59)
n-—1

1 IEP[F][TF[CMH]] <

As n — oo, the right-hand side of the above equation con-
verges to

. o(l) ,
nlglolon—lnm’m_o (60)

Hence, as n — oo, the odd moment E ., [(1 — A)>"*1] is

T
given by
o(l
=0. (61)

Therefore, if a weighted network G satisfies the degree
condition (16), the odd moment also converges to Ezn [(1-

AP as n — oo, o

4. Numerical Example

We confirm the validity of the degree condition (16) and
Eq. (18) in Wigner’s semicircle law for a weighted network
G derived in Sect. 3. For brevity, we only show the results
using the BA model [13], which is a well-known random
network generation model.

Similar to [6], we generate a weighted network G with
the following procedures, based on the BA model.

1. Generate an unweighted network with n nodes and av-

erage degree oy, according to the BA model.

2. Randomly cut the links of the unweighted network until
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Table 1  Parameter configuration.
Average degree of unweighted BA network, aﬁfém 40
Number of nodes of the weighted network G, n 1,000
Average degree of the weighted network G, oavg 20
Pareto index of the Pareto distribution, a 3
Number of bins, ny, 50

the average degree is o,e. This procedure prevents
minimum degree o min from being fixed, and does not
lose the scale-free property of the BA network [6].

3. Randomly assign the weight of each link using the
Pareto distribution pj’(w) with Ep,, [W] = 1. Note

par

that py, (w) o @ wel,

4. Divide the weight of each link by the maximum link
weight wmax. By performing this procedure, the link
weight is lesser than or equal to 1, and its distribu-
tion satisfies the condition of pw (w) used in Sect. 3.
Note that this procedure does not change the normal-
ized Laplacian matrix V.

In order to confirm the validity of the degree condi-
tion (16) in Wigner’s semicircle law for a weighted network

G, we compare eigenvalue density f/(\") () of the normalized

Laplacian matrix N and semicircle distribution f,\(/l). To

evaluate their difference, we use the relative error €4, which
is defined by

np

1 |Fn(6:) — F*(6))]

F(6;) ’ ©

€4 ‘== —
Mh 5

where 0; = (i—1/2)hy + A and hy, = (A, — A2)/ny. In (62),
F,,(8;) is the value obtained by dividing the number of eigen-
values of N in the interval [6; — hy/2,6; + hp/2] by n — 1.
On the contrary, F*(6;) is the value of the integral of f A(A)
within [6; — hp /2, 60; + hy [2].

To confirm the validity of Eq.(18), we compare the
spectral radius r of the normalized Laplacian matrix N and
7 calculated by Eq.(18). For these comparisons, we use
relative error €,, which is defined by

e =7 (63)

r

In the numerical example, the parameter configuration
shown in Table 1 is used as a default parameter configuration.

First, we confirm the relationship between the charac-
teristics of the weighted network G generated in the above
procedure and the degree condition (16). Figure 2 shows the
square of the minimum degree, a’ﬁlm for varying values of
average degree 0 uvg. Additionally, in this figure, we plot the
results with the average order o, on the y axis for com-
parison. From these results, as o,y increases, the difference
between a'rzmn and o,y increases, and hence the degree con-
dition (16) is readily satisfied. Figure 3 shows the second
moment E,,,, [W?] of link weights for varying values of the
Pareto index @. From this figure, as « increases, Ep,, [W?]
increases, and hence the degree condition (16) is also readily
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satisfied.

Figures 4(a) and (b) show eigenvalue density 1(\")(/1)
of the normalized Laplacian matrix N (i.e, F;,(6)) and semi-
circle distribution f A (). For reference, we show the results
of all link weights w(i, j) = 1 in Fig.4(c). According to
the results, eigenvalue density 1(\")(/1) for @ = 5 is closer
to semicircle distribution f,\(/l) than that for @« = 3. This
is consistent with the result of E,,, [W?] shown in Fig.3.
Hence, we visually confirm the validity of the degree condi-
tion (16).

Figure 5 shows the relative error €4 of eigenvalue den-
sity f/(\") () for different average degrees oay,. In this figure,
we also show the result for all link weights w(i, j) = 1 for
reference. Since n is finite, relative error €4 is not 0. We as-
sume that if the relative error €4 is almost equal to the result
forw(, j) = 1, f/(\")(/l) converges to fa (A1) asn — co. From
the results in Fig. 5, the relative error €4 decreases as average
degree Oavg increases, or as the Pareto index « increases.
The result is consistent with the results shown in Figs. 2 and
3. Hence, the degree condition (16) is valid. Moreover, the
relative error €4 for @« = 5 is almost the same as the that
for w(i, j) = 1. Hence, if @ > 5, £\ (1) follows Wigner’s
semicircle law.
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Figure 6 shows spectral radius r and 7 calculated from
Eq. (18) for different average degree o,ys. In this figure, we
also plot the result for all link weights w(i, j) = 1 for ref-
erence. From Fig. 6, the spectral radius r almost coincides
with 7 except for @ = 3. Hence, spectral radius » can be cal-
culated accurately using Eq. (18) if the degree condition (16)
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is satisfied.

Figure 7 shows the relative error €, of 7 calculated from
Eq. (18) for different average degrees oay,. In this figure,
the result of all link weights w(i, j) = 1 is also plotted for
reference. According to Fig. 7, it is clear that relative error
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€, is small when the degree condition (16) is met, as with
the result shown in Fig.5. Hence, Eq. (18) is valid as the
approximate expression of the spectral radius r.

From the above results, we conclude that the degree
condition (16) and Eq. (18) derived in Sect. 3 are valid.

5. Related Work and Discussion

In [14], [15], weighted spectral distribution (WSD) was used
to analyze a network G with the eigenvalue distribution of
the normalized Laplacian matrix N. In [16], a method was
proposed to accelerate the calculation of WSD. WSD is given
by a set of ny elements calculated from the eigenvalues of
N, and it is specifically defined by

{(1 0" Fe(l=0)| 6 e 1<i< K}, (64)

where Fg (1) is the number of the eigenvalues in the interval
including A among n, intervals equally spaced in (0, 2]. In
the above equation, m is a positive integer, and €; is the
i-th interval ((2(i — 1)/ng,2i/ng] for 1 < i < ng. In [14],
[15], on the basis of WSD, distance 8,,(G, G») between two
networks G and G is given by

K
6m(G1,Gr) = 21(1—91')'"(176.(/1 =0;)-Fg (1 = 6:))°.
i=1

(65)

In [15], the characteristics of the Internet topology were clar-
ified using the distance 6,,(G1, G»). In this paper, we ex-
pounded upon the universality, that the eigenvalue distribu-
tion of N follows the semicircle distribution if the weighted
network G satisfies the degree condition (16). The univer-
sality supplied in this paper can be applied to the analysis
of WSD. For example, the semicircle distribution is used as
the standard eigenvalue distribution, and we define the mea-
sure using the distance between the eigenvalue distribution
of the weighted network G and the semicircle distribution as
in Eq. (65). Such a measure would be useful to analyze the
specialty of the weighted network G.

A power law is a property that appears in various actual
networks. In many studies (e.g., [17], [18]), the relation-
ship between the power law and network characteristics has
been analyzed. In [17], the first passage time of a ran-
dom walk was investigated in weighted scale-free networks,
where node degrees, link weights and weight degree follow
a power-law distribution. The analysis result showed that the
effect of the power law on the first passage time of a random
walk. In [18], the first meeting time of two random walks
was analyzed. It was shown that the first meeting time is
small when node degrees follow the power-law distribution.
In Sect. 4, a numerical example was shown using a weighted
BA network where link weights follow the power-law distri-
bution (Pareto distribution). According to the results shown
in Fig. 6, spectral radius r decreases as index a of the power-
law distribution increases. In [6], the information dissemi-
nation time in social networks was shown to increase as the
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spectral radius r increases. From the results shown in this
paper and [6], the relationship between the power law in the
link weight distribution and the information dissemination
time can be understood.

6. Conclusion and Future Work

In this paper, we clarified Wigner’s semicircle law for a
weighted network G on the basis of random matrix theory.
This law indicates that if G with n nodes satisfies the de-
gree condition (16), the eigenvalue density of the normalized
Laplacian matrix N converges to the semicircle distribution
determined by the approximated spectral radius 7, as n — oo.
Using Eq. (18), we can calculate 7 from a few network statis-
tics (the average degree, average link weight, and square
average link weight). Hence, the eigenvalue distribution of
N can be obtained from these network statistics without giv-
ing all the matrix elements N (i, j) accurately. Our results
provide a new method to analyze a weighted network G using
spectral graph theory and random graph theory.

Analyzing and designing actual networks using
Wigner’s semicircle law, as clarified in this paper, is an
interesting future study. In particular, the characteristics of
the information dissemination on social networks will be in-
vestigated, and they can aid the design of the social media to
control the speed of the information dissemination.
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