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Abstract

Complex networks are made up of vertices and edges. The edges, which may be
directed or undirected, are equipped with positive weights. Modeling complex sys-
tems that consist of different types of objects leads to multilayer networks, in which
vertices in distinct layers represent different kinds of objects. Multiplex networks are
special vertex-aligned multilayer networks, in which vertices in distinct layers are
identified with each other and inter-layer edges connect each vertex with its copy in
other layers and have a fixed weight y > 0 associated with the ease of communication
between layers. This paper discusses two different approaches to analyze communica-
tion in a multiplex. One approach focuses on the multiplex global efficiency by using
the multiplex path length matrix, the other approach considers the multiplex total com-
municability. The sensitivity of both the multiplex global efficiency and the multiplex
total communicability to structural perturbations in the network is investigated to help
to identify intra-layer edges that should be strengthened to enhance communicability.

Keywords Multiplex network - Network analysis - Total communicability -
Global efficiency - Sensitivity analysis - Multiplex path length matrix

Mathematics Subject Classification (2010) 65F15 - 65F50 - 05C82

1 Introduction

Multilayer networks arise when one seeks to model a complex system that contains
connections and objects with distinct properties; see, e.g., [17,24]. Multiplex networks,
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or briefly multiplexes, are special multilayer networks in which vertices in distinct
layers are identified with each other, i.e., every vertex in some layer has a copy in all
other layers and is connected to them. Connections between vertices in distinct layers
are furnished by inter-layer edges that connect instances of the same vertex in different
layers; connections between vertices in the same layer are represented by intra-layer
edges.

Let the multiplex have L layers and let the graph for layer £ have N vertices. This
graph is represented by an adjacency matrix A(©) = [a(e)]l =l whose entry a(e)
positive if there is an edge from vertex v; to vertex v; in layer ¢; if there is no such edge,

then a;’ = 0. The graph is said to be undirected if a; = a'y forall 1 < i, j < N
otherw1se the graph is directed. When a([) > 0, this quantity is the weight of the edge

from vertex v; to vertex v; in layer £; we denote this intra-layer edge by e(v — ve) A
graph is said to be unweighted if all nonvanishing edge-weights equal one; otherw1se
the the graph is weighted. All matrices A, 1 < ¢ < L, that make up a multiplex
are of the same size and all inter-layer edges are undirected and have the same weight
y > 0.

Applications of multiplexes include modeling transportation networks that are made
up of train and bus routes, where the train routes and bus routes define intra-layer edges
in different layers, and the train stations and bus stops define vertices with diverse
properties. The weight of an intra-layer edge may account for the time needed to
travel along the road or rail represented by the edge, while the weight y of the inter-
layer edges may model the average time spent transferring between a train station and
an adjacent bus stop; see, e.g., [5].

A multiplex with N vertices {v, va, ..., vy} and L layers may be represented by
a third-order adjacency tensor A € RV*N*L and a parameter y. The horizontal slices
of the tensor are the adjacency matrices A® je, A= [algf)]i,j=l,2,--»,N, (=12....L
This multiplex also may be represented by a supra-adjacency matrix B € RNEXNE
with N x N blocks, where the adjacency matrix A® is the ¢th diagonal block, for
£=1,2,..., L,and every off-diagonal block, in position ({1, £;) for 1 < 1,4, < L
and £1 # €>, equals y Iy with the same y > 0. The off-diagonal block in position
(€1, £2) represents the inter-layer connection between the layers ¢ and £;. Thus,

B = B(y) =blkdiag[AD, AP, ... APy 1l @Iy —Inp), (D)

where ® denotes the Kronecker product. Here Iy € RNXN is the identity matrix, and
1, =[11,...., 11" € RE; see [17].

In a weighted multiplex, the edge-weights depend on the network model. In this
paper, the weight associated with each intra-layer edge accounts for its “importance”,
e.g., the number of flights along the route modeled by the edge, or the width of a
highway segment modeled by the edge. Then the larger the edge-weight, the easier
is the communication between the vertices that are connected by the edge. As an
example, let there be an edge e(vf — vf) with weight a l.(f). If this weight equals the
number of flights from vertex v; to vertex v; offered by airline ¢, then the reciprocal
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weight, 1 /ai(f), may be considered the average wait time between flights with this

airline along this route. Then doubling the number of flights along a route corresponds
to halving the wait time between flights along the edge.

We will need the notions of path and walk in a multiplex. A walk with k + 1
vertices is a sequence of vertices v;,, vj,, ..., Vi, and an associated sequence of k
intra-layer edges e(vfl‘ — vle )yt e(vfkh — vfkh ) connected by / inter-layer edges,
with 1 < h < k. The length of the walk defined by these vertices and edges is the sum
of the reciprocal weights of the edges that make up the walk. Vertices and edges of a
walk may be repeated. A path is a walk in which no vertex is repeated. Let there be a
path from vertex v; to vertex v;. Then the distance d(v;, v;) from vertex v; to vertex
v; is the length of the shortest path from vertex v; to vertex v; measured by the sum
of the reciprocal weights of the edges of the path. If the multiplex is unweighted and
y = 1, then d(v;, v;) is the number of edges in a shortest path from v; to v;. Note
that d(v;, v;) may differ from d(v;, v;); in fact, some distances might not be defined.

It is of interest to determine the ease of communication between vertices in a
network in a well-defined sense. We consider two approaches in our analysis of the
communication in a multiplex:

1. Construct the multiplex path length matrix P = P(y) = [p;;] le: | (to be defined

in Section 3) and consider the multiplex average inverse geodesic length,

1

1
eA) = g 3 —,
AT NN = ,.%,. Pij

which we will refer to as the multiplex global efficiency; see[1,29]. In this approach
an edge e(vl’.Z — vf) is considered important when it is efficient to transmit infor-
mation along the edge, e.g., if several paths of short length end at vertex v; and/or
several paths of short length start at vertex v;. We will refer to this technique as
the efficiency approach.

2. Consider the multiplex total communicability, which is defined by

tep(y) = 15, expo(B) 1y,

where exp(B) is the modified exponential matrix, with exp, () = exp(¢) — I; see
[2, 4, 20]. In this approach an edge e(vie — vf) is considered important when it is
popular in transmitting information, i.e., when vertex v; has several in-edges with
large weight in layer £ and/or vertex v; has several out-edges with large weight in
layer £. This technique will be referred to as the popularity approach.

To assess the sensitivity of a measure of communication between the vertices to
perturbations in intra-layer edge-weights, we analyze the “structured” sensitivity to
changes of the positive entries of the tensor .4 to determine which intra-layer edges
should be strengthened to enhance the global efficiency or the total communicability
the most.
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It is the purpose of the present paper to discuss and compare two approaches to
analyze communication in a multiplex. The efficiency approach focuses on the multi-
plex global efficiency by using the multiplex path length matrix. This way to analyze
multiplex networks was introduced in Noschese and Reichel [29]. We remark that in
Noschese and Reichel [29] the weight associated with each intra-layer edge accounts
for some kind of “distance”, e.g., the time required to travel from one location to
another, the geographic distance between the locations associated with the vertices
that are connected by the edge, or the cost of traversing along the edge. Consequently,
in Noschese and Reichel [29] the length of a walk is defined as the sum of the weights
of the edges that make up the walk. In the present paper, the length of a walk instead
is defined as the sum of the reciprocal weights associated with the edges of the walk.
This results in a novel derivation of the multiplex path length matrix, which is used
in the computation of the multiplex global efficiency. New bounds for the latter are
derived.

We also consider the multiplex total communicability and approximate this quantity
by the multiplex Perron communicability, which was defined in El-Halouy et al. [20].
The application of this measure is referred to as the popularity approach. The multiplex
global efficiency and the Perron communicability help us identify intra-layer edges
that should be strengthened to enhance communicability in the network.

We are interested in comparing the efficiency and popularity approaches. In particu-
lar, we would like to study how sensitive the multiplex global efficiency and the Perron
communicability are to perturbations of the multiplex network. Related investigations
of single-layer networks are presented in [18, 30].

This paper is organized as follows. In Section 2 we discuss how the sparsity struc-
ture of the multiplex network can be exploited for sensitivity analysis. Sections 3 and 4
focus on the efficiency and popularity approaches, respectively. Numerical exam-
ples that compare the efficiency and popularity approaches are reported in Section 5.
Section 6 contains concluding remarks.

It is a pleasure to dedicate this paper to Michela Redivo-Zaglia. She has made
important contributions in many areas of computational mathematics including the
solution of linear discrete ill-posed problems, handling breakdown in the Lanczos
method, tensor and network computations, extrapolation, sequence transformation,
and also written papers and books on the history of mathematics; see, e.g., [7-14].

2 Structured multiplex Perron sensitivity analysis

The following notions form the basis for our sensitivity analysis of multiplex net-
works. Let the matrix A € RV*" be nonnegative and irreducible. Then it follows
from the Perron-Frobenius theory that A has a unique eigenvalue p > 0 of largest
magnitude (the Perron root) and that the associated right and left eigenvectors, x and
y, respectively,

AX = px, vyl A = py”,

can be normalized to be of unit Euclidean norm with all components positive. They are
referred to as Perron vectors. Let E € RV*" be a nonnegative matrix of unit spectral

@ Springer



Numerical Algorithms

norm, ||E|l2 = 1. Introduce a small positive parameter ¢ and denote the Perron root
of A+ ¢E by p + ép. Then

T

E
yTX~I-(’)(82) as ¢\, 0
yI'x

Sp=¢

and ’ ’
y Ex |y’ EX| - Iyl Ell2lIxll2 1

yi'x yi'x — y7'x o yTx

with equality attained when E is the Wilkinson perturbation Wy = yx! associated
with p; see [32]. The quantity y%x is referred to as the condition number of p and

denoted by « (). We note that the spectral norm may be replaced by the Frobenius
norm.

Consider the cone S of all nonnegative matrices in RN >V with a given sparsity
structure and let M|s denote a matrix in S that is closest to a given nonnegative
matrix M with respect to the Frobenius norm, i.e., M|s is the projection of M onto
the cone S. Then M|s is obtained by setting all the positive entries of M outside the
sparsity structure S to zero.

Let E € S be a nonnegative matrix of unit Frobenius norm, ||E||f = 1. Then

y' Ex _ |y"Ex| 2 IYlMWaIsllFlixl2 _ [1Walslie

y'x  y'x ~ y'x o y'x

with equality for the structured analogue of the Wilkinson perturbation Wy,

_ Wals
IWnIsllF

This is the worst-case perturbation for the Perron root p induced by a unit norm matrix
E € §; see [27]. The quantity

IWnisllF
Kstruct(p) — yT—x = K(,O)||WN|S||F (2)

is referred to as the structured condition number of p. It satisfies k"™ (p) < k(p).

Assume that the matrix A1 := ZL] A® is irreducible. Then also the supra-
adjacency matrix B is irreducible. To determine which edge-weight(s) should be
increased to enhance communicability the most, we apply the Perron-Frobenius the-
ory.

1. As for the efficiency approach, we analyze the Wilkinson perturbation Wy asso-
ciated with the Perron root of an N x N efficiency matrix (defined in Section 3.3),
projected onto the cone Sy+ € RY*N of all nonnegative matrices with the same
sparsity structure as A™.
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2. As for the popularity approach, we analyze the Wilkinson perturbation Wy, asso-
ciated with the Perron root of the supra-adjacency matrix, projected onto the cone
Sp, € RNLXNL of 3]l nonnegative matrices with the same sparsity structure as
By := blkdiag[AD, ... AD)].

3 The efficiency approach

This section introduces the path length matrix for multiplexes and describes how it
can be applied to determine the importance of an edge. The sensitivity of the edge
importance to perturbations of the weights is investigated.

3.1 The multiplex 1-path length matrix

To construct the multiplex path length matrix P = P (y) associated with the given mul-
tiplex network, we first introduce the third-order tensor P = [ pi(f)]i, j=1,2,...N, €=1,2,....L

€ RVXNXL with entries

0, if i =],
[/ ¢ . {
pl-(j) = l/ai(j), if al.(j) > 0,
00, otherwise.

Then define the multiplex 1-path length matrix

(&)

1 _ 19N . 1 _ .
P = [Pij],'h,'zla with Dij —e_mzm Lpij .

=12,..,

The entry P,'lj with i # j represents the length of the shortest path from vertex v; to
vertex v; made up of a single intra-layer edge, or equals infinity if there is no edge in

any layer from vertex v; to vertex v;. For example, let al.(f) be the number of direct

flights from vertex v; to vertex v; offered by airline £. Its reciprocal 1 /ai(tf) can be
interpreted as the average wait time between these flights. The extra-diagonal entry
pl.ll j then either represents the average wait time for any direct flight or equals infinity
if no airline offers a direct flight.

3.2 Constructing the multiplex K-path length matrix

We discuss how to construct the multiplex K -path length matrix PX = PK(y) =
[ pilj(. ]f\” =1 whose entry pl.lj{ with i # j is the length of the shortest path from vertex
v; to vertex v; made up of at most K intra-layer edges. An analogous path length
matrix has previously been introduced in Noschese and Reichel [28] to investigate
single-layer networks. The diagonal entries of PX are zero by definition. We note that
the multiplex path length matrix P = [pij]f\,/jzl satisfies P = PN ~1(y), because in

a multiplex path, the number of intra-layer edges is at most N — 1.
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The construction of the multiplex K -path length matrix uses min-plus matrix mul-
tiplication, i.e., we carry out matrix multiplication in the tropical algebra; see [25]:

C = AxB : Cij =h_1mzin N{aih+bhj}’ 1<i,j<N,

where A = [aij]f\,]j:p B = [bij];\,,j:p and C = [c,-j]f\fj:l are real N x N matrices.
The multiplex K -path length matrix PX = [ pl.Ij. ] lN j=1 can be constructed by means

of min-plus powers of P!. For single-layer networks, i.e., when L = 1, the matrix

PK = [pl.lj(.]f\,’j:1 isforl < K < N — 1 given by

K __ . K—1 1 AP .
Dij —hzlr’n;’f.le{P,'h +Phj}, ifi # j,

and pg = 0 otherwise; see [28]. When determining the entry pilj(. for a multiplex, one
has to include the cost 1/y for each layer switch in the sum of the reciprocal weights
of intra-layer edges of a path, because all intra-layer edges of a shortest path of a
multiplex do not necessarily belong to the same layer. In order to see if such switching
cost is relevant, one takes into account the layer of the last edge (i.e., the intra-layer
edge from the penultimate vertex to the last vertex) of all shortest paths from vertex v;
to vertex vy made up of at most K — 1 edges (in case 0 < pilz_l < 00). Only if there

exists an edge from vertex vy, to vertex v; in layer £ (i.e., if 0 < p;é) < 00) and such
layer is different from all the above mentioned layers, then the cost 1/y is included
in the computation of the length of the relevant path made up of at most K intra-layer
edges, because there is a layer-switch preceding the last intra-layer edge.

In this way the off-diagonal entries of the multiplex K -path length matrix PX =

[pi’](.]f\”jzl, for 1 < K < N — 1, are computed according to

K_ k-1, @&, Ld P , k-1, © , Lo

pij =P ~|—pﬁj + ;55 where (h, £) = argminy, ; {p;), + Pyt ;‘Sh 1,

with § }(f) = 0, if one of the following conditions holds:

pl.’;*1 =0,ie.,v; = vy,

pl.lfl_l = 00, i.e., there is no path from vertex v; to vertex v, made up of at most

K — 1 edges;

py; =0 forall £ =1,2,... L ie,v, =vj;

p%) =oo,forall¢ =1,2,...,L,i.e., there are no intra-layer edges from vertex

v to vertex Vj,

the intra-layer edge from vertex v to vertex v; with weight p,(fl.) belongs to the

same layer £ as the last edge of a shortest path made up of at most K — 1 edges
from vertex v; to vertex vy of length pili_l,

and Sl(f) = 1 otherwise; see [29].
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3.2.1 Min-plus powers versus powers

Consider for ease of discussion an undirected and unweighted single-layer network,
i.e., a simple graph. Let A = [a; j]f\f =1 be the adjacency matrix for the graph and
define its hth power A" = [al.(;')]f\f =1 The entry al.(}.') counts the number of walks
of length i between the vertices v; and v;. Estrada and Rodriguez-Velazquez [22]
defined the communicability between the vertices v; and v; fori # j as the (i, j)th

entry of the matrix
Ak
expo(A) = ) oo 3)

h=1

The rapid growth of the denominator with / ensures that the expansion converges and

that terms ’2—’,1 with £ large contribute only little to expy(A). This is in agreement with
the intuition that messages propagate better along short walks than along long ones.
The (i, i)th entry of the sum (3) is commonly referred to as the subgraph centrality of
vertex v;; see [22]1.

We turn to the min-plus power PX . The (i, j)th entry of PX gives the length of the
shortest path between the vertices v; and v; made up of at most K edges, i.e., it counts
the number of edges of such shortest paths (since the graph is unweighted). Compare
with the K'th partial sum Zle A" /h!, whose (i, j)th entry is related to the number of
walks between v; and v; made up of at most K edges. Thus, when considering the path
length matrix P instead of exp,(A), one emphasizes the availability of a short shortest
path more than the availability of several paths that can be used for communication,
thus focusing more on efficiency than popularity.

3.3 Estimating the multiplex global efficiency

For 1 < K < N — 1, we introduce the multiplex K -efficiency matrix Pfl =

[ pl.lj.’_l ] I{szl. It is obtained by replacing the off-diagonal entries of the K-path length

matrix PX by their reciprocals, i.e.,
K’_l : . . .
Pij =1/pf. 1<i.j<N, i#]

Moreover, we define the multiplex global K -efficiency

1 1 1
K T pK
_——2:__——1 P 1y,
ex(y) N(N—l)ij#ipilj(. NN —1) N =17V

with 1/00 identified with 0; see [29].

L' In [22] exp(A) is used instead of expy(A), but the term 7y has no natural interpretation in network
modeling.
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For the multiplex global efficiency e 4(y), one has

1 1 1
eAly) = —— — =——— 1P 1y,
MN—DZ:Mj NN -1V

INES!

where P_; will be referred to as the multiplex efficiency matrix. The following result
shows how we can estimate the multiplex global efficiency.

Proposition 1 The multiplex global K -efficiency, for | < K < N — 1, satisfies the
inequality
1 2 N-1 _
eq(y) ey(y) <---<ejy™ =eqly).

Proof The proof follows by observing that by construction Pfl < Ple, for1 <
K <N —l,and that P_; = P! o

3.4 Increasing the multiplex efficiency

We would like to identify the intra-layer edges that should be strengthened to enhance
the multiplex global efficiency the most and will refer to these edges as “efficient”.
Consider the nonnegative vectors h;, € RY and hyy € RY defined as follows: the ith
entry of the former is the harmonic in-centrality Y hati 1/ pni of vertex v; and the ith
entry of the latter is its harmonic out-centrality Zh#i 1/ pin; see [1]. The following
results hold.

Proposition 2 For the multiplex global efficiency and the harmonic in- and out-
centralities, we have

1 1
e = ——|hjy|li = ———1|h .
AW) N(N—l)” inll1 N(N—l)” outll1
Proof Since all the entries of the multiplex efficiency matrix P_; are nonnegative
quantities, one has that every entry of both harmonic in- and out-centrality vectors
equals its modulus. Thus, the equalities |hip|l1 = |[houll1 = IIT\,P,llN give the
desired equality. O

Proposition 3 For the Perron root of the multiplex efficiency matrix and the harmonic

in- and out-centrality vectors, one has

p = min{[hinleo, [hout lleo}-

Proof One can see that || P_1]|; = ||hin]loo and || P—1]lcc = |hout | co- Since the spectral
radius is less than or equal to any natural matrix norm, it follows that p < || P_1||;
and p < || P—1|lco- This yields the desired inequality. m]

Proposition 4 For the Perron root of the multiplex efficiency matrix and the multiplex
global efficiency, one has

p < NNV = Dealy).
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Proof By Proposition 3, both p < ||hj,||; and p < ||hoy |1 hold, having observed that
for any vector z one has ||z|| o < ||Z||1. The proof now follows by Proposition 2. 0O

The above results lead us to expect that the multiplex global efficiency increases
the most by increasing the edge-weights that make p increase the most. We therefore
should strengthen the existing edges e(vfZ — vf), for ¢ = 1,2..., L, determined

by the (i, j)th entry of AT = Zle A® that corresponds to a largest entry of the
Wilkinson perturbation Wy associated with p, projected onto the cone Sy +.

Since multiplexes typically have a large number of vertices, we focus on techniques
that are well suited for large-scale networks. In case the computation of the path length
matrix P = PV~ is too expensive to be attractive, one may instead consider the
Perron root px of the multiplex K -efficiency matrix Pfl and the associated Perron
vectors Xg and yx, and determine the Wilkinson matrix Wj{f = ny};, forl < K <
N — 1 large enough, to identify edges whose strengthening may be advantageous;
see [30]. This leads us to propose to strengthen existing edges e(vf — vf), for
£=1,2,..., L, determined by the (i, j)th entry of AT that correspond to a largest
entry of the Wilkinson perturbation W]IV( projected onto the cone S4+. The following
result motivates this approach.

Proposition 5 One has px < px+1 < p,forl <K <N — 1.

Proof The proof follows by observing that Pfl < Pfl“, forl < K < N—1,and
that P_; = PN, O

Moreover, consider the vector hiﬁ e RY whose ith entry is the harmonic Kjy-

centrality ), ; 1/ pK of v; and the vector h& € RN whose ith entry is its harmonic

Koui-centrality D, £i 1/ pl.li; see [30]. The following propositions can be shown sim-
ilarly as Propositions 2, 3, and 4.

Proposition 6 For the multiplex global K -efficiency and the harmonic Kin- and K gy-

centralities, the following equalities hold

1
IhE ) = ———h& 1, 1<K <N-1

K —
e.A(y) - N(N _ 1) out

N(N —-1)

Proposition 7 For the Perron root of the multiplex K -efficiency matrix and the har-
monic Kiy- and Kqy-centralities one has, for1 < K <N — 1,

. K K
px < min{|lhy; o, [hgylloo}-

Proposition 8 For the Perron root of the multiplex K -efficiency matrix and the multi-
plex global K -efficiency one has, for1 < K < N — 1,

pk < N(N — DeX ().

The multiplex global K -efficiency is expected to increase the most by increasing the
edge-weights that make the Perron root pg increase the most. In fact, when analyzing
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P fl, for 1 < K < N — 1, we prefer to consider the eigenvector centrality over the
degree, that is to say, the ith entry of yx instead of the in-degree of vertex v; (its
harmonic Kj,-centrality) and the jth entry of xg instead of the out-degree of vertex
v; (its harmonic Koy -centrality); see, e.g., [6, 21, 26] for discussions on eigenvector
centrality.

4 The popularity approach

This section considers the multiplex Perron communicability and discusses how it
can be used to determine the importance of an edge. The sensitivity of this measure
to perturbations of the weights is studied. The multiplex Perron communicability has
prviously been described in El-Halouy et al. [20]. It is the aim of the present paper to
compare the performance of the techniques of this section and Section 3.

The evaluation of the matrix expy(B) is very time-consuming when the supra-
adjacency matrix B is large. We therefore are interested in estimating the multiplex total
communicability without calculating exp, (B) by using the Perronroot p of B = B(y),
the associated Perron vectors x and y, and the Wilkinson matrix Wy, = yx!. We
propose to approximate rcg(y) = IIT\, 1 €Xpo(B) 1y by means of the multiplex Perron
communicability

Peg(y) = expo(p) Iy Wi lve,

which is much easier to compute; see [18, 20] for related discussions. The following
result holds.

Proposition 9 [18] If the Perron root p of B is significantly larger than the magnitude
of the other eigenvalues of B, then

teg(y) ~ k(p)Pcp(y).

Thus, tcp(y) depends on Pcp(y) and the conditioning of the Perron root p. In
the special case of an undirected network, the Perron vectors x and y coincide and,
therefore, « (p) = 1/y”x = 1. Under the assumption of Proposition 9, we then obtain
that

teg(y) =~ Pcp(y).

Additionally, since 1](”‘ Wyirlnr = IIx|l1]lyll1 and, Vz € C", one has ||z|2 < ||z]|; <
/1|1z||2, the following bounds for the multiplex Perron communicability hold.

Proposition 10 [18]
expg(p) < Pcp(y) < NLexpy(p).

Typically, expy(p) > N L. Therefore, it suffices to consider exp,(p) to determine
whether the multiplex Perron communicability is large or small.

@ Springer



Numerical Algorithms

4.1 Sensitivity of multiplex total communicability

We would like to identify the intra-layer edges that should be strengthened to enhance
the multiplex total communicability the most. The canonical way to identify the entries
of the block-diagonal portion of the supra-adjacency matrix (1), whose weights should
be increased, is to evaluate the Fréchet derivative Lexp, (B, E) € RNLXNL gt B =
B(y)inthedirection £ = e; eJT € RVNLXNL o1 < i, j < NL.TheFréchetderivative
L¢(B, E) of a function f at the matrix B in the direction E is defined as

f(B+E)=f(B)+Ls(B,E)+o(l|E|2) as [El|2— 0;

see, e.g., [23, 30, 31]. We are interested in determining intra-layer edges that have large
weights, whose modification results in a relatively large change in the total communi-
cability. Note that the sensitivity in the direction e; elT, i.e, 15, Lexp, (B. € eJT)l NL, 1S
eiTLexp(, (BT 1yL lgL)ej; see [31]. However, the evaluation of Lexp, (BT 151 lﬁL)
is very demanding (about 8 times more arithmetic floating point operations than the
evaluation of exp(B)).

We remark that one could approximate the gradient of zcp(y) by using Arnoldi
or Lanczos decompositions, as proposed for large-scale single-layer networks in [30,
31]. In the following subsection, we focus on another approach, that takes into account
the multiplex Perron communicability. The computations required are quite straight-
forward and not very demanding also for large-scale problems.

4.2 Increasing the multiplex communicability

We propose to determine the intra-layer edges with large weights whose modification
yields a relatively large change in the Perron root p of the supra-adjacency matrix
B. These intra-layer edges should be strengthened to enhance the multiplex Perron
communicability the most. We will illustrate that modifications of the weights of the
intra-layer edges identified by this technique give a relatively large change in the
multiplex total communicability.

Following [30], we construct an “importance vector” by multiplying the positive
entries of

By = blkdiag[AV, ..., AD)]

element by element by the corresponding entries of Wy | S, where Sp, C RNLXNL

is the cone of all nonnegative matrices with the same sparsity structure as By, and
then choose the weights ai@ € A that correspond to the largest entries of this vector.
Since supra-adjacency matrices typically are quite large, one generally computes their
right and left Perron vectors by an iterative method that only requires the evaluation
of matrix-vector products with the matrix B, and its transpose. Clearly, one does not
have to store By, but only A, to evaluate matrix-vector products with the matrix By

and its transpose.
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To estimate the potential for increase in communicability, we propose to also eval-
uate an approximation of the structured multiplex Perron communicability, which is
defined by

Pc™(y) = expo(p) 13, WL S, INL-

The following result holds.

Proposition 11
P (y) < Pep(y).

Proof The proof follows from the inequality Wy | Sp, = WnL. O

Due to Proposition 10, we have Pc%‘“‘“(y) < NLexpy(p). This bound can be
refined as the following result shows.

Proposition 12

struct( )
P struct <NLe K p .
cg(y) = XPo(P)—K(p)
Proof Since IK,LWNLLSBQ, Ine = llvec(Wnils )i = NLIIWnNL|sy, |IF, we have

struct

the upper bound Pcp™(y) < NL expo(,o)||WNngBd lF. The proof follows by

observing that k3% (p) = «(p) || WnLlsy, lIF: of. (2). O

5 Numerical tests

The numerical tests reported in this section have been carried out using MATLAB
R2024a on a 3.2 GHz Intel Core i7 6 core iMac. The Perron root, and the left and
right Perron vectors for small to moderately sized networks can easily be evaluated
by using the MATLAB function eig. For large-scale multiplexes, these quantities can
be computed by the MATLAB function eigs or by an Arnoldi algorithm (one-sided or
two sided).

5.1 Single-layers networks

In the simple case when L = 1, the supra-adjacency matrix B, the third-order tensor
A, as well as By and A*, reduce to the adjacency matrix A € RY*N for the given
single-layer network. Also, Sy+ = Sp, = Sa. Nevertheless, a few comments about
the well-known Air500 and Autobahn data sets may be of interest to a reader since
these networks allow simple illustrations of the concepts of efficiency and popularity.

Example 5.1 (Air500 data set) Consider the adjacency matrix A € R390>3%0 for the
network Air500 in [19]. This data set describes flight connections for the top 500
airports worldwide based on total passenger volume. The flight connections between
airports are for the year from 1 July 2007 to 30 June 2008. The network is represented
by adirected unweighted connected graph G with N = 500 vertices and 24009 directed
edges. The vertices of the network are the airports and the edges represent direct flight
routes between two airports.
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The global efficiency is es = e%° = €3 = 4.8392 - 107!, see [29, Example 5],
and the total communicability is fc4 = 1.9164 - 1038, The Perron communicability is
Pcy = 1.9132 - 1038, The flight connection from the Frankfurt FRA Airport (vertex
v161) to the New York JFK Airport (vertex vz4) is more efficient than the flight
connection from New York JFK Airport (vertex vzz4) to the Atlanta ATL Airport
(vertex v24), i.e., strengthening the former edge has a larger impact on the global
efficiency than strengthening the latter edge. The latter edge is the most popular edge,
i.e., increasing the weight for this edge increases the total communicability the most.
The former edge appears in several shortest paths that connect airports, while the
latter picks up travelers from several major airports and transmits them to several
major airports. Note that the information provided by the efficiency matrix is the same
as the one given by PEI, so that the perturbation that increases the global 2-efficiency
the most also increases the global efficiency the most; cf. Table 1.

Example 5.2 (Autobahn data set) Consider the undirected unweighted graph G that
represents the German highway system network Autobahn. The graph, which is avail-
able at [19], has N = 1168 vertices representing German locations and 1243 edges
representing highway segments that connect them. Therefore, the adjacency matrix
A e R68x1168 for this network has 2486 nonvanishing entries.

The global efficiency is e4 = 6114167 = egz = 6.7175 - 1072; see [29, Example 6].
The total communicability is 7c4 = 1.2563 - 10* and the Perron communicability is
Pca = 2.2448 - 103. The highway segment that connects Duisburg (vertex v19) and
Krefeld (vertex vsgs) turns out to be more efficient than the highway segment that
connects Duisburg (vertex vz19) and Diisseldorf (vertex v217), which instead turned
out to be the most popular edge. Note that the information provided by the efficiency
matrix is the same as the one given by P* 1» so that the perturbation that increases the
global 4-efficiency the most also increases the global efficiency the most; cf. Table 2.

5.2 Multiplex networks

The computations in this subsection use the two-sided Arnoldi method described in
Zwaan and Hochstenbach [33].

Table 1 Air500 data set

K (h, k) K

5 (161, 224) 4.8392- 107!
4 (161, 224) 4.8387 - 107!
3 (161, 224) 47909 - 107!
2 (161, 224) 3.6044 - 107!
1 (224, 24) 9.6228 - 102

Indices chosen by the procedure are shown in the second column
and the global K-efficiency is displayed in the third column for
K=12,...,5

@ Springer



Numerical Algorithms

Table 2 Autobahn data set

K (h. k) K

62 (565.219) 6.7175- 1072
5 (565,219) 7.9991 1073
4 (565,219) 618231073
3 (219,217) 4.6017-1073
2 (693, 543) 320821073
1 (219,217) 1.8238- 1073

The second column shows indices chosen by the procedure for K =
1,2,...,5and K = 62, and the third column displays the global
K -efficiency

Example 5.3 (European airlines data set) We consider the undirected, unweighted, and
connected network consisting of N = 417 vertices that represent European airports
and L = 37 layers that represent different airlines operating in Europe. Each edge
represents a flight between airports. The network can be downloaded from [3]. In this
multiplex all the maximal shortest paths are made up of 7 intra-layer edges and 2 layer
switches, with y = 1 that reflects the effort required to change airlines for connecting
flights. Thus, for any K > 7, one has e (1) = ef‘(l) with

1 1
ea)= —— 3 — —0.3477.
AT N =D ,-%i Pij

For all K > 3, the largest entries of W,I\f |5A . correspond to the route between vertices
v40 and vys. Thus, the information provided by the multiplex efficiency matrix P_;
is the same as the information given by P> 1» so that the perturbation that increases
the multiplex global 3-efficiency the most is the same that increases the multiplex
global efficiency the most; cf. Table 3. This indicates that the Perron root p of P_;
may be increased the most by doubling the number of flights between the Barcelona

Table 3 European airlines data

ot K (h, k) K
7 (40, 15) 3.4766 - 107!
6 (40, 15) 3.4766 - 107!
5 (40, 15) 3.4746 - 107!
4 (40, 15) 3.4416 - 101
3 (40, 15) 3.1949 - 107!
2 (38, 15) 1.8393 . 107!
1 (38, 15) 3.4046 - 1072

Indices chosen by the procedure in the second column and multiplex
global K -efficiency in the third column for K =1,2,...,7
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(vertex v40) and Amsterdam (vertex vis) airports. The airlines that operate this route
are EasylJet (layer 3), KLM (layer 9), Vueling (layer 21), and Transavia Holland (layer
27), all with the same number of flights.

Increasing the number of flights of each airline by 25 percent, so as to increase by
one the total number of flights on the route, yields the perturbed third-order adjacency
tensor .4 and the global efficiency

1

1
ei(l) = ——— — = 0.3480.
AN - ,-% bij

As for the popularity approach, one has
tep(1) =14, expy(B)1yz = 2.4930 - 107,

The Perron root p = 38.3714 of B (with exp,y(p) = 4.6183 - 10'%, k(p) = 1 and
kS (p) = 5.3310-1072) is significantly larger than the other eigenvalues. We obtain

Pep(1) = expy(p) 15, Wyr1nz = 1.9637 - 10%,
Peg(1) = expy(0) 1y, WL lsy, Ine = 14733 - 10",

The largest entries of WNL|SBd correspond to edge e(v%8 < v%). This indicates
that the Perron root may be increased the most by doubling the number of flights
operated by Lufthansa airline between the Munich (vertex v3g) and Frankfurt (vertex
vp) airports. Note that Lufthansa (layer 1) is the only operating company for this route.
For the perturbed supra-adjacency matrix B one has the Perron root 0 = 38.3798,
with expy(p) = 4.6572 - 10'®, and

tez(1) =15, expo(B) 1y = 2.5056 - 10%.
Finally, we observe that
e 7(1)=0.3479 <0.3480=e 7(1); tcj(1)=2.4972-10% <2.5056 - 10** =rc5(1).

Example 5.4 (London transportation data set) Consider the undirected, weighted, and
connected network consisting of N = 369 vertices that represent train stations in
London and L = 3 layers that represent the networks of stations connected by

1. Tube - All underground lines (e.g., District, Circle, etc) aggregated;
2. Overground;
3. Docklands Light Railway (DLR).

Each intra-layer edge represents a route between stations. Data was collected in 2013.
The network can be downloaded from Bergermann [15].

In this multiplex all the maximal shortest paths are made up of 40 intra-layer edges
and 2 layer switches, with y = 1.
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Table 4 London transportation

data set K (h. k) eﬁ(l)
40 (185, 182) 1.1261 - 107!
10 (185, 182) 6.4761 - 102
9 (182, 39) 5.8334- 1072
8 (182, 39) 5.1699 - 102
7 (182, 39) 449321072
6 (182, 39) 3.7978 - 102
5 (182, 39) 3.1098 - 102
4 (185, 182) 245771072
3 (185, 182) 1.8541 - 1072
2 (182, 39) 1.2894 - 1072
1 (182, 39) 7.2464 - 1073

The second column shows indices chosen by the procedure for K =
1,2,...,10 and K = 40, and the third column displays the multiplex
global K -efficiency

Thus, for all K > 40, one has ef\(l) = e (1), with

1
eq(l) = mlﬁp_llN =0.1126.

Also, for all K > 10, the largest entries of WIIV{ | S+ correspond to the route between
vertices v1gs and v;gp; cf. Table 4. This indicates that the Perron root of the multiplex
efficiency matrix, p(P—1) = 46.5551, may be increased the most by adding a new
underground line to the 3 lines operating between the Euston Square (vgs) and King’s
Cross St. Pancras (vig2).

As for the popularity approach, one has

tep(1) =14, expy(B)1yL = 5.6238 - 10,

The Perron root p = 6.5138 of B (with expy(p) = 6.7341 - 102, k(p) = 1 and
kS (p) = 5.0028 - 10™1) is significantly larger than the other eigenvalues.

Pep(1) = expy(p) 15, Wyr1yr = 2.0831 - 10*

P (1) = expy(p) 117(,LWNL|SBd1NL = 1.6214 - 10°.

The largest entries of Wy, |33d correspond to the edge e(v%82 < v§9) in layer 1. This
indicates that the Perron root may be increased the most by adding a new underground
line to the 3 lines operating between King’s Cross St. Pancras (v1g2) and Farrington
Station (v39).
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Let us take into account both the efficiency and the popularity approaches, by adding
the underground line Euston Square - King’s Cross St. Pancras - Farrington Station.
As for the perturbed multiplex, one has the Perron root p(P_1) = 46.9491 and

ez(l) = 18P 11y =0.1132,

NN —1)

whereas, for the perturbed supra-adjacency matrix B, one has the Perron root o =
7.4155, expy(p) = 1.6606 - 10°, and

tez(1) = 15, expy(B) 1y, = 7.0644 - 10,

In the above examples, we used the Wilkinson perturbation associated with the
Perron root of B and projected onto Sp, (or associated with the Perron root of the
Pfl, for a suitable K, and projected onto Sy+) to determine the edge, such that a
change in its weight has the largest effect on the total communicability (or the global
efficiency) of the multiplex. If we are interested in identifying more than one edge,
whose weight should be changed to increase such measure of communication, then
we can either repeat the computations with the network obtained by having modified
one edge-weight or consider the edge that is identified by the second largest entry of
the same matrix.

6 Concluding remarks

Two measures of communicability in multiplex networks are considered: multiplex
global efficiency and multiplex total communicability. Their sensitivity to changes
in edge-weights is investigated. Approximations of both measures can be evaluated
also for large multiplex networks. They measure different aspects of communicability
and shed light on which edges should be strengthened (e.g., which roads should be
widened) to increase the communicability of the network the most. Application of
these concept to single-layer and multiplex transportation networks are presented.
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