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“This book presents an extremely valuable resource, the first of its
kind, for scientists and engineers in addressing all critical aspects of
interdependent power and transportation networks in a
well-organized and strategic manner.”
Prof. M. C. Frank Chang,
President of the National Chiao Tung University, Taiwan

“This book conducts an all-inclusive investigation of the
interdependent power and transportation networks. I highly
recommend this interesting book to those who are exploring futuristic
but realistic ideas.”
Prof. Oleg Prokopyev, Department of Industrial Engineering
University of Pittsburgh, USA;
Co-Editor-in-Chief, Optimization Letters

“The second volume of Sustainable Interdependent Networks depicts
a thorough path towards developing sustainable smart cities, as well
as introducing modern computational platforms to find the globally
optimum operation point of the interdependent power and
transportation networks.”
Prof. Sumi Helal, School of Computing and Communications,
Lancaster University, UK; Editor-in-Chief, IEEE Computer

“Sustainable Interdependent Networks Il succeeds to tackle the
future challenges of smart cities with the emphasis on interdependent
power and transportation networks. It is recommended to scholars
from electrical engineering, computer science, civil engineering, and
industrial engineering disciplines who seek to perform research in
the state-of-the-art interdisciplinary research areas.”
Prof. Jose C. Principe, Distinguished Professor,
Department of Electrical and Computer Engineering,
University of Florida, USA;
IEEE Fellow, AIMBE Fellow, IAMBE Fellow
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“This book bridges the gap between theory and practice by providing
a profound vision of interdependent networks. The second volume is
specifically zooming into smart electric grids and intelligent
transportation networks as subsets of smart cities. I would
recommend this book for researchers who are eager to work on
cutting-edge topics on the intersection of various disciplines,
including system engineering, electrical engineering, computer
science, and transportation engineering.”
Prof. Sartaj Sahni, Distinguished Professor,
Computer and Information Sciences and Engineering,
University of Florida, USA; IEEE Fellow, ACM Fellow,
AAAS Fellow, Minnesota Supercomputer Institute Fellow



Preface

Since the concept of Internet of Things leading to smart cities, smart grids, and
other technologies emerged, there has been a need to move towards a sustainable
way of utilizing the technologies. Researchers have tried to answer this question
on the emerging concern regarding the optimal operation of real-world large-scale
complex networks. A smart city is a vision of the top brass of researchers to integrate
multiple information and communication technologies in a secure fashion to manage
a city’s assets including transportation systems, power grids, distributed sensor
networks, water supply networks, and other community services. Our reliance on

vii



viii Preface

these complex networks as global platforms for sustainable cities and societies
as well as shortage of global nonrenewable energy sources has raised emerging
concerns regarding the optimal and secure operation of these large-scale networks.
Although the independent optimization of these networks leads to locally optimum
operation points, there is an exigent need to move toward obtaining the globally
optimum operation point of such networks while satisfying the constraints of each
network properly.

There has been an emerging concern regarding the optimal operation of power
and transportation networks. In the second volume of Sustainable Interdependent
Networks book, we focus on the interdependencies of these two networks, opti-
mization methods to deal with the computational complexity of them, and their role
in future smart cities. We further investigate other networks, such as communication
networks, that indirectly affect the operation of power and transportation networks.
Our reliance on these networks as global platforms for sustainable development
has led to the need for developing novel means to deal with arising issues. The
considerable scale of such networks, due to the large number of buses in smart power
grids and the increasing number of electric vehicles in transportation networks,
brings a large variety of computational complexity and optimization challenges.
Although the independent optimization of these networks leads to locally optimum
operation points, there is an exigent need to move toward obtaining the globally
optimum operation point of such networks while satisfying the constraints of each
network properly.

The book series, including the first volume that has been published in early
2018, aims at covering wide areas from theoretical toward practical aspects of
interdependent networks. Volumes I and II of this book cover different aspects of
interdependent networks categorized in the following five categories:

1. Classic Optimization and Control Problems—consisting of research articles from
outstanding researchers in the field that discusses and provides an insight into the
classical and theoretical problems that exist in optimization and control.

2. Efficient Methods for Optimization Problems in Large-Scale Complex Networks:
From Decentralized Methods Toward Fully Distributed Approaches—A more
advanced outlook and possible methodologies that could be incorporated in large
networks using various approaches are highlighted through manuscripts from
leading researchers in this field.

3. Modeling the Interdependency of Power Systems, Communication Networks,
Energy Systems (e.g., Gas, Renewables), Transportation Networks, Water Net-
works, and Societal Networks—The ways in which sustainable interdependence
can be achieved across the various networks that span the horizons of smart cities
are explained mathematically in terms of models that could be implemented. All
the articles in this section deal with the interdependency of at least two networks
that are an integral part of realizing a smart city.

4. Application of Power and Communication Networks: Co-simulation Platforms
for Microgrids and Communication Networks, and Smart Grid Test Beds—The
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various papers under this topic highlight the state-of-the-art technologies that are
in place in the area of smart grids.

5. Application of Sustainable Interdependent Networks in Future Urban Develop-
ment: The Tale of Smart Cities—This section constitutes papers that discuss the
aspects to be pondered in the future and the direction in which the current school
of researchers are heading toward realizing ideal sustained and interdependent
networks in the future.
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Chapter 1 )
Interdependent Networks from Societal Shethie
Perspective: MITS (Multi-Context

Influence Tracking on Social Network)

Ramesh Baral, S. S. Iyengar, and Asad M. Madni

Introduction

Overview

The real-world system can be represented in terms of multiple complex and
semantically coherent networks. The networks have some correlation among each
other and complement each other’s functionality. Such correlated networks are
termed as interdependent networks. The notion of a smart city can be represented
as an integration of several interdependent networks that can facilitate secured and
efficient management of a city’s assets, such as transportation, power grids, water
supply channel, distributed sensor networks, societal networks, and other services.
In this chapter, we introduce the societal perspective of interdependent networks,
where the users’ and locations’ networks are exploited to track the influential user
and location nodes.

The task of identifying and tracking influential nodes in the ever-growing
information networks is crucial to real-world problems that require information
propagation (e.g., viral marketing). The exploitation of social networks for influen-
tial node detection has been quite popular in the last decade. However, most of the
studies have focused on networks with homogeneous nodes (e.g., user-user nodes),
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and have also ignored the impact of relevant contexts. The information networks
have heterogeneous entities that are interconnected and complement each other’s
functionality. Hence, the classical techniques popular in modeling the spreading of
epidemics in simple networks may not be efficient.

We propose a model called MITS (Multi-context Influence Tracking on Social
Network) that represents the contextual exploitation of heterogeneous nodes (i.e.,
user-location nodes in Location-based Social Networks (LBSN)), formulates the
locality-aware spatial-socio-temporal influence tracking problem using Brooks-
Iyengar hybrid algorithm, and uses the geo-tagged check-in data to identify and
track the locality influence. The empirical evaluation of the proposed model on
two real-world datasets, using the Susceptible-Infected-Recovered (SIR) epidemic
technique, coverage, and ratio of affection metrics demonstrates a significant
performance gain (e.g., 10-85% on coverage and 14-39% on ratio of affection)
of the proposed model against other popular techniques, such as degree centrality,
betweenness centrality, closeness centrality, and PageRank.

Background and Motivation

The notion of a smart city can be represented using different complex interdependent
networks. The first volume of this book [1] presents the investigation of complex
and interdependent networks from both theoretical and practical perspectives,
including the networked control systems, graphics processing unit, smart cities,
dynamic social networks, electrified transportation networks, and sustainable cam-
pus development. There are many interesting real-world examples of interdependent
networks, such as power grid, transportation network, water supply channel,
communication network, societal network, the Internet and the World Wide Web,
points-of-interest network, phone call network, actor’s collaboration network, co-
authorship collaboration and citation network, genetic, metabolic, and protein
network, and many other relevant services [2—6]. An optimal and secured operation
of resources among these interdependent networks is needed to fulfill the goal of a
smart city. The flow of information among these interdependent networks can play
significant role on our daily life, for instance, the real-time tracking of traffic can be
propagated on social networks, helping travelers to select alternate routes, real-time
tracking of weather from distributed sensors can help residents to plan their outdoor
activities, tracking of information flow on social networks can help to identify
current trend and influential activities (e.g., trends on disasters, such as hurricane,
trends on disease spread, trends on political activities, etc.), the contextual analysis
of distributed sensor data can help in movement of disabled individuals [7], social
network analysis (e.g., social interaction of factory workers [8], phone calls [9],
communication networks on Internet [10], citation network [11]), interdependent
power and transportation networks [12], metabolic networks (e.g., understanding
cancer cell growth [13]), brain networks (e.g., study of brain dynamics [14-16]),
community detection [17], island evolution in large epitaxial systems [18], and
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so forth. Despite the usefulness, the structural complexity, dynamic network and
complexity, diverse nodes and connection are the major challenges behind the study
of complex networks [19]. The interdependent networks are functionally correlated
and the failure of a part of one network can have adverse impact on another. The
exploration of their failures (e.g., blackouts resulting from cascading failures of
power grid, communication systems, and financial transactions) and robustness are
also of great interest [20-30] in the research community.

The graph theory [31-33] is the classical framework applied to solve many
problems related to complex networks. The shortest path between nodes, clustering
index, the degree centrality [34, 35], betweenness centrality [36, 37], closeness
centrality [38], and k-shell decomposition methods [39] account for local or global
topological network structures (see section “Related Research” for detail). The
exploration of social interactions started in the early 90s [40]. The exploration of
student’s choice on the companions [41] and social interactions between factory
workers [8] are some of the early studies in social network analysis. The concept of
random graphs (randomly selecting a node to form a cluster with already selected
nodes) to analyze the topology of graphs [42] was used to model gene networks,
ecosystems of disease and computer viruses [43, 44]. The scale-free networks (mod-
eling the connectedness of nodes) are believed to be robust to random failures [45],
and were explored for therapeutic drugs [46] and metabolic networks [46, 47]. The
comprehensive studies from Boccaletti et al. [6] and Newman [48] present different
phases of development of complex and interdependent networks.

One of the interesting real-world applications of complex network is the social
network (e.g., Facebook,! Twitter,2 Yelp,3 etc.). The social networks can be
exploited for different practical problems (e.g., friendship recommendation, tag
prediction, opinion-sentiment analysis, location recommendation, item recommen-
dation, etc.). This chapter focuses on identifying and tracking of influential nodes in
LBSN. The task of influential item detection has been a popular research problem
in the past decade. The influence maximization problem in a graph G=(U,V) selects
a set of seed nodes in such a way that the expected spread of information (i.e.,
influence spreads) in the graph is maximized [49]. There are many real-world
problems that exploit influence detection techniques for their business needs. As
an example, in a marketing business, one can identify few influential customers and
distribute promotional items to them. The strategy is to select a smallest possible
subset of customers who can positively influence (e.g., via word-of-mouth effect)
their networks towards the consumption of the promotional items, and propagate
the influence on the network (i.e., viral marketing) to an expected scale.

An interesting example is the exploitation of social networks to identify the
influential candidate in US presidential election. For the 2016 election, several
models predicted ~80% winning chances of Hillary Clinton. Most of those studies

Iwww.facebook.com.

2www.twitter.com.

3www.yelp.com.
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exploited user polls, activities and posts from different social networks to capture the
correlation between different parameters and to formulate the influence propagation
for both candidates, and predicted the winning likelihood using their influence
scores. As the correlation need not necessarily imply causation, the actual result
was opposite of the predictions. This implies that those models should have been
impacted by some noisy information from the social networks. For instance, for any
two users, having posts in support of one candidate need not necessarily indicate
their voting decision. A contextual exploitation of information on social networks is
essential to model the influential parameters and to handle the noisy information.

The influential sensor measure to project the correct measure via different
sensor fusion techniques [50-52] is another interesting application. The influence
maximization can also be exploited on Point-of-Interest (POI) domain by exploiting
the check-in preferences (e.g., likes/dislikes, tags, emoticons, reviews, stars/ratings,
etc.) shared on LBSN. The sharing of positive experience can induce the linked users
towards the consumption of relevant items. Intuitively, this gives us the formulation
of influence tracking and influencer identification in LBSN, which can be modeled
to maximize the number of potential visitors to a given POL. In this paper, we study
navigation patterns of users based on LBSN data to determine influential locations
(interchangeably termed as POI in this paper).

Figures 1.1 and 1.2 illustrate the spatial influence of a POI and user to the nearby
POIs. As shown in Fig. 1.1, the spatial influence of the Statue of Liberty is high to

Fig. 1.1 POI grid distance influence
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Fig. 1.2 User grid distance influence

the nearby POIs. This implies most of the users who visit the Statue of Liberty have
high chance of visiting the nearby POIs. The influence decreases with the distance,
i.e. the farther POIs have less spatial influence from it. Figure 1.2 shows the user
influence to the nearby POIs. Whenever a user has some activity on a region or a
POI, the nearby POIs have high chance of being visited by the user. The category of
POI, time of a day, and social relation of user also play crucial role in modeling the
influence of user and POIs.

There are many interesting studies that are focused on finding influential
users [53], popular events [54], or popular locations [55], but our study is focused
on identifying the sets of users and POIs that have high spatial impact on other
POIs. With the growing usage of smart-phones and social networks, exploitation of
spatial information from mobile customers is essential in identifying the spatially
influential entities, and tracking their evolution over time.

The research formulation of influence maximization was first described by
Domingos and Richardson [56]. It was first formulated as a discrete optimization
problem by Kempe et al. [49], who also proved it as an NP-hard problem,
and proposed a greedy optimization algorithm. However, the greedy algorithm
executes a Monte Carlo simulation to approximate the solution of influenced set
size, and is computationally complex. The classical techniques, such as degree
centrality, betweenness centrality, closeness centrality, and k-shell decomposition,



6 R. Baral et al.

are quite popular in identifying influential nodes in a network. Some of the classical
techniques, such as the degree centrality [34, 35], betweenness centrality [36, 37],
closeness centrality [38], and k-shell decomposition methods [39], account for local
or global topological network structures, with some limitations. These techniques
mostly shine with large networks, are unable to handle small propagation probability
as they can identify only few central and overlapping nodes as the influential nodes
of the network, do not handle spreading and propagation probability, and are difficult
to model on multi-context and heterogeneous networks.

Furthermore, the existing studies focused on location information in influence
maximization only, exploited location as a simple user property, and did not analyze
the contextually dynamic user mobility behaviors. In this paper, we incorporate
multiple contexts (e.g., categorical, social, spatial, and temporal) of user check-
ins to define the influence scores due to check-ins, and influence scores due to
spatial impact. Such scores are then exploited via optimal region technique utilizing
the Brooks-Iyengar algorithm [57] to find a set of users and POI influencers on
location grids. The optimal region technique also helps to filter out the noisy nodes
from the network. An extensive evaluation on two real-world datasets demonstrates
the efficiency of our proposed model when compared to the several classical
methods, such as degree centrality, closeness centrality, betweenness centrality, and
PageRank-based methods. The core contributions of our study are: (1) it formulates
the location promotion problem as influential user and influential POI tracking
problem, (2) it presents a multi-context influence formulation by incorporating the
social, temporal, categorical, and spatial attributes in the influence tracking task, and
exploits an optimal region technique to find the influencing nodes in a network, and
(3) it extensively evaluates the proposed model with two real-world datasets.

Related Research

The centrality measure technique is one of the classical techniques and is focused
on ranking nodes in networks. A simple centrality measure is the degree centrality
(DC) [58] of a node and is defined as the number of nearest neighbors. This
technique assumes that a node with larger degree is likely to have higher influence
than a node with smaller degree. However, in some cases, this method fails to
identify influential nodes, since it considers only very limited information. The
closeness centrality (CC) [38] measure of a node v is defined as the reciprocal
of the sum of geodesic distances to all other nodes V in the network: C.(v) =

3 ldG(v’v,) , where dg (v, V') is the geodesic distance between v and v'. Closeness
vVe(V—v
gi\ies 2)1 measure of how long it will spread information from a given node to other
reachable nodes in the network.

The betweenness centrality (BC) [59] is a centrality measure of a node and is
defined as the fraction of shortest paths between node pairs that pass through the
node of interest. It gives a measure of the influence of a node over the information
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spread through the network or the expected load of a node in a transportation
network. For a network G= (V,E) with n = | V | nodes and m=| E | edges, the

betweenness centrality of anode v is defined as Cp(v) = ). ””@, where oy,
SHEVFALEV
is the number of shortest paths between nodes s and t, and o, (v) denotes the number

of shortest paths between s and t which pass through node v. Some studies [60—
63] have shown that the betweenness and closeness centrality measures can better
quantify the influence of a node, but have higher computational complexity. They
also claimed that the centralities based on PageRank [61] are even more relevant
but more time-consuming. Though these classical techniques may work for simple
networks, they have no provision for information rich networks, such as LBSN that
contains multiple contexts.

The k-shell decomposition method is another popular approach and is imple-
mented by repeatedly deleting the nodes with degree one, and then nodes with
degree two, and so on. The first iteration of node deletion is repeated until all nodes’
degrees are larger than one. All of these removed nodes are assigned to 1-shell. Then
recursively all the nodes with degree of at most two are removed until all nodes’
degrees are larger than two. The removed nodes are assigned to 2-shell. The process
is repeated until all of the nodes are assigned to one of the shells [64]. In some
cases, the centrality measures can have little effect on the range of the spreads and
can have less impact than the strategically oriented nodes in the center of a network
and with smaller degree. Some of the existing studies [39] have also shown that
k-shell method can outperform the degree centrality index in many real networks.

The Independent Cascade Model (ICM) [49] exploits the propagation proba-
bility in a graph. Given an edge (u,v), and node u is active at time ¢, the propagation
of edge (u,v) at time #+/ is defined as p(u,v). The process starts with some seed
nodes as active nodes and rest as inactive. The propagation is controlled using some
measures, such as node degrees [49], and the process is repeated until some node
gets activated. Barbieri et al. [65] extended a similar concept and incorporated topic-
based information propagation. Zhu et al. [66] proposed the Gaussian-based and
distance-based user mobility models, to formulate the location aware propagation
probability for location promotion. Their model focused on finding seed users that
can influence check-ins to a given location. They did not focus on finding the
influential locations.

Wang et al. [67] proposed a community-based greedy algorithm to find the
influential nodes. They extended the basic independent cascade model and exploited
the dynamic programming and information diffusion among the nodes to split
them into small communities. Lu et al. [60] proposed a random-walk-based model
called LeaderRank and identified influencers in social networks. It outperformed the
PageRank [61] algorithm in identifying the influential nodes for opinion spreading
and protecting from the spammers’ attacks. Such ranking-based models may not
be efficient for undirected networks which will degenerate the degree centrality.
Chen et al. [68] proposed a local centrality measure that used the nearest and
next nearest neighbors. The local centrality Cy (v) of a node v was defined as:
Q) = Y. Nw); CL(v) = Y O(u), where t(u) is the set of nearest neighbors

wet(u) uer(v)
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of node u and N (w) is the number of the nearest and the next nearest neighbors of
node w. Zhang et al. [69] used the information transfer probability between any pair
of nodes and the k-medoid clustering algorithm for identifying influential nodes in
complex networks with community structure.

Li et al. [70] proposed an in-degree based greedy model that focused on finding
set of influencing users for a query region and the location of users. However, they
did not focus on the mobility of users. The in-degree technique also cannot capture
the set of influential nodes that have smaller degrees but yet contextually relevant
for the target domain. Zhu et al. [55] focused on finding the set of influential users
for location promotion.

The exploitation of k-truss model from Malliaros et al. [71] also demonstrated
better performance against the degree centrality measures. Recently, Wang et al. [72]
proposed a multi-attribute ranking technique by exploiting the neighborhood’s effect
on the influence capability of a node. Wang et al. [73] proposed a fast ranking
method to evaluate the influence capability of nodes using a k-shell iteration factor.
They defined a relation to incorporate the degree and number of neighbors of a node
to represent the influence of a node. The famous k-shell method treats nodes based
on the degree at an instant and is not concerned about the original degree of the
nodes and also does not address the closeness of a node to the core nodes and the
location of nodes in a network.

We can see that most of the existing studies focused on identifying homogeneous
influential nodes in different networks. Furthermore, exploitation of multiple con-
texts for heterogeneous influential node detection is less explored. Our study has
the following uniqueness in comparison with the existing studies: (1) it formulates
the influence identification problem as a heterogeneous graph (i.e., user-POI graph)
and identifies heterogeneous nodes (e.g., user and POI) as influential nodes in a
network, (2) it exploits multiple contexts and defines each node with an interval
of two different types of scores (i.e., score due to check-in influence and score
due to spatial influence). This not only facilitates the incorporation of spatial and
check-in popularity, but also handles the trade-off between the spatial and check-
in influences, (3) it exploits the optimal region technique based on Brooks-Iyengar
hybrid algorithm [57], and eliminates the noisy nodes that have small overlap with
other nodes, and (4) it presents a simple and efficient technique for locality-based
(i.e., influential nodes on different localities) influence maximization in location-
based network.

Methodology

Many of the existing studies have defined a single composite score to identify the
influential nodes in social networks. The LBSN is a special case that has many
implicit factors (e.g, check-in time, location category, social relation, distance to a
location, utility of a location, and so on) that can play a crucial role in identification
of influential nodes. The Point-of-Interest (POI) domain can exploit such implicit



