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Abstract. The Internet has evolved as a critical booster for the economic, social
and technical development of human society. Almost half of the world’s pop-
ulation is unfortunately missing out due to the lack of access to the Internet.
Such users are mainly those living in rural and low-income areas. Various
strategies and approaches for improving the Internet’s accessibility are available,
each with a different set of benefits, costs, and risks. It is important to choose
solutions from these feasible options that promise to promote the efficiency as
well as the sustainability of the ‘Internet Ecosystem’. In this paper, we propose a
new model of sustainable connectivity that integrates three factors (affordability,
social shareability, and geographical network coverage) that must be considered
in the selection and design of Internet access solutions. In addition, we develop a
hypergraph-based network graph solution that illustrates the relationship among
the three factors. Then, we use Coloured Petri Nets (CPNs) to model and
simulate the possible Internet access solutions and also interplay those three
factors to study how they impact the overall network connectivity performance.
Our initial results have revealed how sustainable Internet connectivity behaves
as a function of the affordability, social interaction, and geographical network
coverage and investigates how these factors could be leveraged to provide
different network connectivity and Internet access solutions.
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1 Introduction

The Internet is vital for a nation’s development and its social and economic growth. An
open, secure, trustworthy, and universally accessible Internet can facilitate greatly in
attaining the United Nations defined Sustainable Development Goals (SDGs) [1]. The 17
goals include ending poverty, protecting the planet, and guaranteeing prosperity to all
humankind. Although Internet penetration rates are high (over 80%) in developed
countries [2], the people living in rural and low-income areas generally face access
problems with limited or non-existent connectivity (60% of offline population live in rural
areas [3]). Internet connectivity in these areas is challenging because of barriers such as
remoteness of hard-to-reach rural areas, low density of users, and low-income of users.

Internet access in New Zealand is facing similar challenges [4], and the New
Zealand Government has launched several initiatives to extend Internet connectivity in
rural areas [4]. One of them is the Rural Broadband Initiative (RBI), a partnership
among the Government and different providers to deploy broadband solutions in rural
areas. Despite RBI’s progress, rural users are still demanding higher and higher data
rates, and more reliable and affordable Internet access. According to the participants in
the Rural Connectivity Symposium [5], there is an urgent need to deploy Internet
services and networks in order to support health services, such as emergency healthcare
services, and to have different connectivity options given that there will be no
one-size-fits-all solution. The discussions in the symposium also highlighted the pri-
orities for improving rural connectivity, which include the identification of opportu-
nities for boosting rural economic activity and productivity levels.

Harrison et al. [6] have defined the factors which have some impact in the
deployment of connectivity infrastructure initiatives and projects, such as: the avail-
ability and quality of the Information and Communication Technology (ICT) infras-
tructure, the accessibility to the Internet for education, communication and health
services, and affordability as some of the digital divide indicators [7]. These factors still
hold in rural cases.

In this paper, we propose a sustainable connectivity model for rural and low-
income areas, in order to provide Internet access. The model is based on the following
pillars: affordability, social shareability and geographical network coverage. Based on
these pillars, we then analyse the reachability of users to identify network access
technologies suitable for the rural and remote users. More formally, the reachability of
users for each individual factor can be represented as a graph. We then use a hyper-
graph to model the relationship between the different features, where each dimension of
the hypergraph refers to one reachability area. In this way, we are able to leverage on
the hypergraph theory [8, 9] to identify the optimal access technologies. Moreover, we
use Coloured Petri Nets (CPNs) [10] to demonstrate the applicability of our proposed
model. In particular, the outcome is a set of results showing the percentage of suitable
connections for several optimistic and pessimistic assumptions. Employing CPNs to
simulate different scenarios has the advantage of offering initial insights into the model
effectiveness at a high level of abstraction, while still being able to include detailed
scenario models and to obtain more realistic results in the future.



A Sustainable Connectivity Model of the Internet Access Technologies 95

The paper is organized as follows. Section 2 provides an overview of the afford-
ability, social and geographical critical factors with special emphasis in the New
Zealand context. Section 3 then presents a sustainable connectivity model for Internet
access in rural and low-income areas. Section 4 then reports the results, which are
obtained by applying CPNs on the considered case study. Finally, Sect. 5 concludes the

paper.

2 Related Work

In this section we review the literature by identifying the importance of considering the
reachability of users based on these factors.

Social shareability represents the willingness of users to share their network con-
nections so other users can gain access to the Internet through the shared connection.
The idea of sharing the Internet connection for social purposes has already been pro-
posed as a solution for providing connectivity to low-income families living in an
urban area in [11]. Vural ef al. [12] identified the sharing of broadband connections as
one of the attractive options for increasing wireless connectivity in urban areas when
deploying wireless mesh networks.

Focusing on the affordability, the UK telecommunications regulator defines this
aspect as the capability of a good or service to be purchased by a consumer without
suffering undue hardship [13]. Affordability is one of the digital divide factors,
meaning that some rural users may not be able to afford Internet access [7]. In this
context, the reachability of the affordability means that a user can pay for the con-
nection given the Internet access cost. In particular, the authors in [14] introduce a
reachability analysis given the wages of the users.

In [4], several potential approaches for providing broadband connectivity in rural
areas of New Zealand are discussed. The authors consider the socio-technical needs of
the potential rural users in order to get them engaged in the development of their
connectivity solutions. Moreover, a set of four rural access technologies is overviewed.
In this context, “geographical reachability” means that a user can reach another user to
establish a communication link. The abovementioned technologies provide different
network coverage and support different levels of user mobility which need to be taken
into account for a geographical reachability analysis. Moreover, Durairajan et al. [15]
propose a framework for identifying opportunities for broadband connectivity
deployment. The authors consider different factors, including: the infrastructure
availability, the user demographics, and the deployment costs. Differently from our
work, the complex relationships among the defined factors are not considered. More-
over, both social and affordability factors are not taken into account.

In our work, we adopt hypergraph theory and CPNs. Hypergraph theory is a
powerful tool to model complex relationships among objects within a system. For
example, Bai et al. [16] propose a hypergraph framework to formulate the complex
relationships among the entities in a caching based D2D communication system.
Hypergraphs are beneficial for our research as they allow reachability analysis across
multiple dimensions (factors) and can be used to find optimal solutions with respect to
the selected Internet access technology. Moreover, CPNs have been used extensively to
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build models of distributed systems at different levels of abstractions, and to obtain
numerical simulations results [10]. They are beneficial for our research because we can
abstract away from many details and we can easily obtain a set of initial results.

3 A Sustainable Connectivity Model for Rural Zones

The proposed sustainable connectivity model includes three factors: affordability,
social shareability and geographical reachability as shown in Fig. 1. It also shows the
possible relationships among these three factors associated with the potential access
technologies, thus we can evaluate these technologies through a 3D-perspective. Here
we denote the x-axis as the geographical reachability, the y-axis as the affordability
reachability and the z-axis as the social shareability. For example, the D2D wireless
communications technology with mesh networking could be a suitable access solution
when the social shareability is high, but the geographical reachability is low. In order to
measure the possible technological solutions for selection, we could use this sustainable
connectivity model to leverage and to optimize the cooperation among the three
variables while keeping fixed the total amount of the resources.

ZA Z: social shareability

'd

D2D
Community networ

UAVs| yite

Balloon »
| > p—tales >y

— ~ 5GRural
Possible Technology (x, y, z) SZV Uﬁli;s mesh

Y- affordability reachability

X \ X: geographical reachability

Fig. 1. The three-dimension based sustainable connectivity model.

Figure 1 does not fully capture the model, as the shareability and reachability
factors are not singular values but rather complex relationships between users in a
particular area. Therefore, the initial sustainable connectivity model needs to be further
enhanced by representing it as multiple graphs with different layers. Figure 2 reports a
representative example of a 13-node network. In the geographical dimension, the nodes
represent the user locations, and the links represent the existing physical connections,
e.g., cables or fibres already established between two users by the infrastructure pro-
vider. In the affordability dimension, the links between two nodes represent the fact that
one user can afford to connect with another. Finally, in the social dimension, each link
represents the two users with willingness to allow sharing their devices to connect with
each other wirelessly so as to extend the Internet connectivity.
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Fig. 2. An example of sustainable connectivity model exploiting multi-dimensional graphs.

We then further consider two representative cases (reported in Fig. 2). In the first
one (top part of Fig. 2), we assume that the subscription fee to the Internet service is
very high, i.e. 90 [EUR] per month. Firstly, we consider both geographical and
affordability factors i.e., Dg U Dy, for the Internet access. It can be seen that only three
users (i.e., a, b and d) can access the Internet while users ¢ and g have network
connectivity but they cannot afford it. On the other hand, users (f, 4, g, i, k, [) can afford
it but they do not have network connectivity yet so they cannot access the Internet
either. In rural areas, neighbourhoods in small towns or villages usually tend to cluster
people in relatively small areas. Therefore, we can assume denser link connectivity in
its social dimension. In other words, the users have willingness to support and share
their Internet connectivity to each other if the network security and payment issues can
be addressed. In this case, the social shareability factor can be included (i.e.,
Dg UDa UDg) and D2D mesh networking can be set up among users; in this scenario,
there is an extra user who can be further connected to access the Internet service.

Focusing on the second case (bottom part of Fig. 2), we reduce the monthly sub-
scription fee from 90 Euro to 30 Euro. As a result, more users can afford it, i.e., more
links in the affordability layer are established, while the links in the other two
dimensions are kept unchanged. It can be seen that there will be 5 users who can access
the Internet when both geographical and affordability factors are considered. This



98 M. E. Villapol et al.

number is increased to 13 users when all three factors are considered. From the network
operator’s perspective, the option of having more users (i.e., 5 users vs. 3 users) but
with lower profit (i.e., 150 Euro vs. 270 Euro) is not a feasible solution. On the other
hand, the solution of having more users (i.e., 13 users vs. 3 users) with more profit (i.e.,
390 Euro vs. 270 Euro) could be an attractive option to pursue. This could be a win-win
solution between the network operators and end-users.

As shown above, the traditional graph approach is not sufficient to holistically
model the complex relationships between affordability, geographical reachability and
social shareability. In order to explore the interplay among these three factors, we can
represent our sustainable connectivity model by using multi-dimensional graphs
through the use of hypergraph theory. Hypergraph theory provides the mathematical
foundation required to formulate the complicated relationship among these factors. It
can also facilitate the understanding of those relationships and allow us to carry out
further studies of our proposed model. The hypergraphs are extensions of graphs which
can model more general types of relationships [9]. The formal definition of a hyper-
graph is as follows.

Definition 1. A Hypergraph is a pair H = (V, E), where

1. V={v; vy v3 ..., v,} is the set of vertices or nodes
2. E=[E, E,, .., E,J, E;is asubset V, for i = I, ..., m, is the set of hyperedges.

If the hypergraph does not have any isolated vertex

m

Ue,‘:V

An isolated vertex x is defined as

m

X € V\Uei

A hyperedge e is a loop if ¢ € E such that |e| = 1

In order to study the relationships among the three factors, we propose a hyper-
graph representation of the sustainable connectivity measurement model. We denote
the set of the communication network users as V<, where x¢ is the nth user of the
communication access network. The set of users which may have a social interaction is
denoted by V¥, where x}, is the mth user. We denote the set users in the affordability
graph as V“. The set of vertices in the proposed hypergraph is defined as:

Veuviuve =v
In the considered hypergraph for the sustainable connectivity measurement model,
a hyperedge exists if and only if:

e Two users of the given communication network, which belong to V<, are willing to
establish a communication link.
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e One of them is interested in sharing the connection with the other user x;,.
e One of the users, x& can afford the connection.

The benefit of representing the three factors as a hypergraph is that efficient analysis
techniques can then be used to identify optimal solutions. As shown in the examples of
Fig. 2, for a target area for deploying Internet access, it is possible to generate
hypergraphs for different access technologies, given the users and the geographical data
(e.g. income data, social interactions such as phone call frequencies, mobility patterns,
and radio signal propagation maps). The analysis of the hypergraphs could reveal
which access technologies can provide suitable Internet access to the most users with
the least cost.

4 A Case Study Based on Coloured Petri Nets

Having considered the sustainable connectivity model as a hypergraph, we want to
better investigate the potential of the proposed three-dimensional solution. In this
context, we adopt CPNs as a modelling and simulation tool because they allow the
creation of models at different levels of abstraction. Thus, we can generate models that
represent the three dimensions of the sustainable factors at a level of abstraction. This
model captures the functional properties which need to be proved and allows us to
analyse the system despite its intrinsic complexity.

In the following, we describe how the CPNs are exploited. In particular, we exploit
the hierarchical constructs of CPNs [10]. The top-level module is shown in Fig. 3,
which depicts a three-dimensional representation of the model shown in Fig. 2. This
module includes a substitution transition (drawn as rectangles) for each reachability
dimension, each of them defined by its own module. In the figure, the place (drawn as
ellipses) named “Users” represents the users of the communication access network who
may want to interact with other users and may be able to afford the connection. The
place named “SysState” represents the state of each sub-system, i.e., affordability,
social shareability and geographical reachability. Places and transitions are connected
by arcs which have expressions associated with them.

AffordabilityReachability
AffordabilityReachabili

2'A++2'B++2'C ++2'D

2" A+
2" B+
2'C++H

2'D

1°(N,N,AD,NL,NL)

@ (O[L (N.,N,AD,NL,NL

ssta

SocialReachabilty

GeographicalReachability

[GeoaraphicalReachabilit;

Fig. 3. Top view of the CPN module for the sustainable connectivity model.
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We conduct simulations for the scenarios shown in Table 1. Each scenario is
defined by three probability variables in the simulation: the probability of affordable
reachability (p,) means that the user can afford a connection with probability p,; the
probability of social shareability (p;) means that a user has a chance to share the
connection with another user with probability p,; and the probability of geographical
reachability (p,) means that the user can reach another user with probability p,. The
probability values have been chosen to represent either pessimistic scenarios (i.e.
scenarios 4, 5, 6, and 8) or optimistic ones (i.e. scenarios 1, 2, 3 and 7). Examples of the
scenarios are shown in Fig. 2 and described in Sect. 3.

Table 1. Simulation scenarios

Scenario | Description Affordability | Social | Geographical
1 Poor geographical reachability 0.9 0.9 0.3
2 Poor social links 0.9 0.3 0.9
3 Poor affordability 0.3 0.9 0.9
4 Poor geographical reach. & social | 0.9 0.3 0.3
5 Poor geographical reach. & afford. | 0.3 0.9 0.3
6 Poor afford. & social links 0.3 0.3 0.9
7 Optimistic 0.9 0.9 0.9
8 Pessimistic 0.3 0.3 0.3

Figure 4 shows the module for the reachability of an affordable connection (the
social shareability and the geographical reachability modules are similar). For the sake
of simplicity, we use a uniform distribution to represent the probability that a user can
afford a connection. We conduct simulations for a network with four nodes (A, B, C
and D), which is shown in Fig. 3. The initial marking (i.e. the initial state of the system)
is the initial distribution of tokens to the model places, where a token is a value
(colour), which belongs to the type of the place.

[x<>y]

CanAffordForConnection

if uniform (0.0,10.0) >= ap then
1" (x,y,AFFORD,SD,NL)

else

1" (x,y,NOAFFORD,SD,NL)

1" (N,N,AD,NL,NL)

Fig. 4. Reachability module for the affordability factor.

Figure 5 reports the simulation results in terms of the reachability states for sce-
narios 1-8. A reachability state shows the state of each graph of the system where Can
Afford means that a user can afford the connection, Social Shareability means that the
user can (or is willing to) share the connection, and Network Coverage means that the
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user is in the geographical area of the network. The reachability state 4 is the desired
state where two users who are interested to share the connection with each other can
establish a communication link and pay for the Internet access service (i.e., a hyperedge
exists). In the scenarios where two or more of the reachability factors are favourable
(i.e., scenarios 1, 2, 3 and 7), we can see that there is a better chance to reach the
desired reachability state. On the other hand, if at least two reachability factors are
poor, there is a low chance to get the users interacting by exploiting an affordable
physical connection. Moreover, the percentage of users who cannot interact because of
at least one factor is not met is at most equal to 20% or lower in most of the scenarios.

8000 Decired
4
70.00 Only 2 factors
60.00 U OnIy 1 factor # Scenario 1
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w 40.
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1| Can’tAfford | Social Shareability Network Coverage 5 Can Afford No Social Shareability No Network Coverage
2| CanAfford Social Shareability No Network Coverage 6 Can’t Afford No Social Shareability Network Coverage
3| Can Afford No Social Shareability | Network Coverage 7 Can’t Afford Social Shareability No Network Coverage
I 4| Can Afford Social Shareability Network Coverage IS Can’t Afford No Social Shareability No Network Coverage I

Fig. 5. Percentage of connections for each reachability state

5 Conclusions and Future Work

In this paper we have proposed a sustainable connectivity model of the Internet access
in rural and low-income areas. Our model takes into account affordability, social
shareability and network geographical coverage factors. We represent our solution as a
three-dimensional graph by using hypergraph theory. We then use CPNs to model the
3D graphs and to represent the considered factors at different level of abstractions. By
exploiting our model, we have provided insights into more detailed information of
users such as whether a user likes to share the connection with others or not, with
existing physical connectivity or not, as well as whether they can afford the intended
connection or not. All of this information is helpful to evaluate different access tech-
nologies. We have then conducted a simple, yet representative, simulation study, by
taking into account both optimistic and pessimistic scenarios. Our preliminary results
confirm the effectiveness and the potential of our model.
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As future work, we plan to provide more complex sustainable connectivity models
to accurately capture the affordability, social and geographical situations and their
dynamics in the rural areas. Moreover, we will perform a tech-economic analysis for
comparing various access technologies in real rural and low-income areas to validate
the credibility and the scalability of our model.
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