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ABSTRACT. It has long been recognised that the structure of social networks plays an important role in
the dynamics of disease propagation. The spread of HIV usually results from a complex network of so-
cial interactions and other factors related to culture, sexual behaviour, demography, geography and disease
characteristics, as well as the availability, accessibility and delivery of healthcare. The small world phe-
nomenon has been used for representing social network interactions. It states that, given some random
connections, the degrees of separation between any two individuals within a population can be very small.
In this paper we present a discrete event simulation model which uses a variant of the small world network
model to represent social interactions and the sexual transmission of HIV within a population. We use the
model to demonstrate the importance of the choice of topology and initial distribution of infection, and
capture the direct and non-linear relationship between the probability of a casual partnership (small world
randomness parameter) and the spread of HIV.

Keywords: small world networks, HIV, Health care modelling.

1 INTRODUCTION

Social network theory focuses on understanding social structures and its consequences by using
the relations between people as the unit of analysis where measurements are taken Moreno
(1934). Social network analysis is used widely in the social and behavioural sciences as an
abstract representation of interpersonal relationships that aid in the study of populations.

The spread of sexually transmitted diseases (STDs), particularly HIV, results from a complex
network of social interactions, sexual behaviour, culture, demography, geography and disease
characteristics, as well as the availability, accessibility and delivery of healthcare. Traditional
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social network studies have been used to investigate static networks of tens, or in extreme cases,
hundreds of vertices, but today with the availability of fast transport systems, powerful computers
and mobile communications, people are no longer isolated by geographic boundaries. One now
can gather and analyse data on a scale far larger than previously possible. It is not uncommon
to see networks with thousands (Liljeros et al., 2001), millions (Newman, 2001) or even billions
(Broder et al., 2000, Leskovec et al., 2008, Kwak et al., 2010) of vertices. This change of scale
also requires a corresponding change in analytic approach.

The modelling of disease spread in social networks involves knowledge of both the nature of
the infectious agent in question and the dynamics of its transmission through a medium or po-
pulation after being initiated. A connection between the formulation of traditional mathematical
models of diseases and those for social networks analysis can be established by comparing the
stochastic-deterministic split in traditional models with that of sociometric-egocentric split in
network analysis (Wasserman & Galaskiewicz, 1994). The stochastic formulations are like so-
ciometric analysis, which model each individual node in a system and the links among them.
In network analysis, such data are typically represented as a sociomatrix or sociogram. The
deterministic formulations are like egocentric analysis, which divide the population into relati-
vely homogeneous groups and map the average rates of contacts among them. These models are
known as compartmental models in epidemiology, and such data are typically represented as a
mixing matrix in network analysis.

The traditional sexual network analysis embodies the social structure by addressing issues of
centrality, which individuals are best connected to others or have most influence; and connecti-
vity, whether and how individuals are connected to one another through the network. However,
traditional network analysts still have problems with how they view the world. In particular,
there is no account of dynamics. Instead of thinking of networks as entities that evolve over time
under the influence of social forces, network analysts have tended to treat them effectively as
the frozen embodiment of those forces. Instead of regarding networks as merely the conditions
through which influence propagates according to its own rules, the networks themselves are
taken as a direct representation of influence (Watts, 1999). Unfortunately as experience tells us,
both personal and social lives are always changing dynamically.

To address these issues, we use the small world phenomenon (Watts & Strogatz, 1998) as a
substract over which to represent dynamic network interactions and the spread of STDs. It states
that, given some random connections, the degrees of separation between any two individuals
within a population can be very small compared with its size. In this paper, we develop a discrete
event simulation model using the small world model for representing social interactions and the
sexual transmission of HIV. One of the main objectives of our research was to study the dynamics
of population interaction, the spread of the HIV epidemic and to develop detailed models, at
the level of individuals, for representing and evaluating the extent to which the small world
phenomenon can be used for representing social networks. However the mathematical model
described in this paper also provides a significant contribution for the general understanding of
the dynamics of infectious diseases spreading through social interactions.
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2 SMALL WORLD NETWORKS AND DISEASE SPREAD

Small world models were initially proposed by Watts & Strogatz (1998). Both Watts & Stro-
gatz (1998) and Newman & Watts, (1999) used the spread of an infectious disease in order to
investigate the functional significance of small world connectivity for dynamical systems, where
they predicted that infectious diseases spread much more easily and quickly in a small world.
In other words, information or disease spreading on a small world graph reaches a number of
people which increases initially as a power of time, then changes to an exponential increase,
and then flattens off as the graph becomes saturated. Since this initial work, a number of results
about epidemics on a small world have appeared in the literature (Kuperman & Abramson 2001;
Xu & Sui 2009), commonly using the original Watts model definition to represent the network
structure, social interactions and the spread of diseases.

Mathematical models characterising the dynamics of STD transmission indicate that heteroge-
neity in sexual activity allows them to persist even when the typical behaviour of the population
would not support endemicity. This suggests that more attention should be focused on the pro-
perties of the distribution of sexual activity within a population (Gupta et al., 1989; Morris &
Kretzschmar, 1995; Kretzschmar, 2000). The nodal and edge properties such as gender, strength
and duration of partnerships, frequency of intercourse, ethnicity and relationship status are vital
for the formation of partnerships (Anderson & May, 1988; Kretzschmar, 2000). In addition, to
deal with HIV models, other network properties like concurrency, which allows simultaneous
partnerships to be formed, play a fundamental role in epidemics on social networks (Morris,
1997; Ghani & Garnett, 1998).

The original small world formulation suffers from some serious problems that render it unsuitable
as a model of social networks. There are three main limitations to the model, when dealing with
social network interactions and the spread of infectious diseases:

1. No vertex properties. The vertices are equally considered for rewiring or shortcuts, unlike
the real world, as the level of interaction that an individual possesses will not be the same
as for other individuals;

2. They do not characterise the ties/link properties of edges, essential to capture the social
behaviour of an individual within the network;

3. Connections are equally weighted or strongly connected.
In order to accommodate differential selectivity (vertex properties), sexual contacts behaviour
(edge properties), and network properties such as concurrency, fundamental for the modelling of

human sexual contact networks and the spread of HIV, we had to modify the original Watts &
Strogatz (1998) topological model as follows:

e The connectedness restriction to evaluate the mean geodesic length was relaxed (Vieira,
2005);

o Conditions that two vertices must hold in order to be connected have been added;

e Properties for each vertex and edge were added in order to catch sexual behaviour changes.
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The suggested modification of the small world network model, allows both geographical and
social distances to be taken into account as part of the dynamics of social interactions. Actors
are uniquely represented by their personal and social characteristics within the system; they can
choose their partners and have different sexual behaviour when in a partnership. The making
and breaking of network ties take place over time, vertices can be added or removed at any
point in time and the strength of their interactions are governed by social, cultural and structural
rules. The effects of network structure on disease transmission can be evaluated at the level of
individual, group and across an entire population.

3 DEVELOPMENT OF HIVacSIM

The model starts by defining the simulation clock ¢ that moves in A¢ steps (for months, trimesters,
semesters and years), which guides the definition of the population structure, sexual behaviour
of individuals and model outcomes. For the computation, one defines the number of replications,
the underlying network structure for each population core group and the levels of interactions
among individuals. The model then warms-up to eliminate transient effects if necessary, and runs
for the predefined length of interactions. Activities associated with the dynamics of population
(birth and deaths), social interactions leading to the formation and dissolution of partnerships,
preventive vaccination intervention, the dynamics of sexual behaviour and transmission of HIV
are evaluated for each At as shown in Figure 1. The information to be transmitted through the
network connections over time is the HIV infection.

The initial size of the core group population is kept unchanged throughout the simulation run
time; individuals dying from natural causes or HIV infection are replaced by new individuals
sampled at random from the same core group’s definition with the current HIV prevalence. The
main activities associated with social interactions and sexual transmission of HIV are the forma-
tion/dissolution of partnerships, the nature of the partnerships (duration, monogamy or concur-
rent), rate of sexual contacts, safe sex practice and the HIV transmissibility (Fauci et al., 1996).
Although other sources of HIV infection such as mother to child and needle sharing among in-
jecting drug users (IDUs) are important, the focus of this work is on sexual transmission, the
main source of HIV infection within the general population worldwide.

Each individual in our model is classified according to their current HIV infection status, as:
Susceptible, Infected and Protected (if a vaccine is available). Moreover, partnerships between
individuals are a complex and selective process, which involves many social and behavioural
issues such as gender, sexual preferences, age difference between partners and social status.
The model accounts for both formation of sexual partnerships and friendship, known to be an
important step towards the formation of new partnerships. Two types of partnerships are defined
within the model: (1) Stable (i.e. long term partnerships, equivalent to marriage, living together,
etc.) and (2) Casual (i.e. short term partnerships with sporadic sexual contacts). The gender
preconditions for establishing a partnership are: (1) Heterosexual partners (i.e. between male and
female), (2) Homosexual partners (i.e. between males) and (3) Bisexual partners (i.e. between
female and homosexual male).
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Figure 1 — High-level HIVacSim computation activity diagram.

In the case of HIV, lesbian sex is not considered in our model, as the rate of transmission is
very low. AIDS surveillance data indicate that women with AIDS who are reported to have had
sexual contacts only with other women have also been reported to have injected drugs or to have
received blood transfusions or blood components (Raiteri et al., 1994).

3.1 Population

The population characteristics are defined as a function of the simulation clock #, which can
be tuned to reflect the data available. The level of detail to be included within the model will
depend upon the availability of data. Table 1 shows the properties to be defined as a minimum
requirement. Table 2 presents the actual values of the parameters fitted to the data available and

used to run the simulation model.
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Table 1 — Population characteristics definition.

Population structure

Parameters and probability distributions

Population identity

1: Size n - The size of the population in each core group.

2: Age distribution - The population's age distribution used to quantify the
effects of HIV infection on individuals and/or to define age based
population core groups.

3: Life expectancy - The distribution of life expectancy in the population
without the effects of HIV infection.

4: Gender - Proportions of female, male and homosexuals in the
population, used to define partnerships within the population.

HIV infection status

5: HIV prevalence - The currently estimated prevalence of HIV infection
within the population.

6: HIV lead-time distribution - The lead-time of the HIV infection among
people living with HIV/AIDS, used to quantify deaths caused by HIV
infection.

7: HIV testing rate - The proportion of people tested for HIV infection in
the population, fundamental when making decisions about treatment and
preventive intervention strategies.

Network and social rules
governing the formation of
partnerships, migration,
concurrency and community
structure

8: Maximum number of concurrent partnerships - Network property
governing the overlapping of partnerships.

9: Probability of concurrent partnership - Population behaviour towards
multiple sexual partners or extramarital partnerships.

10: Probability of a casual partnership - equivalent to small world's
probability p - social rule governing the network structure according to the
nature of the partnerships within the population.

11: Probability of looking for a sexual partner at any time - Available for
partnership - social rule accounting for individuals' desire to be involved
in sexual partnerships.

12: Probability of searching own group first for a casual partner - Network
rule representing the community structure of the population and the
cultural behaviour of individuals when looking for casual partnerships.

Sexual behaviour of individuals
in stable partnerships,
quantifying the strength and
frequency of social interactions as
well as the dissolution of
partnerships

13: Duration of stable partnerships - The distribution of length of long-
term partnerships in the population (e.g. the duration of marriage).

14: Time between stable partnerships - The distribution of time between
two consecutive stable partnerships. The mean time taken by individuals
to find a new stable partner as described by the pair formation models
(Dietz & Hadeler, 1988). However individuals can have casual partners in
between stable partnerships.

15: Rate of sexual intercourse for stable partnership per unit of time - The
distribution of sexual contacts, the sexual behaviour of individuals when
engaged in a long-term partnership.

16: Probability of safe sex practice during sexual intercourse for stable
partnership - The behaviour of individuals engaged in stable partnerships,
condom use, especially relevant to those having extramarital partnerships,
the bridges for HIV (Morris et al., 1996).

Sexual behaviour of individuals
in casual partnerships,
quantifying the strength and
frequency of social interactions as
well as the dissolution of
partnerships

17: Duration of casual partnership - The distribution of short-term
partnerships in the population.

18: Rate of sexual intercourse for casual partnership per unit of time - The
distribution of sexual contacts between individuals when engaged in a
short term sexual partnership.

19: Probability of safe sex practice during sexual intercourse for casual
partnership - The behaviour of individuals relating to condom use,
especially among young people and those involved in multiple sexual
partnerships.
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Table 2 —Multiple group scenario definitions.

Parameters and Probability Group Definitions
Distributions Married Under 25 Others
Population size (n) 1422 794 1108
. Weibull(182.3, 336.3, LogNormal(144.0, InvNormal(242.2,
Age distribution 23) 95.1,37.0) 2469, 621.9)
Life expectancy (70 years) 840 months 840 months 840 months
Proportion of females 50% 45.8% 62.4%
Proportion of males 50% 54.3% 37.6%
Proportion of homosexual males 5% 5% 5%
HIV prevalence 0.007 0.007 0.007
HIV lead-time distribution Weibull(64.3, 1.6) Weibull(71.8, 1.6) Weibull(64.3, 1.6)
HIV testing rate 16.34% 11.71% 18.29%
Maximum number of concurrent
X 5 5 5
partnerships
Probability of cqncurrent 0.06 021 0.14
partnership
Probability of casual partnership 0.06 0.40 0.27
Probability of looking for a 1 0.78 0.64
sexual partner
Probability of searching own 04 08 07
group first for casual partner
Duration of stable partnerships | Weibull(198.2, 1.6) LOgN‘;;m;)l(”'s’ Weibull(89.7 1.0)
Time between stable partnerships Gamma(20.2, 1.1) Weibull(14.9,1.1) Gamma(24.4, 1.0)
Rate of sexual intercourse for
stable partnership per unit time Gamma(4.7, 1.5) Gamma(6.5, 1.1) Gamma(5.1, 1.3)
Probability of safe sex practice
during sexual intercourse for 0.11 0.47 0.21
stable partnership
Duration of casual partnership Gamma(8.8, 1.1) Gamma(5.3, 1.0) LogNormal(9.2, 14.6)
Rate of sexual intercourse for Gamma(5.0, 1.6) Gamma(7.1, 1.1) Gamma(5.3, 1.4)
casual partnership per unit time
Probability of safe sex practice
during sexual intercourse for 0.12 0.55 0.42
casual partnership

In this model an individual can be in one of the following partnership states which depend
upon the social behaviour of the population and the network concurrency property as follows:
(1) Available (i.e. stable or casual partnership can be established), (2) Transitory (i.e. available
only for casual partnership) and (3) Engaged (i.e. currently involved in a stable partnership).

If concurrent partnership is allowed then engaged means available only for casual partnership,
otherwise it means no new partnership is allowed. The transition between partnership states oc-
curs during the formation and dissolution of stable partnerships. Casual partnerships are limited
only by the maximum number of concurrent partners that one is allowed to have within the po-
pulation. At the beginning everyone is set to be in the available state, the formation of a stable
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partnership starts the engaged state. The dissolution of a stable partnership begins the transitory
state, the time during which only casual partnerships are allowed. At the end of the transitory
period, one returns to the available state as illustrated in Figure 2.
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Figure 2 — Partnership status transition diagram.

Although in some cultures it may be acceptable for one to have multiple wives or families at the
same time, this can be seen as a social exception, not a common rule in western societies. There-
fore within this model individuals are allowed to be involved only in a single stable partnership
at a time. Concurrent partnerships may occur, either involving a stable and a casual partner, or
among multiple casual partners according to the social rules governing the interactions.

3.2 Mixing

The mixing pattern specifies the extent to which individuals in different core groups interact
within the model. In our model the overall population can be divided into several core groups
according to the risk of HIV infection or any other appropriate criteria. For each group the
characteristics defined in Table 1, are specified so that they represent both the structure and beha-
viour of the group’s population. The flow of individuals between different core groups may be
asymmetric (e.g. married couple versus commercial sex workers), therefore a mixing procedure
that accounts for both the pattern of external interactions and the direction of individuals between
core groups was developed.

3.3 Structure

The underlying population structure of each core group can be represented by HIVacSim either
as a metric or a topological network. In a metric network, referred in this paper as topology free,
there is no geographical distance, people are set apart by social distances.
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Topological networks account for both geographical distances as well as social distances as defi-
ned for metric networks. Two topological structures are defined:

e Circle — the original small world topological model (Watts, 1999), where the population
lives in a lattice ring with periodic boundary conditions. Geographically one is close to k
neighbours on one’s left and right. Socially one is close to other people by acquaintances
as for a topology free structure;

e Sphere — the population lives on the surface of a unit sphere. Socially people are closely
related by acquaintances as above, geographically one’s neighbourhood is defined by a
distance on the surface of the sphere.

The assumption that people live in a ring lattice was given in the original small world model
(Watts, 1999). However, we believe that the spherical topology provides a more intuitive repre-
sentation of the real world and has been assumed as the default population structure within our
model. The other two structures (free and circle) are provided for convenience; they can be used
as baselines for comparison of experiments using previous small world models as the underlying
network structure.

The unit sphere provides a robust and convenient mathematical representation of the network
elements. Individuals are distributed uniformly on the surface of the sphere. One’s geographical
neighbourhood can be defined in terms of the unit sphere surface for efficient computation as
well as real world geography representation, e.g. population density, country boundaries, Global
Positioning System (GPS) location. Figure 3 illustrates the spherical topology representation of
such a small world network and the geographical distance among individuals.

A by
i G s@_”'-‘e

Radius =1

Figure 3 — Geographical distances on the spherical topology.
3.4 Searching for Relationships
The nature of the social relations taking place within HIVacSim can be divided into fiiendships

and sexual partnerships. The number of friends that one is allowed to have is defined by the
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rules governing the size of the acquaintances list. The formation of sexual partnerships depends
upon the individuals’ sexual behaviour and the rules defined by one’s population group regar-
ding the formation and dissolution of partnerships. The following social and structural rules are
predefined within HIVacSim. New ones can be added at any time as needed:

1. Both source and target individuals must be available for sexual partnership (probability of
looking for a sexual partner at any time);

2. The source and target individuals must agree with the nature of the proposed partnership
(probability of a casual partnership);

3. The network concurrency (Fig. 2) must hold true (maximum number of concurrent part-
nerships and probability of concurrent partnership);

4. Source and target individuals must not already be sexual partners;

5. The gender preconditions for establishing a partnership must hold.

These preconditions are evaluated for the source and target individuals before and during the
search for a sexual partner, according with each core group definition. The search procedure is
evaluated for each individual in the population for every model interaction.

In the case of sexual partners, the procedure first defines the nature of the partnership (stable or
casual) to search for. The next step is to evaluate the partnership state, and the social and struc-
tural rules regarding the formation of partnerships as described above. For casual partnerships,
the scope (internal or external) and order of the search are defined by the probability of searching
own group first for a casual partner. The external search chooses a single external core group
based upon the probabilities provided in the mixing matrix. If a partner is found, a new casual
partnership is formed, otherwise the search failed and no action is taken.

To find a stable partner, the search starts in the lists of acquaintances up to three degrees of
separation. If a new stable partner is not found among acquaintances, the search continues by
geographic closeness. In either case, if a new partner is found, a new stable partnership is formed
and the states of the individuals involved are updated. Otherwise, the search fails and no action
is taken.

3.5 Transmission of HIV

The sexual transmission of HIV between individuals currently in an active partnership is evalu-
ated for each ¢ as a function of the current infection status of the individuals involved, the type
of partnership, the rate of sexual intercourse and safe sex practice. Let u and v, (u # v) be two
individuals involved in a partnership at time ¢, s be the number of sexual intercourses between
u and v during time At according to the type of partnership, and /# be the probability of HIV
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transmission per single unprotected sexual intercourse. The probability of sexual transmission of
HIV between u and v during time A¢, denoted by Z,,,, is therefore:

(u or v) practiced safe sex or

0 (u or v) is protected or
Zyy = ’ (u or v) are susceptible or (D
(u or v) are infected or

1 — (1 —h)>, Otherwise

The network efficacy is calculated as a function of the HIV transmission over time through the
network edges and the population size. In epidemiological terms this is the HIV incidence within
the population, given by efficacy(t) = HIV Incidence (¢) divided by Population Size.

3.6 HIV Vaccine and Intervention

A preventive vaccine against HIV infection is the greatest hope to control the HIV pandemic,
in December 2009, Rerks-Ngarm ef al. reported the results of a clinical trial of a vaccine re-
gimen, describing the first findings of possible prevention of HIV-1 infection in humans. The
trial results show modest vaccine efficacy at three years after initiating vaccination, with a lowe-
red rate of HIV infection by 31.2% A modest efficacy vaccine can still have benefit because all
vaccines derive their power from group immunity, as the prevalence of a transmissible disease
diminishes among a population, each individual’s risk of contracting the disease also lessens,
regardless of whether they are directly protected. However effective vaccine intervention must
go alongside education and a wide range of effective prevention programmes. HIVacSim allows
multiple preventive vaccines to be defined. The definition of a preventive HIV vaccine requires
basic information about the effectiveness of the vaccine in stopping the HIV transmission and
the duration of the protection provided by the vaccine for the vaccinated individuals. In HIVac-
Sim, the necessary information for defining a preventive HIV vaccine is: (1) Effectiveness (i.e.
the effectiveness of the vaccine in stopping HIV transmission), (2) Protection (i.e. does the vac-
cine provide a lifelong protection against HIV transmission?) and (3) Length (i.e. length of the
vaccine protection — if not lifelong).

The implementation of different vaccination strategies can be defined within the model and will
depend on: core groups’ definitions, available HIV vaccines, number of interventions, HIV tes-
ting and testing results. Intervention strategies therefore may target specific core groups and use
different types of vaccines in order to minimise the costs and maximise the effectiveness. The
following options can be used for intervention.

e Population to be vaccinated (all groups or selection of user-defined specific groups);
e Time for intervention as a function of the clock ¢;
e Percentage of population to be vaccinated;

Vaccine to be used;

HIV Testing (vaccinate only tested individuals).
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The many characteristics of graphs and networks are accounted for by HIVacSim, in order to
quantify the dynamics of sexual network interactions, social structure and transmission of infec-
tious diseases. In total, 16 characteristics are used to summarise the network properties calculated
by our model for each core group. They include, among others, number of network edges and
vertices, concurrency index, diameter of the network, mean geodesic length, clustering coeffici-
ent and network efficiency. Descriptions and numerical values for all 16 characteristics are given
in Vieira (2005).

3.7 Initial Infection Distribution

The model provides two options (uniform and clustered) to distribute the initially infected indi-
viduals within the core group’s population:

e Uniform — the initially infected individuals are distributed uniformly within the population.
This is typical of traditional epidemiological models with no geographical consideration;

e Clustered — this approach distributes the initially infected individuals by geographical clus-
ters within the population. This enables one to observe the development of an epidemic
over time both numerically and geographically, providing a better understanding of the
disease.

3.8 Model Outputs

HIVacSim provides detailed information on a wide range of population structures and interac-
tion quantities as well as on the efficacy of the HIV transmission within each core group. This
information can be analysed using standard statistical methods to quantify the dynamics of se-
xual network interactions, its effect on the spread of HIV within a population, and to evaluate
a particular decision, a particular policy, or to provide guidance for evolving good decisions or
policies to prevent the spread of HIV.

4 MODEL EXPERIMENTATION

We illustrate the use of our model to represent a real world population and examine the properties
of the underlying small world network representation using data from Brazil. A national study
conducted in 2000 evaluated the sexual behaviour of the Brazilian population and perception of
HIV/AIDS (Brazil, 2000). The study consisted of a face to face interview of 3,600 males and
females aged between 16 and 65 years and living in urban areas of 169 micro regions of Brazil.
The micro regions were defined by the Brazilian 1996 census. The urban population in this
age range was 77,018,813 people and the sampled region represents a population of 59,872,819
people, corresponding to 77.7% of this population. A similar study was again conducted in 2003
by the Brazilian National STD/AIDS programme to investigate the behaviour of the sexually
active population in the past six months, 14 years of age and above (Brazil, 2003). This second
study focused only on sexual behaviour and safe sex practice of the population; 1,298 face-to-
face interviews were conducted nationwide.
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A further follow-up survey entitled the “Knowledge, Attitudes and Practices of the Brazilian
Population aged between 15 and 54 years” (Szwarcwald et al., 2004) was completed in 2004.
A total of 6,000 individuals were interviewed, the sample was stratified according to geographic
region (macro-region): 900 interviews were conducted in the North, South and Centre-West
regions; 1,100 in the Northeast region and 2,200 in the Southeast. In each of the major regions,
the sample was carried out in multiple stages: states; census sectors; households. The sectors
within each of the states were selected with probability proportional to size. The data from
the second and the third studies were used to adjust the parameters fitted to the first study due
to observed sexual behavioural changes during the four years gap. The way parameters were
estimated for the model is described in detail in Vieira (2005).

We used the model to experiment with different topologies and initial distribution of infected
populations. Our findings show that the differences on network efficiency between topologies
are negligible when the initial population is uniformly distributed within the network. Howe-
ver, when we consider a clustered initial distribution topology becomes important. Figure 4
illustrates this effect. Topology has a clear effect on network efficiency and should not be over-
looked. The circle topology has the lowest network efficiency. Topology free has the highest
network efficiency, however it completely ignores the geographical distribution of individuals
and consequently is not a realistic representation of the real world. Spherical topology provides
an intuitive representation of the real world and its network efficiency lies between regularity
(circle) and randomness (free).

For epidemiological validation, we used HIVacSim to model HIV transmission dynamics on the
surface of a sphere. In order to quantify the effects of a small world network on the sexual
transmission of HIV, we gradually increased the probability of a casual partnership (small world
randomness probability p) from regularity (p = 0.0) to randomness (p = 1.0) and evaluated the
development of the HIV epidemic over time for each experiment. Figure 5 summarises the results
for this experiment by showing the small world effect on the HIV prevalence as the epidemic
progresses over time in a dynamic network. Points on the graph were joined to highlight the
differences between the results.

The results show that the small world randomness parameter (probability of casual partnership)
directly affects the speed of the HIV transmission. However the rate of change on the network
randomness value does not have a linear effect on HIV transmission, as can be observed. For
example, an increase of 0.1 in the network randomness (0.0 — 0.1) results in a 33% increase in
HIV prevalence (and a 42% in HIV incidence) after 12 years compared with the regular network
as the baseline.

5 CONCLUDING REMARKS

The original small world models are unsuitable for modelling social networks and the spread
of infectious diseases as the network vertices are equally considered for rewiring or shortcuts,
which are unlike the real world as the level of interaction that an individual possesses will not be
the same as other individuals. Furthermore, the connections are equally weighted or the network
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Figure 4 — Network efficiency by topology with clustered distribution, based on Brazilian data.

is strongly connected and they do not characterise the ties/link properties of edges, essential to
capture the social behaviour of an individual within the network.

The model presented in this paper modifies the original small world model in order to accommo-
date differential selectivity (vertex properties), sexual behaviour (edge properties) and network
properties such as concurrency, fundamental for the modelling of human sexual contact network
and the spread of HIV. Yet it is consistent with the general definition of the small world theory.

The original circle topology of the small world network has the lowest network efficiency. 7o-
pology free networks typical of traditional social networks and epidemiological models with
no geographical considerations, have the highest network efficiency, however they completely
ignore the geographical distribution of individuals and consequently are not a realistic represen-
tation of the real world. Spherical topology is an intuitive representation of the real world and its
network efficiency lies between regularity (circle) and randomness (free). The initial distribution
of infection has also a significant effect on network efficiency within the same topology.

An infectious disease or information needs only a small amount of randomness (p ~ 0.2) on
network interactions in order for it to spread efficiently on a local and global scale. The random-
ness parameter of the small world (probability of casual partnership) has a direct and non-linear
effect on HIV transmission.
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Figure 5 — Small world effect on HIV prevalence, based on Brazilian data.

Our model allows both geographical and social distances to be taken into account as part of the
dynamics of social interactions. Actors are uniquely represented by their personal and social
characteristics within the system. They can choose their partners and have different sexual beha-
viour when in a partnership. The making and breaking of network ties take place over time,
vertices can be added or removed at any point in time and the characteristics of their interactions
are governed by social, cultural and structural rules. There is a dynamics in the network leading
to a better understanding of social interactions and spread of diseases. Thus, this model makes
an important contribution for the general theory of the small world networks when representing
the spread of infectious disease or information through social interactions.
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