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Abstract The paper is aimed at developing agent-based variants of traditional net-
work models that make full use of concurrency. First, we review some classic models
of the static structure of complex networks with the objective of developing agent-
based models suited for simulating a large-scale, technology-enabled social network.
Secondly, we outline the basic properties that characterize such networks. Then, we
briefly discuss some classic network models and the properties of the networks they
generate. Finally, we discuss how such models can be converted into agent-based
models (i) to be executed more easily in heavily concurrent environments and (ii) to
serve as basic blocks for more complex agent-based models. We evidence that many
implicit assumptions made by traditional models regarding their execution environ-
ment are too expensive or outright impossible to maintain in concurrent environ-
ments. Consequently, we present the concurrency issues resulting from the viola-
tion of such assumptions. Then, we experimentally show that, under reasonable hy-
pothesis, the agent-based variants maintain the main features of the classic models,
notwithstanding the change of environment. Eventually, we present a meta-model that
we singled out from the individual classic models and that we used to simplify the
agent-oriented conversion of the traditional models. Finally, we discuss the software
tools that we built to run the agent-based simulations.
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1 Introduction

The notable interest of today’s research on social networks is largely justified by their
adoption as a unifying metaphor in very relevant Web-centric services like Facebook
and many others. The inherently large scale of such services calls for automated tech-
niques capable of promoting their potentials to unforeseen levels in terms of offered
functionality and performance. Such automated techniques are still far from real-
world practice because the impact of a novel algorithm (e.g., a friendship-discovery
algorithm) cannot be easily assessed. This is the reason why we need effective tools
to study, experiment and validate innovative techniques capable of providing con-
crete evaluation on the net results of the introduction of a novel proposal into a social
networking system. Agent-based simulation is very helpful to this respect because it
provides solid approaches for testing new ideas in silico before trying to put them
into practice.

In the last sixty years of research, several models have been proposed to explain
(i) the formation or (ii) the evolution of networks. Such models have been developed
and studied by researchers coming from many different areas, such as computer sci-
ence, economics, natural sciences, pure or applied mathematics, sociology and statis-
tics. As a consequence, a lot of material exists on the subject and it is beyond the
scope of this work to review and analyze it thoroughly; we refer to Jackson (2010) for
the economic and game-theoretic point of view and to Snijders (2011) for a complete
review of the state of art in the statistical models; instead, we focus on the methods
and models originated in computer, natural and physical sciences. Although we be-
lieve that the techniques and ideas exposed henceforth may be profitably applied in
other situations as well, we do not discuss the matter here.

One of the main features of the early network formation models is their simplic-
ity. Such models are typically focused on reproducing only few macro-level features
in a way that they essentially trade the capacity to faithfully reproduce all the fea-
tures of given networks to better investigate the process that led to the appearance of
the chosen features. In fact, these methods are deeply rooted in the modus operandi
of physical sciences and extensively use ideas from mean-field analysis in order to
derive general features from the simple interaction rules that constitute the models.

However, these models also present a striking affinity with agent-based models,
in that, although the techniques used differ, the general idea of studying complex
features emerging from individual interactions is in common. The difference was
grasped by Epstein (1999) in the context of social sciences and is, in essence, the
methodological difference between the inductive reasoning of the physical sciences
and the generative point of view of agent-based models.

From a more practical point of view, early models made some very strong assump-
tions in order to be tractable with mathematical tools, e.g., (i) uniformity of behavior
of the studied entities, which is an unsettling premise for studying populations of
human beings; (ii) lack of memory and, (iii) consistency of the real systems with the
models studied at the thermodynamic limit, which, in turn presumes that said systems
have the required weak-convergence properties.

On the other hand, agent-based models make no such assumptions and are espe-
cially effective when it is necessary to implement diverse behaviors for the different
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components in the system. This concept, applied to a synthetic social network gen-
eration process, means that it would be possible to have each node in the network
act autonomously, creating or severing links according to its local state and not to
fixed rules built in the system. When applied to generic processes on networks, it
means that it is possible that each agent varies its behavior according to individuality
or history; however, studying the system does not become more complex.

The idea is that mathematical models operate at system level, thus they cannot
easily take into account the huge amount of data that online social networks make
available, because such data only encompasses the individual interactions among the
actors in the network. On the other hand, agent-based modeling can use such data
with little pre-processing, essentially building the models bottom-up, from the micro-
level data to the macro-level. Another possibility with agent-based modeling is taking
advantage, without too many technicalities, of the expertise of social scientists to
describe human actions and compare the global trends obtained from running the
multi-agent system with those inferred from the real data. The resulting models do
not need to be tractable from a mathematical point of view, their only requirement
is to be computable. For these reasons, agent-based simulation is now a consolidated
field of research, and likewise it is the application of its results to social networks
(Franchi and Poggi 2011; Franchi 2012b; Bergenti et al. 2011, 2012).

Another strong point of agent-based models is their inherently distributed nature,
that naturally leads to grid-based or cloud-based large scale simulations. However,
the amount of concurrency implicit in agent-based models can introduce biases and
artifacts in the results of the simulations. Limiting concurrency is possible only in de-
terminate situation, because, for example, synchronizing processes on a cloud simu-
lation has overwhelming costs. Moreover, the semantics of truly agent-based models
simply assumes such concurrency and, even when agent-based modeling is simply
used as a slightly “richer” discrete-event simulation, limiting concurrency can nega-
tively affect performance.

Consequently, it becomes important to study the effects of concurrency and one of
the best ways is converting well-known, widely studied traditional models to agent-
based concurrent ones, with the goal to study the effects of concurrency in a familiar
scenario and subsequently predict the effects in novel cases.

This paper is organized as follows: in next section we introduce some metrics that
are generally applicable to all networks and that we will use to characterize social
networks. Such metrics are very common in network theory and we review them just
to provide a common notation and a precise understanding of concepts. In Sect. 3, we
survey some of the most classic network models and we briefly present some results
on the metrics that we introduced in the previous section. In Sect. 4, we present
agent-based modeling with more accuracy and then, in Sects. 5 and 6, we analyze the
concurrency issues that arise when performing simulations in distributed scenarios.
In Sect. 7 we experimentally investigate the issues presented in the latter two sections.
In Sect. 8, we describe the meta-model we devised to more easily translate traditional
models into agent-based ones and, eventually, in Sect. 9 we present two different
software tools built around the ideas presented in Sect. 8. Finally, in Sect. 10 we draw
some conclusions and sketch a possible line of work.
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2 Networks metrics and measures

In this section we briefly review some classic metrics which give insight on the net-
work structure. The metrics we have chosen are some of the most widely studied
ones in network analysis and together they give a rough idea of the structure of a
network; we also outline some correlation in the chosen metrics. In this paper we do
not deal with advanced analysis techniques, such as community or cluster detection,
since most of the papers we discuss in the following sections do not deal with them
as well and consequently the results could not be compared.

Before introducing the metrics, we introduce the notation we use. Let G = (V ,E)

be a network. With A(G) we refer to the adjacency matrix of the analyzed network;
we will omit the G every time it is clear from the context, and will simply write A. If
u is a node in a network, ku is the total number of edges of u.

With 〈·〉 we refer to the expected value/mean of a quantity. We usually omit to
indicate the elements participating in the sum, when this is clear from the context.
For example we simply write 〈k〉 instead of 〈ki〉i∈V to refer to the average degree of
the nodes in the network.

Classic metrics in network analysis are the average shortest path length (ASPL),
the characteristic path length (CPL) and the diameter. Let v and v′ be two vertices in
the network, then L(v, v′) is the length of the shortest path connecting v to v′ (also
called geodesic path). The closeness Li of a node i is the mean of the geodesic dis-
tance between i and all the vertices reachable from it, that is to say: Li = 〈L(i, j)〉j .
The shortest path length and the characteristic path length are the mean and the me-
dian value of all the Li respectively. The diameter is the longest geodesic path.

In the context of network analysis the diameter, the CPL and the ASPL are said
to be short if they depend logarithmically from the number of nodes in the network.
A link e = (u, v) is a shortcut (or long-range link) in the network G = (V ,E) if
LG′(u, v) � 1 where G′ = (V ,E \ {e}); otherwise it is a local or short-range link.

Another very important metric in the context of social networks is the clustering
coefficient C, which is the mean of all the local clustering coefficients Ci , where Ci

is the fraction of pairs of neighbors of i which are also connected (Watts and Strogatz
1998). A different and non equivalent definition is given by Newman (2003a), where
the clustering coefficient is defined as the fraction of paths (u, v,w) of length two in
a network G = (V ,E) for which {(u, v), (v,w), (w,u)} ⊆ E holds.

The degree distribution of a network is simply the frequency distribution of vertex
degrees. pk is the fraction of vertices in the network with degree k. We say that a net-
work has a power-law degree distribution with exponent γ if pk = ζ(k)−1k−γ . γ is
also called the scaling exponent. Since networks are finite, most power-law degree
distributions are actually power-laws with cutoff: pk ∝ k−γ · e−kγ .

3 Models for simulated networks

In this section we consider some models to generate random graphs which have been
proposed to simulate social networks.
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The first and still most studied model of random graphs is the Erdős-Rényi model
(ER) G(n,p) (Erdős and Rényi 1959; Newman 2003b). G(n,p) is a probability dis-
tribution over the set of all graphs with n nodes. The p parameter indicates that an
edge is placed between any given pair of nodes with probability p. Consequently,
(i) the expected value of the number of edges is 〈m〉 = (

n
2

)
p; (ii) the expected mean

degree is 〈k〉 = (n − 1)p; (iii) the expected diameter is logn; (iv) the degree distribu-
tion tends to a Poisson distribution for large n; (v) the clustering coefficient is given
by C = 〈k〉/(n − 1).

Another very important model is the Watts-Strogatz model (WS) introduced by
Watts and Strogatz (1998). The model starts with a closed linear structure where each
node is connected with κ neighbors and then the local connections are rewired to
remote nodes with probability p. The rewired connections are usually shortcuts. p is
a parameter governing the transition from the very regular lattice (p = 0, no rewiring)
to G(n, p̂), where p̂ = nκ/2

(
n
2

)
. In this model, the mean degree is exactly κ . The

other metrics are rather hard to derive for this model, however, a minor variant of this
model has been analyzed by Bollobás and Chung (1988), Newman and Watts (1999),
and Newman (2000). In this variant the shortcuts are added without removing the
local connections. To be more precise, for each link in the lattice a shortcut is added
with probability p. Consequently the average number of long-range links that each
node gains is pκ and the degree distribution is a Poisson distribution with mean pκ .
For large networks, the average shortest path length is logarithmic with the size of
the network and the clustering coefficient C → 3/4.

Popular models to generate scale-free networks are the ones based on preferential
attachment (PA), where links are added more often to nodes with higher degree. In
this family of methods the network is generated through multiple steps. At each step
some nodes and links are added or removed according to some rules that vary from
model to model. A famous model of this family is the Barabási-Albert model (BA)
described by Barabási and Albert (1999). The BA model starts with m0 nodes and
no edges. At each step a new node with m ≤ m0 random links is added. The m links
are directed towards nodes with probability proportional to their degree. The process
stops after n − m0 steps and yield a network with n nodes.

The BA model generates networks whose degree distribution is a power-law with
exponent 3, on the other hand other preferential-attachment models yield scale-free
networks with any exponent. Cohen and Havlin (2003) proved that being scale-free
with a degree γ > 2 implies having a short (poly-logarithmic) diameter. Considering
that the diameter is an upper bound of the geodesic paths in the network, the results
also bounds the characteristic path length.

The basic PA process or the BA model do not generate networks with high clus-
tering coefficient. For example, it has been empirically found that for a BA graph
C ∼ n−0.75. No analytical method to compute C for the BA model is known (Albert
and Barabási 2002).

A method to increase the clustering coefficient is mingling PA steps with triadic
closure (TC) steps. During the TC step, if a link between u and v is added in the PA
step, then it is added also a link between u and a random neighbor w of v. This model
yields networks with high clustering coefficient and has been extensively studied by
Holme and Kim (2002) and Szabó et al. (2003).
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Another model in the family of PA models is the biased preferential attachment
model described by Kumar et al. (2010). The set of nodes V is partitioned in three
sets P , I and L. These sets represent the different macro-behavioral categories of
users the authors have found in existing social networking system:

– P stands for passive and are the kind of users that enter the system when invited but
usually do not invite new users themselves, nor actively seek their acquaintances
in the system;

– I stands for inviters, the kind of users who actively invite new users in the system
and tend to be at the center of a small cluster;

– L stands for linkers and are the kind of users that mainly seek their real life friends
in the system and link to them.

At each new step (i) a new node is added to the network and is assigned to one of the
three sets according to a distribution of probability p; (ii) ε > 0 edges are added to
the network. Essentially both p and ε are parameters that can be tuned; there is also
a third parameter γ . Dβ is a probability distribution such that for each node u:

Dβ
u ∝

{
(β + 1) · (ku + 1) u ∈ L

ku + 1 u ∈ I

0 otherwise
(1)

The ε edges are added according the following rule: for each edge (u, v), u is chosen
with distribution D0 and (i) if u ∈ I , v is a new node and is assigned to P ; (ii) if
u ∈ L, v is chosen according to Dγ . Kumar et al. (2010) provided no analytical results
about the network metrics. However, they claim to be able to reproduce parameters
they measured in two real social networks (Yahoo 360 and Flickr). Consequently we
expect that, at least for some choice of parameters, the methods yields a network with
high clustering coefficient, short diameter and power-law degree distribution.

The last model we review is called transitive linking (Davidsen et al. 2002). The
model is somewhat similar to the PA model with the addition of the TC step. However,
the model also accounts for the possibility that nodes leave the network. In every step
of the method two things occur: (i) a random node is chosen, and it introduces two
other nodes that are linked to it, resulting in a new link (this is the transitive linking,
in short TL); (ii) with probability p a node is chosen and removed from the network
and its edges are removed as well and replaced with another node with one random
edge. If the node chosen in (i) does not have two edges, then it introduces himself to
another random node. The parameter p dictates how often someone is removed from
the social network and is assumed to be much smaller than 1.

When p � 1 (i) the clustering coefficient is rather large, (ii) the TL dominates the
process and (iii) the degree distribution is essentially a power-law with a cutoff, as
nodes have finite lifetime. For larger values of p the two different process concur to
form an exponential degree distribution, while for p ≈ 1 the degree distribution is
essentially Poisson distribution.

4 Agent-based modeling for social simulations

Agent-Based Modeling (ABM) (Bonabeau 2002) is a very powerful simulation tech-
nique that has been adopted in a number of application scenarios in the last few years
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and that is now gaining increasing interest. ABM is a mindset more than a technol-
ogy and the ABM mindset consists of describing the subject of a simulation from the
perspective of its independent constituent units.

In ABM, the subject of simulation is described in terms of a collection of au-
tonomous decision-making entities, called agents, that are grouped together to form
an agent-based model. Each agent individually assesses its situation and makes its
own decisions, and a model roughly consists of a possibly large group of agents,
together with their relationships.

Even simple models can exhibit complex behavior patterns and can provide valu-
able information about the dynamics of the real-world system they simulate. In addi-
tion, models are often important for the unanticipated behaviors they allow to emerge.

Agent-Based Social Simulation (ABSS) (Li et al. 2008) is an application field that
has rapidly grown over the past few years as a specialized instantiation of ABM. With
no loss of generality, we can say that ABSS is about constructing models of societies
of agents, transferring such models to running software, observing the behaviors of
the realized societies, and translating, if possible, such observations into quantitative
data meant to support statistical analysis.

ABSS is well-founded on an epistemological level by the assumption that syn-
thetic data enables the construction of theories that can be used to tackle real prob-
lems. ABSS does not simply try to reproduce phenomena that are met in the real
world; it also creates virtual scenarios that can give relevant understanding of related,
yet possibly not observable, real world situations.

From a theoretical point of view, ABSS relies on the integration of several well
known and appreciated theories, e.g., the theories of dynamic systems, of cellular
automata, and obviously the theories of agents and multi-agent systems. ABSS uses
such theories to formally characterize how diverse concepts used to describe social
phenomena, e.g., individuals, groups and coalitions, interact and it enables the formal
study of emergent phenomena.

Unlike rational decision theory, which is still often used to formally characterize
social phenomena, ABSS is based on the following assumptions on agents:

– Heterogeneity: they may be all different one from each other;
– Complexity: they all have internal knowledge and regulatory mechanisms with

varying degrees of complexity;
– Adaptability: they are capable of learning on the basis of external events;
– Flexibility: they are capable of a diversified response to variations in the external

conditions, and they are capable of desisting from useless and/or (self-)destructive
behavior;

– Versatility: they possess a strategy and complex rules that enhance the agents’ ef-
ficiency and multipurpose nature.

From a methodological standpoint, ABSS is an exploratory-experimental tech-
nique based on a computational approach that aims at: (i) providing a rapid and
efficient demonstration of the properties and performances of an artificial system;
(ii) displaying in silico the effects of an artificial world including dynamic manipula-
tion of the system’s characteristics and the recording of the effects of such changes.
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5 Towards agent-based models

The models presented in Sect. 3 are successful in producing networks with the desired
properties with high probability. Moreover, they use only repetitive micro-level inter-
actions that can be seen as sufficient conditions for the desired macro-level features.
However, they still make very strong assumptions, such as (i) uniformity of node be-
havior, (ii) lack of memory, and, consequently, (iii) also uniformity of behavior in
time. As for uniformity, the kind of mathematical models studied so far essentially
assumes that all the nodes behave according to the same probability distribution (or
to a small set of probability distributions, that entirely encompass the node behavior).
The problem of lack of memory is that what occurs at each step si of the simulation
essentially depends only on the state of the network at step si−1, disregarding how
the network arrived in that state.

Moreover, most of the properties that are mathematically inferred are present at
the thermodynamic limit, but the real populations are typically much smaller.

Part of the issue is that the processes that drive real social networks are likely to
be far more complex than those employed in the models, and we do not really want
to assume that the premises we adopted for the sake of mathematical tractability are
actually true in real (and finite-sized) populations. However, some of the individual
micro-level interactions have been observed in human societies (preferential attach-
ment, transitive linking) and are a realistic element of human interactions.

On the other hand, agent-based models can manage to express the variety of hu-
man behavior and heterogeneity more easily. Moreover, agent-based models naturally
deal with finite-sized population, and, in fact, can only deal with finite-sized popula-
tions, so that properties at thermodynamic limits may only be approximated.

Unfortunately, each agent-based model tends to be an ad-hoc construction specif-
ically tailored for a research problem, which is both a blessing and a curse. As
a consequence, no agent-based models has been extensively studied as the tradi-
tional models and, because of its nature, is probably impervious to general stud-
ies. Moreover, a thorough study of an agent-based model is not even meaningful
outside the specific phenomenon it was tailor-made to model. In this sense, many
of the traditional models describe, in essence, far more general concepts that arise
in many different fields. Preferential attachment, for example, was first studied in
the contexts (i) of genus of flowering plants (Yule 1925), (ii) of sizes of cities (Si-
mon 1955), (iii) of citations, scientific productivity and journal use (Merton 1968;
Price 1976), (iv) and, eventually, of web links (Barabási and Albert 1999).

All considered, we think it is interesting to devise procedures to fit the well-studied
traditional models in an agent-based scenario. Consequently it becomes possible to
start from well studied building blocks and gradually remove some or all the assump-
tions that were originally made, and, eventually, adding novel features or combining
more basic interactions to form richer processes.

However, there is a very crucial difference between models either created with
mathematical analysis in mind or based on agents, and it is the notion and representa-
tion of time. In fact, some mathematical models have a notion of time internal to the
model, such as the steps in the BA model or the evolution of a disease outbreak over
a network. However, they assume that all the events are instantaneous and similarly
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the consequences of their actions are immediate, unless the model specifies that some
in-model-time must pass. With “event” we indicate anything that is relevant for the
model, such as performing a choice or establishing a new link. If the model has its
notion of time, model-time advancement is an “event” itself; in fact, in the case of
consequences that occur at a later time, both (i) the actual occurrence and (ii) the fact
that in a later time the consequence is bound to occur are events. Essentially, if we
imagine the model implemented in a generic programming language, any step with
side-effects in the structural operational semantics of the program (Plotkin 2004) is
an event.

On the other hand, time is a very delicate matter in agent-based systems and in
distributed systems in general. In fact, in a distributed system it is completely impos-
sible to define a unique (linear) global time (Agha 1986). Each agent in the system
has only a local time and can order the events which occur locally or, in other words,
its own state changes. Such changes can be endogenously generated (e.g., because
it is advancing in the execution of its program) or exogenous. In the latter case, the
change can be only triggered by the reception of a message. However, the local or-
derings are not completely unrelated. In fact, the causal relationships between events
occurring at different agents produce a partial order of events, the activation order.

It is worth noting that the lack of a natural total ordering among the events does
not imply that a system cannot enforce a specific total ordering. Consider for example
Cook’s hardware modification machine (Dymond and Cook 1980) or, more simply,
a system where a “global synchronizer” controls each and every step of the other
agents that consequently have to wait for its permission to perform any action. It is
not hard to see that such a system relates every two events with a causal relation, so
the activation order is total. However, the price is that such an entirely synchronous
system loses the benefits of a distributed systems.

6 Concurrency issues in agent-based simulations

In Sect. 5 we discussed the problem of time in distributed systems. In this section
we assume a more practical point of view on the matter and show to what extent
the theoretical problem concretely affects a simulation. Eventually, we discuss the
BA model in a concurrent context and present some results from an experimental
evaluation.

The models described in Sect. 3 were intended for computer simulation from the
start, albeit they were not agent-based. In fact, some of them have been only studied
by means of simulation (BPA and TL), while others were subject to analytic study
only at a second time (WS). Eventually, some properties were never formally proved,
such as the expected clustering coefficient of networks generated with the BA model.

The models were implemented using some imperative or object oriented language
and did not assume to be run in heavily concurrent scenarios. In such languages, there
is a causal relationship among all the executed program lines and consequently the
“activation order” is total.

On the other hand, agent-based languages or frameworks allow for both asyn-
chronous and synchronous communication. If synchronous communication is not
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provided out of the box, it can be easily simulated using asynchronous communi-
cation. With synchronous communication, both the sender and the receiver must be
ready to communicate before a message can be sent, or, in practice, the sender waits
that the receiver actually receives the communication. In other words, the “send” op-
eration is blocking. With asynchronous communication a message is simply sent to
the receiver without further attention from the sender, that proceeds with its activities.

First, we have to consider the concurrency environment where the simulation is
run. The simplest case is when a single executor is available (e.g., single-core single
computer) and when concurrency is achieved using either preemptive or cooperative-
multitasking. From our point of view, it matters little whether the concurrent ex-
ecution primitive is an operating system process, an operating system thread or a
lightweight in-process thread.

Another basic issue is whether a message handler is interruptible or not. The dis-
tinction is especially relevant if only one executor is available: in this case, uninter-
ruptible handlers guarantee that the state of the world does not change during the
execution of the handler because nothing external to the handler can occur before the
handler terminated. The Actor Model, for example, assumes that the handlers are not
interruptible (Agha 1986). Uninterruptible handlers allow for easier reasoning on the
formal properties of the system and are not considered a serious parallelism-limiting
issue, because, in general, the handlers can be kept brief. In a cooperative lightweight
threading scenario it is very natural to implement uninterruptible handlers: the agent
simply relinquishes control when it finishes to process a message it has previously
received. However, care should be taken in the case of preemptive multitasking.

A more general case is when multiple executors are available: as a consequence, a
higher amount of concurrency is available as well. Moreover, the multiple executors
could be distributed on different machines, potentially in different physical locations.
This may be the case for very large scale simulations. With multiple executors, the
properties deriving from cooperative multitasking are somewhat weaker, because in
the case of multiple machines more than one handler is executed at a time.

In this situation, every time an asynchronous message is sent, the successive action
performed by the agent may be executed in a world state where such message has
been: (i) received and processed (either entirely or partially), (ii) received but not
processed or, potentially, (iii) not even received. There are two main implications:

– the message sender cannot predict the state of the world at the moment in which
the recipient is going to process the message;

– the message sender cannot assume that the receiver actually received the message
it just sent, nor has guarantees when it will occur.

From our point of view, it means that when we translate a sequential model into
an agent-based one, any “decision” that follows an asynchronous send operation can
find the world in a different state from that of the corresponding sequential model.

In order to clarify this issue, we choose the Barabasi-Albert Model (BA Model)
for its simplicity. The BA model yields networks with power-law degree distribution
with exponent γ = 3, which is both a very distinctive feature and a feature that is easy
to measure. Since the only process at operating in a BA model is that of preferential
attachment and, since that process yields networks with said degree distributions,



Agent-based interpretations of classic network models 115

we can measure whether concurrency is interfering with the preferential attachment,
once the model is executed in a concurrent environment.

Although the model is really easy to understand, we point out some details that
are not important in the “traditional” scenario, but that become extremely relevant in
the concurrent setting. In the BA model, at each step:

– all the targets are chosen together, or at least, before that the network is modified
(the two strategies are indistinguishable in the mathematical model), and

– when node ti+1 (i.e., the node created at time ti+1) is created, node ti has already
been connected with all its target agents. The choices at step ti+1 according to the
degree distribution including the new links created at step ti .

In other words, let Ci
j be the time when node ti chooses its j -th target and let

Mi
j be the time when the system is actually updated so that i and its j -th target

i(j) are linked. In fact, there are also the times (a) Si
j , when the message is actually

sent, and (b) Ri
j when node i(j) receives the message. The multiple causal relation

Ci
j < Si

j < Ri
j < Mi

j holds. However, the Ss and the Rs times are not necessary
for our analysis. Cs are read operations, Ms are write operations. In the original BA
Model (n steps, m edges per node, henceforth indicated with BA(n,m)) the following
relations are true:

Ci
j < Ci

k ∀i ∈ {1, . . . , n}, if j < k (2)

Mi
j < Mi

k ∀i ∈ {1, . . . , n}, if j < k (3)

Ci
j < Mi

j ∀i ∈ {1, . . . , n}, ∀j ∈ {1, . . . ,m} (4)

Ci
j1

< Mi
j2

∀i ∈ {1, . . . , n}, ∀(j1, j2) ∈ {1, . . . ,m}2, j1 �= j2 (5)

Mi
j1

< Ci+1
j2

∀i ∈ {1, . . . , n}, ∀(j1, j2) ∈ {1, . . . ,m}2, j1 �= j2 (6)

Equation (2) is trivially true. Considering that the model is meant sequentially ex-
ecuted in an imperative language, also Eq. (3) is trivially true. Equation (4) expresses
the causal relation between the choice of a node as the recipient of a link and the cre-
ation of that link. Equation (5) indicates that in a single step all the targets are chosen
before any link is added to the network. Equation (6) states that before processing
step i + 1, all the links decided in step i must have been created.

In Fig. 1 we present how a program implementing the model could look like in an
agent-based pseudo-language. In fact, depending on the semantics of the operations
and from the guarantees made by the system, some of the equation may not be true
anymore.

For simplicity, suppose we are in the one-executor, uninterruptible handlers sce-
nario. In this situation, once a handler is executed, no operations outside the handler
occur. Nonetheless, even in this simple case, some of the equation can be violated.
When a node processes the “act” message, it choses its targets according to prefer-
ential attachment and then it sends them the message. Since in this case the handlers
are uninterruptible, we know that before any of these messages is processed, all of
them have been sent. However, there is no reason why the “link-to” messages
should be processed exactly in the same order in which the targets were chosen. This
technically violates Eq. (3); nonetheless, it has little impact on the generated network.
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Fig. 1 Agent-based Barabàsi-Albert model

Fig. 2 Alternative
implementation of BA nodes

The problem is that, in general Eq. (6) can be also be violated, because the Acti-
vator sends all the “act” messages together and when a node t processes its “act”
message, there are no guarantees that the “link-to” messages sent by the prece-
dently created nodes have already been processed.

The consequences could be far more severe: in the worse case, we can assume that
all the “act” messages are processed before any “link-to” message is. In other
words, it could be that Ck∗ < M

j∗ for all k and j . If every selection is made before the
nodes get the links, each node selects its targets among the nodes created before it
that still have the same degree and consequently the preferential attachment selection
degenerates in a random selection. Barabási and Albert (1999) proved that the latter
creates a completely different degree distribution altogether and, effectively, it would
not be a BA process anymore.

With the implementation provided in Fig. 1, Eqs. (4) and (5) are always true, even
with interruptible handlers. However, in some circumstances a different implementa-
tion could be more desirable. In Fig. 2 we show such implementation. Suppose for
example that we have multiple executors: a simulation system could use one thread
to deliver the messages to the recipients (perhaps residing on a different machine)
and another to actually run the agent. The preferential attachment selection is pretty
expensive with large networks and if all the choices are made before any message
is delivered, CPU time is used less efficiently than immediately delivering each mes-
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sage, which is taken care of by another thread on another CPU/core, and proceed with
the following choice.

However, in this scenario Eq. (5) is clearly violated. On the other hand, the im-
proved efficiency could outweigh the correctness violation. Intuitively, as long as not
“too many links” are created before all the choices are made, the resulting network
still has the desired properties. While it is not hard to prove that, with a reasonably
fair scheduler, the extreme situations described in the case of the violation of Eq. (6)
are almost impossible, it is much harder:

– to prove that concurrency does not slightly modify the model behavior as in the
case just described,

– if it does so, to estimate the introduced bias, and
– to give explicit conditions on the scheduling algorithm such that networks gener-

ated with the agent-based concurrent model are indistinguishable from networks
created with the sequential generator.

However, such eventualities can have ill effects in the long terms on the quality of the
results. As a consequence, we feel that there is a very strong need to investigate the
effects of concurrency in traditional processes. Considering the difficulty of doing so
analytically, we decided to uses experimental evaluations in controlled settings.

7 Experimental evaluation of concurrency issues in agent-based simulations

In the previous section, we showed how concurrent agent-based code can violate
some assumption implicitly made in a traditional model. Although it is possible to
limit concurrency in a way that such violations do not occur, it would mean to re-
nounce to many of the advantages offered by agent-based systems. Moreover, consid-
ering that we want to create fully agent-based models that only occasionally use some
ideas from the traditional models, such limitations would be unacceptable. Eventu-
ally, enforcing some guarantees is simply impossible in a truly distributed “grid” or
“cloud” environment.

In this section we fully embrace the generative point of view of agent-based mod-
eling and we experimentally evaluate the impact of the different concurrency envi-
ronments using an agent-based model similar to the one presented in Fig. 2, based on
the meta-model described in Sect. 8. In environments with limited concurrency, it is
completely equivalent to the one of Fig. 1, however, increasing concurrency it could
introduce more visible biases. The model was implemented in both the agent-based
simulation engines we built, which are described in Sect. 9. When the tools are set
to operate with the same concurrency semantics, no discernible differences can be
found in the result.

Our first experiment is conducted in the first scenario described in Sect. 6, that is
to say single-executor, uninterruptible handlers. In this scenario, Eq. (6) is not true
and a particularly biased scheduler could make the preferential attachment process
degenerate into an uniform selection. In order to see whether the default schedulers
are fair enough to avoid such eventualities, we experimentally compare the networks
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Table 1 Comparison between networks created according to agent-based and traditional Barabàsi-Albert
models (denoted by the label “Sequential”). Several networks have been generated with different sizes (n)
and number of starting edges per node (m). We compare the clustering coefficient C, the characteristic
path length CPL and the γ exponent of a power-law fitting the degree distribution of networks generated
with an agent-based simulator and using a sequential implementation of the BA model. We also report the
values for the clustering coefficient and the CPL computed using the theoretical formulas derived at the
thermodynamic limit (with the label “Analytical”). Unsurprisingly, the latter are not very accurate for such
small networks

Conditions Agent-based Sequential Analytical

n m C CPL γ C CPL γ C CPL

1000 5 3.25e–02 3 2.7 4.21e–02 3 2.8 5.62e–03 3.6

1000 8 4.93e–02 2.7 2.8 5.48e–02 2.7 2.8 5.62e–03 3.6

1000 11 5.89e–02 2.6 2.9 6.16e–02 2.6 2.8 5.62e–03 3.6

1000 20 9.00e–02 2.2 2.9 9.79e–02 2.2 2.9 5.62e–03 3.6

5000 5 8.37e–03 3.6 2.9 1.06e–02 3.5 2.9 1.68e–03 4

5000 8 1.36e–02 3.1 2.8 1.65e–02 3 2.9 1.68e–03 4

5000 11 1.82e–02 2.9 2.9 2.02e–02 2.9 2.9 1.68e–03 4

5000 20 2.86e–02 2.7 2.9 3.00e–02 2.7 2.9 1.68e–03 4

10000 5 5.66e–03 3.7 2.9 6.46e–03 3.7 2.9 1.00e–03 4.1

10000 8 8.17e–03 3.3 3 9.71e–03 3.3 2.8 1.00e–03 4.1

10000 11 1.08e–02 3 2.9 1.17e–02 3 2.9 1.00e–03 4.1

10000 20 1.69e–02 2.8 2.9 1.76e–02 2.8 2.9 1.00e–03 4.1

50000 5 1.30e–03 4.3 3 1.92e–03 4.1 2.9 2.99e–04 4.5

50000 8 2.16e–03 3.7 3 2.77e–03 3.7 2.9 2.99e–04 4.5

50000 11 2.77e–03 3.5 3 3.33e–03 3.4 2.9 2.99e–04 4.5

50000 20 4.78e–03 3 3 5.02e–03 3 2.9 2.99e–04 4.5

created using agent-based variant of the BA model with those created using a sequen-
tial implementation. Specifically, as the sequential implementation, we used a library
function contained in the network analysis package NetworkX.

In Table 1 we report some results: we generated networks of different sizes (n)
and with different starting number of edges per node (m) with both tools and found
out that the clustering coefficient C and the characteristic path length CPL are sig-
nificantly close one to each other (typically they differ for less than 10 %). We also
compared the values with those predicted with the purely analytic methods described
in Sect. 3: such methods assume a network of infinite size and are very rough esti-
mators of what occurs in large but not huge networks, and, in fact underestimate the
clustering coefficient of an order of magnitude and also overestimate the average path
length.

The most defining feature of the Barabàsi-Albert model is that it yields networks
whose degree distribution is a power-law with exponent γ = 3, even for such small
networks. Consequently, we decided to test the degree distributions generated with
our tool and with NetworkX using the techniques discussed by Clauset et al. (2009);
their γ coefficients are, as predicted by analytical means, close to 3. In Fig. 3 we
report the degree distributions f (k) (Fig. 3a) and the complementary cumulative dis-
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Fig. 3 Comparison between sequential and agent-based implementation of the BA model, 100000 nodes,
11 edges per node. Panels a and b represent the degree distributions and complimentary cumulative distri-
bution functions (CCDF) of the networks

Fig. 4 Comparison between agent-based implementations of BA model with and without interruptible
handlers, 100000 nodes, 11 edges per node. Panels a and b represent the degree distributions and compli-
mentary cumulative distribution functions (CCDF) of the networks

tribution functions S(k) = 1−∑
f (k) (Fig. 3b) of the two networks. The agent-based

variant do not seem to introduce relevant biases in the degree-distribution of the gen-
erated networks.

Another interesting question is whether the possibility to interrupt the message
handlers changes the model behavior. The possibility to interrupt handlers means
that the actions of multiple nodes may be mingled and generally could make more ex-
treme the effects of concurrency. In fact, we studied the results of simulations where
the agents had and had not interruptible handlers respectively, and we found out that,
the generated networks are mostly indistinguishable. In Fig. 4 we plotted the degree
distributions and the CCDFs. The two degree distributions are extremely similar and
both have the theoretically predicted exponent, evaluated with the method described
by Clauset et al. (2009). Apparently, interrupting the handlers and consequently al-
lowing the “choices” in a potentially different network state does not seem to affect
the outcomes: the scheduler is appropriately designed.

Eventually, we compared multiple networks generated according to the agent-
based model: in Fig. 5 we plotted the degree distributions and CCDFs of several
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Fig. 5 Degree distributions of 10 networks generated with the agent-based simulator (non-interruptible
handlers version) and plotted by different symbols and color. Plot a represents the degree distribution of
the networks, plot b their CCDFs

(10) such networks. The distributions are significantly close one to the other and this
fact allows us to conclude that the available schedulers are fair enough for our pur-
poses, which implies that actions are not delayed too much nor there is a significant
bias in which actions are delayed. Essentially, the number of delayed actions (e.g.,
the creation of a link) is small, so that they have not a major impact on the simulation
results and do not introduce significant biases in the models.

8 An agent-based meta-model for easy adaptation of traditional models

In order to simplify the creation of new agent-based models and the adaptation of
traditional models into agent-based ones, we designed a conceptual framework that
separates the various concerns and allows to write simulations with few lines of code.

Analyzing the traditional models described in Sect. 3 as well as some other non-
generative network processes, such as the infection diffusion models described by
Pastor-Satorras and Vespignani (2001), we singled out a meta-model that is suitable
to implement said models as agent-based models. The programs presented in Fig. 1
and in Fig. 2 are essentially instances of that meta-model. The meta-model also allows
for features typical of agent-based models to be introduced gradually and to added to
the agent-based variants of the traditional models.

In order to run the traditional models in an agent-based scenario, for example to
generate the results presented in Sect. 7, it is sufficient to create a software framework
that provides at each stop two decision points:

– a selection process determining groups of nodes to be created, “activated” or de-
stroyed, and

– the behavior of the nodes themselves when activated.

A few infrastructural agents are needed in order to support such processes, e.g.,
(i) the Activator, responsible for the first of the two decision processes, (ii) a Config-
urator agent, that initially sets the network up in the starting condition of the simu-
lation, (iii) a Clock agent that beats the steps for the activator. The vast majority of
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agents in the system are, nonetheless, the nodes themselves. Although in the simplest
models they simply wait to be activated, in more typically agent-based models they
act pro-actively.

In the rest of this section, we show how the traditional models can be adapted to
agent-based models using the meta-model we just described. It is worth noting that
all the generation models have explicitly or implicitly a notion of “time”, in the sense
that in the BA, TL and BPA models, the generation algorithm is already presented in
a step-wise way. However, also for WS it is easy to interpret the rewiring procedure
that occurs on each node as a single step of the global rewiring process; the main
difference is that in BA, TL and BPA the number of steps is independent of the size
of the model (although not all combinations of network size and number of steps
produce meaningful networks), while in WS the number of steps would be a function
of the network size.

As a consequence, all these models can be easily fitted in the meta-model we
described. For example, we consider the BA and the WS models. In the BA model,
there are a fixed number of steps and at each step a new node-agent is created and
subsequently activated. When activated it chooses m targets according to preferential
attachment and sends them a link-to message. The semantics of the model is that such
messages are always accepted and cause a new link to be created.

In the original formulation of the WS model, for every node, we rewire each link
with probability p. In the agent-based formulation:

– the activator activates each node in the network in sequence and
– each agent, when activated, rewires each of its connections with probability p.

Starting from this basic structure, variations of the WS model could be developed
where the rewiring process is not governed by probability, but by other criteria, such
as similarity between agents.

However, as the traditional models become more complicated, the corresponding
agent-based model usually does not increase in complexity. For example, when some
of the more advanced generation models, like the BPA model, want to account for
different, although coarse grained, node behavior, they introduce different sets of
nodes and use set membership to distinguish among the nodes. Such models usually
become too complex to be analytically analyzed. Moreover, this approach quickly
becomes infeasible when the number of the different behaviors increases.

On the other hand, the same idea is not more complicated in an agent-based model,
because in agent-based models behavior is a first class citizen. To further explain the
same example, in the agent-based variant of the BPA model we simply create three
different behaviors to react to activation:

– a passive agent (which represent a node in P ) simply refuses to act;
– an inviter agent (a node in I ) “invites a new agent”, that is to say, it asks the

simulation engine to create a new agent;
– a linker tries to link to an existing node in the network with preference to “popular”

agents.

There are some immediate advantages: (i) implementing new behaviors is also rela-
tively trivial and simply executing the simulation assess their impact; and (ii) in the
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agent-based version each agent could change its behavior during the simulation when
appropriate conditions occur. The latter point is extremely important: for example, in
the real world “inviters” do not have an unlimited number of friends to invite and at a
given point in time inviters should become either linkers or passive nodes (or perhaps
acquire a whole new behavior).

As the last example, we propose the TL model. The idea here is that at each step
an agent is activated and, depending on the number of connections it has, it either:

– introduces two friends one to the other; or
– it introduces itself to another random node.

At each step a node is chosen and with probability p it is removed and replaced
with a new agent with one random link. Probably the more revealing symptom of the
non agent-based origin of the TL model is the choice to model only the simultaneous
circumstance that an agent leaves the network and another enters with a single event
occurring with probability p. This assumption is quite unrealistic when modeling so-
cial networks, because people leaving or joining the network are mostly independent
events. However it makes analytic study much easier because the number of nodes in
the network is constant.

9 Engineering the agent-based social network generation system

Some tools for agent-based simulation have been already developed (Minar et al.
1996; North et al. 2007; Tisue and Wilensky 2004; Luke et al. 2005) and we refer to
the review made by Lytinen and Railsback (2012) for a comparison of the tools in the
generic agent-based modeling context. However, we decided to implement our own
agent-based social network generators, since:

– We plan to support both discrete events simulations and continuous simulations.
The tools that are available tend to focus on one aspect and lack features pertaining
the other one.

– We need a high level of control over the scheduling process and concurrency in
general. Although our preliminary results show that average schedulers are fair
enough for our purposes, it is also of interest to perform simulations with biased
schedulers.

– We do not need many of the features that general purpose agent-based simulation
environments offer and occasionally those features may contrast with our goals
(i.e., social network specific simulations opposed to generic agent-based simula-
tions) and make the software more complex to use by researchers with different
expertises, e.g., in sociology.

We created two different implementations of our system. The first one is built in
Java over HDS (Heterogeneous Distributed System) (Poggi 2010), while the other,
called PyNetSym (Franchi 2012a), is written in Python and uses a custom simulation
engine we created on the top of gevent.1 Both systems implement the meta-model
described in Sect. 8 and have been used to run the experiments described in Sect. 7.

1http://gevent.org.

http://gevent.org
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HDS is a software framework that was originally created to simplify the real-
ization of distributed applications by merging the client-server and the peer-to-peer
paradigms and by implementing all the interactions among all the software entities
of a system through the exchange of messages.

This software framework allows the realization of systems based on two types
of software entities: actors and servers, which can be distributed on a (heteroge-
neous) network of computational nodes (hereafter called runtime nodes). Actors have
their own thread of execution and perform tasks interacting, if necessary, with other
software entities through synchronous and asynchronous messages. Servers perform
tasks on request of other actors.

HDS has been already used for implementing some agent based applications
(Bergenti et al. 2010; Bergenti and Poggi 2011) and provides two different ways
for the deployment of actors and servers that allow either: (i) to assign a thread to
each actor and server; or (ii) to share a thread among a set of actors and servers.
The last option is very interesting for developing applications that involve a massive
number of agents (in fact, we developed some applications where millions of agents
concurrently run in a single HDS node, provided enough RAM is available). More-
over, the possibility to switch between the two strategies is especially useful in order
to analyze what occurs with different concurrency models.

Therefore, HDS can be easily used for simulating social networks where individ-
uals are represented by agents implemented on the top of HDS actors and common
services (e.g., monitoring, persistence and logging services) are managed by HDS
servers. Moreover, the simulation size is scalable by both: (i) distributing the agents
on a set of computational nodes; and (ii) managing the execution of the agents of a
computational node through a single thread.

On the other hand, PyNetSym does not support yet distribution on multiple com-
putational nodes, although the feature is planned. However, a finer grained control
over concurrency issues is possible because execution cannot be preempted. The de-
fault setting is that message handlers (i.e., the methods that are called when a given
message is received) are never interrupted. We chose this setting because it is quite
natural when implementing agent-based variants of probabilistic models. However, if
more concurrency is desired, it is possible to explicitly require context switches.

The cooperative multi-tasking engine is created on top of gevent, a networking and
concurrency framework that uses coroutines to implement cooperative tasks, called
“greenlets” in gevent lingo. Coroutines are a generalization of subroutines allowing
multiple entry points for suspending and resuming execution at certain locations (De
Moura and Ierusalimschy 2009). Gevent also provides the default greenlet scheduler.
Frameworks such as gevent are popular for writing programs with very high concur-
rency, since greenlets: (i) are less expensive to create and to destroy; and (ii) do not
use memory structures in kernel space. An example of the efficiency of greenlets is
shown in Table 2. Further comparisons between greenlet and thread performances are
described by Friborg et al. (2009).

10 Conclusions and future work

This work was motivated by the urgent demand for generating realistic social net-
works in order to use them to perform extensive simulations of processes over net-
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Table 2 Greenlet and thread efficiency comparison: the main agent spawns a new agent and sends it a
message with the numeric value of the number of agents to spawn, then it waits for a message on its own
queue. When the other agent receives a message with value n, each secondary agent: (i) spawns a new
agent and sends it a message with the value n− 1 if n �= 0; (ii) on the other hand, if n = 0, it means that all
the agents have been created and sends a message to the main thread. Notice that the agents do not exist
all at the same time: once they have received and sent a message, they terminate

# items Thread execution (s) Greenlet execution (s)

100 0.022 0.002

500 0.110 0.009

1000 0.224 0.018

10000 2.168 0.180

100000 21.85 1.796

1000000 223.3 18.24

works. We believe that there will be a growing need for this kind of simulations
because of the pervasive roles social networking systems are assuming in our lives.
However we have shown that, in order to derive sound conclusions from simulation
of processes over a social network and in order to understand which features influ-
ence more significantly the process outcomes, the topological differences of OSNs
require the simulations to be run on a very large number of networks.

This, together with the relative complexity of obtaining good network samples
from OSNs, led us to the necessity of synthetically generating a varied and ample set
of realistic networks, on which the simulations could be run.

We strongly advocate the introduction of more agent-based models in order to
perform large scale social network simulations. Among the many strong points of
agent-based models, we think that the following are especially relevant for our pur-
poses:

– agent-based models can easily deal with entities with different behaviors and be-
haviors changing over time,

– they are built simply describing the low level interactions among the parties, i.e.,
from the description of the people’s behavior in the social networking system, tak-
ing advantage of the expertise of social scientists,

– they can model complex interactions between the nodes in the system, encom-
passing learning and goals, but they can also create emergent patterns from simple
micro-level interactions

– they do not need simplifying assumptions to allow analytic studies.

However, we planned to introduce advanced agent-based features only gradually,
because the effects of some of them can be hard to evaluate in advance. Moreover,
when the amounts of “agency” in the model increases, it is easy to introduce unfore-
seen effects in the simulation. Consequently, we decided to start converting some of
the most studied traditional models into agent-based models, so that we can study on
familiar example the effects of increased concurrency, that can change the semantics
of some operations in subtle ways. Increased concurrency is not only a consequence
of agency, but it is also a side effect of distributing simulations on many computa-
tional nodes.
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Then, we discussed concurrency related issues that arise when mathematical mod-
els are transformed into agent-based ones, since actions that in mathematical models
are sequential may be executed in parallel and in a different order. We also showed
that the schedulers typically found in commonly available concurrency libraries are
fair enough to avoid the pathological situations that could change the model behavior.

We created a meta-model to ease the transition of traditional models to agent-based
ones and we built two simulation systems using different concurrency technologies,
implementing the meta-model. We are now in the position to gather enough results to
improve the models further.

As a general comment it should be noted that the question on the extent to which
predictions valid for artificially generated social networks also hold for real online
social networks is still open and that, in general, this issue is not easily dealt with.
However, results look promising and with more sophisticated network models it is
likely that simulation is going to be an increasingly important technique for social
network related studies.
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