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a b s t r a c t
This paper discusses how social network theory can provide optimization algorithms with social heuristics. The foundations of this approach were used in the SAnt-Q (Social Ant-Q) algorithm, which combines
theory from different ﬁelds to build social structures for state-space search, in terms of the ways that
interactions between states occur and reinforcements are generated. Social measures are therefore used
as a heuristic to guide exploration and approximation processes. Trial and error optimization techniques
are based on reinforcements and are often used to improve behavior and coordination between individuals in a multi-agent system, although without guarantees of convergence in the short term. Experiments
show that identifying different social behavior within the social structure that incorporates patterns of
occurrence between states explored helps to improve ant coordination and optimization process within
Ant-Q and SAnt-Q, giving better results that are statistically signiﬁcant.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The collective behavior of social groups has inspired the
development of computational models for generating solutions to
optimization problems. This behavior results from patterns of
interaction between individuals in a population, and is not merely
a property of a single control system but is a consequence of individuals’ behavior. In such a system, each individual’s structure is
relatively simple, but complex social structures emerge from their
collective behavior.
A social structure is built from social behavior and interactions,
and changes in this structure producing effects on all individuals
and eliminating their idiosyncratic behavior. Social interaction is
the main driver in the construction of a social structure, which
shows how individuals are related. The social structure reﬂects
the characteristics and behavior of individuals which in turn can
inﬂuence or modify the structure. Interaction is necessary because
in most social systems there are processes by which individuals
adapt, and such processes are needed if the collective behavior of
the group as a whole is to evolve.
Social systems are mainly characterized by the relationships
between a population’s individuals who interact, giving rise to
patterns of behavior that improve the coordination of the group
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when taking collective decisions (Ribeiro, 2010). Individuals in a
multi-agent system, denoted agents, usually learn from their own
behavior and from the inﬂuence of others, improving their utility
whilst interacting with the stronger agents in the group. The social
structure can be determined by the superposition of the ‘best’
agents in the group, where the stronger agents inﬂuence the others
through individual or collective reinforcement, following the
principles of the theory of social impact (Latané, 1981) and learning by experience (Sutton & Barto, 1998).
From the behavior of agents and the application of this theory, it
is possible to identify coherent social structures and patterns of
behavior in a complex system, describing who interacts with
whom, and the frequency and intensity of their interactions
(Ribeiro, 2010). The social structure emerges without a central system of coordination but through the sociability of agents in their
own local behavior patterns.
In a multi-agent system, agents need to interact and to coordinate themselves for carrying out tasks. Coordination between
agents can help to avoid problems with redundant solutions,
inconsistency of execution, waste of resources and situations of
deadlock. In this context, models of coordination based on the
collective behavior of social groups, e.g., swarm intelligence (Beni
& Wang, 1989; Eberhart & Kennedy, 1995), have been shown to
be capable of solving complex problems involving social and individual behavior.
The paradigm of coordination based on swarm intelligence has
been studied intensively in recent decades (Annaluru, Das, &
Pahwa, 2004; Bastos Filho, Lima Neto, Lins, Nascimento, & Lima,
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2008; Bean & Costa, 2005; Dorigo & Stützle, 2010; Engelbrecht,
2010; Gambardella & Dorigo, 1995; Guntsch & Middendorf,
2001; Kennedy & Eberhart, 1995; Lim, Lin, Rodrigues, & Xiao,
2006; Shyu, Lin, & Hsiao, 2006; Su, Chang, & Chiou, 2005). This
paradigm was suggested by colonies of social insects, leading to
computational systems which reproduce the behavior used to
solve collective problems in colonies of ants, bees, ﬁsh or wasps.
Social insects in a swarm act locally but must satisfy the global
objective of the system, forming a community of agents. The
community can be formed by a set of agents whose connectivities
show their social relationships. This description is also shown to be
the underlying concept of social networks (Wasserman & Faust,
1994). Social networks may consist of a set of individuals, computers, organizations or computational elements connected by some
kind of relationship. A group of persons, for example, may be
linked together through friendship, acquaintance, parentage or
work, just as insects in a swarm can be related by spatial proximity, type of specialization or mutual ability.
Thus methods of swarm intelligence, reinforcement learning
and models of social structure are based on principles that are
often complementary and which allow the impacts of established
relationships to be observed.
It can be seen that each agent in a multi-agent system experiences inﬂuences from the others; so far, however, there has been
only limited research on how this process can be formalized, and
on the construction of dynamic social structures for decisionmaking for the purpose of improving methods for coordination
and distributed learning available in the literature. Another important issue concerns the use of principles of social networks to improve the adaptation of agents who become coordinated through
reinforcement. The purpose of the research described here is to answer the following questions which at present are still open: (i)
how is a social structure constructed from knowledge acquired
by agents through their interactions? (ii) how are principles of social interaction used to improve coordination between agents
within the social structure? (iii) how can these inﬂuences be formalized? and (iv) how can the relevant agents be identiﬁed?
These issues are approached in this paper by developing a
method using such principles to establish a social structure from
interactions between agents in a multi-agent system, leading to
improvement in algorithms based on swarms or reinforcement
learning. The method is termed Social Ant-Q (SAnt-Q) (Ribeiro,
2010) and is one of the main contributions of this paper.
The paper is organized as follows: Section 2 describes related
work using concepts of social networks to improve methods of
coordinating multi-agent systems. Section 3 sets out a method
using the theory of social networks to improve the convergence
of algorithms based on reinforcement, which integrates and adapts
procedures for multi-agent coordination, ant colony, reinforcement learning and social networks. Section 4 presents and
discusses results showing the gain through the approach, relative
to the Ant-Q algorithm. The paper concludes with Section 5 which
lists important aspects requiring further study as well as perspectives for future research.

2. Related work
A system such as a society of agents can be deﬁned as a cognitive and social entity, having identiﬁable relationships and links
between its agents (Panzarasa & Jennings, 2001). In general, societies are organized according to some structure, such as networks or
hierarchies. Unlike hierarchies, networks have been identiﬁed as
social structures. Social networks are made up of a set of states that
can be connected by links representing relationships. These relationships can be deﬁned by aspects that indicate their strength
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or intensity, or again by the frequency with which they occur for
the agent, showing his position, prestige or inﬂuence in the network (Knoke & Yang, 2008; Wasserman & Faust, 1994). Computing
has, to some extent, contributed to the systematic application of
methodologies by which such relationships can be described,
quantiﬁed and analyzed.
In well-established social networks, it is possible to identify
groups of agents that are best at undertaking particular tasks. In
complex societies, concepts of relationship intensity are fundamental for the creation of a social structure. Social networks can
therefore be regarded as essential for the attribution of concepts
of reputation and the relation between agents in a multi-agent
system.
Social networks have a number of characteristics that favor
methods of coordination within a multi-agent system. For example, Mérida-Campos and Willmott (2004) veriﬁed that coalitions
formed by agents showing a high level of betweenness had especially high utility values.
Leite, Borges, Carpes, and Enembreck (2010) introduced techniques of social network analysis to improve the performance in
the Distributed Constraint Optimization Problem (DCOP)
pseudo-tree-based algorithms. The key idea of the proposal is to
give more prominent agents a higher priority in the pseudo-tree
ordering. Two measures of centrality were used in a social network
analysis for this purpose, namely closeness and betweenness, to
detect such agents. Closeness focuses on how strongly an agent
interacts with others, and betweenness estimates how ‘in between’
an agent is, according to the shortest paths between all pairs of
agents. The proposed strategy makes the prominent agents dominate the search process by assigning a high priority to them, helping to balance the pseudo-tree and avoiding large branches.
Gaston and DesJardins (2005) reported a study of how the
structure of a social network affects the decisions of agents in speciﬁc situations, such as the diffusion of innovation, the formation of
opinion, and the formation of teams. In the case of diffusion innovation, agents were in one of two states [1, 0], in which the innovation was, or was not, adopted. An agent had greater probability of
adopting the innovation according to processing capacity and the
number of neighbors who adopted the innovation. In the case of
opinion-forming, the social impact was calculated by observing
the change of an agent’s opinion based on agent strength, distance
between agents, external inﬂuence and social noise, without considering organizational structure. The leading agent (the agent
with smallest mean distance from the others) would convince
others to adopt his opinion more easily, than would a more
isolated agent. In the formation of teams, the topology of the network restricts the number of agents who can appear in the same
team, where a team is a connected sub-group of agents for which
the sum of all their competences is sufﬁcient to undertake a task.
The tasks are issued by broadcast at regular time intervals. Results
showed that scale-free networks gave better results in terms of
organizational efﬁciency.
These are only some from a number of papers which apply such
concepts to the improvement of distributed artiﬁcial intelligence
techniques. Other papers that should be mentioned are those of
Araújo and Lamb (2008), Bowman and Hexmoor (2005), Bulka,
Gaston, and DesJardins (2006), Dautenhahn (1995, 2007), LeBlanc
and Koutsoukos (2011), Olfati-Saber, Fax, and Murray (2007),
who also explored methodologies based on multi-agent networked
systems. There are also other papers that use models of reputation
and trust based on networks of inter-agent relationships, such as
Ashri, Ramchurn, Sabater, Luck, and Jennings (2005), Huynh,
Jennings, and Shadbolt (2006), Kuter and Golbeck (2007), Liu,
Wang, and Orgun (2010a, 2010b), Patel (2007), Ramchurn,
Jennings, Sierra, and Godo (2004), Sabater (2003), Vogiatzis,
Macgillivray, and Chli (2010).

