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Abstract Coordination of multiagent systems is recently
moving towards the application of techniques coming from
the research context of complex systems. adaptivity and self-
organisation are exploited in order to tackle openness, dynamism
and unpredictability of typical multiagent systems applications.
In this paper we focus on a coordination problem called collective
sorting, where autonomous agents are assigned the task of moving
tuples across different tuple spaces according to local criteria,
resulting in the emergence of the complete clustering property.
Using a library we developed for the MAUDE term rewriting
system, we simulate the behaviour of this system and evaluate
some solutions to this problem.

|. INTRODUCTION

Systems that should self-organise to unpredictable changes
in their environment very often need to feature adaptivity
as an emergent property. As this observation was rst made
in the context of natural systems, it was shortly recognised
as an inspiring metaphor for arti cial systems as well [1].
However, a main problem with emergent properties is that,
by their very denition, they cannot be achieved through a
systematic design: their dynamics and outcomes cannot be
fully predicted. Nonetheless, providing some design support in
this context is still possible. The whole system of interest, that
is the application to design and the environment it is immersed
in, can be modelled as a stochastic system, namely, a system
whose dynamics and duration aspects are probabilistic. In this
scenario, smulations can be run and used as a fruitful tool to
predict certain aspects of the system behaviour, and to support
a correct design before actually implementing the application
at hand [2].

This scenario is particularly interesting for agent coordina-
tion. Some works like the TOTA middleware [3], SwarmLinda
[4], and stochastic KLAIM [5], though starting from different
perspectives, al develop on the idea of extending standard
coordination models with features related to adaptivity and
self-organization. They share the idea that tuples in a tuple
space eventualy spread to other tuple spaces in a non-
deterministic way, depending on certain timing and probability
issues. Accordingly, in this paper we start analysing the
potential role that simulation tools can have in this context,
towards the identi cation of some methodological approach
to system design.

As a reference example, we consider an application to
a tuple space scenario of the so-called collective sorting
problem for swarm intelligence [1]. This application features
autonomous agents managing a set of distributed tuple spaces,

with the goal of moving tuples from one space to the other
until completely sorting them, that is, tuples of different

types reside in different tuple spaces. We show a solution
to this problem based on a fully-distributed algorithm, where
each agent moves tuples according to fully-local criteria, and
where complete sorting appear to emerge from initial chaotic
tuple con gurations. To provide evidence of correctness and

appropriateness we rely on simulations.

Many simulation tools can be exploited to this end, though
they al necessarily force the designer to exploit a given
speci cation language, and therefore better apply to certain
scenarios and not to others examples are SPIM [6], SWARM
[7] and REPAST [8]. Instead of relying on one of them,
in this paper we seek for a general-purpose approach. We
evaluate the applicability of the MAUDE speci cation tool as a
general-purpose engine for running simulations [9]. It is very
well known that MAUDE alows for modelling syntactic and
dynamic aspects of asystem in aquite exible way, supporting
e.g. process algebraic, automata, and net-like speci cations
all of which can be seen as instantiations of MAUDE’s term
rewriting framework. We developed a library for allowing a
system designer to specify in a custom way a system model in
terms of a stochastic transition system a labelled transition
system where actions are associated with arate (of occurrence)
[10]. One such speci cation is then exploited by the tool to
perform simulations of the system behaviour, thus making
it possible to observe the emergence of certain (possibly
unexpected) properties.

The remainder of this paper is as follows: Section 2 provides
some background on coordination techniques featuring adap-
tivity, Section 3 describes the collective sorting problem, while
Section 4 presents the MAUDE model of the Collective Sorting
and its simulation results, and naly Section 5 concludes
providing perspectives on future works.

I1. BACKGROUND

In the effort to improve the design process of software
systemsi.e. to bridge the gap between the design and the
actua implementation it has become very common practice
to take into account not only functional and architectural
requirements, but also quantitative aspects like temporal and
probabilistic ones. When dealing with complex systems, it is
often the case that aleatory in system dynamics may cause
the emergence of interesting properties, that cannot therefore
be abstracted away when designing the system. Coordination
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models and technologies for multiagent systems are withess-
ing the development of a number of works moving to this
direction, most of which are inspired by natural phenomena.

A rst example is the TOTA (Tuples On The Air) mid-
dleware [3] for pervasive computing applications, inspired by
the concept of eld in physicslike e.g. the gravitational
or magnetic elds. This middleware supports the concept of
spatially distributed tuple: that is, a tuple can be cloned and
spread to the tuple spaces in the neighborhood, creating a sort
of computational eld, which grows when initially pumped
and then eventualy fades. To this end, when injected in a
tuple space, each tuple can be equipped by some application-
dependent rules, de ning how a tuple should spread across the
network, how the content of the tuple should be accordingly
affected, and so on. TOTA is mainly targeted to support
multiagent systems whose environment is open, dynamic and
unpredictable, like e.g. to let mobile agents meet each other
in a dynamic network.

Another example is the SwarmLinda coordination model
[4], which though similar to TOTA is more inspired by swarm
intelligence and stigmergy [1], [11], [12]. In SwarmLinda
tuples are moved from one tuple space to the other, and ant-
like algorithms are used to retrieve them. The use of self-
techniques in SwarmLinda derives from necessity of dealing
with openness and with the unpredictability of a tuple space’s
users, against the need of achieving adaptivity.

Finaly, the swarm robotics eld applies strategies in-
spired by social insects in order to coordinate the activities
of a multiplicity of robots systems. Typically, these systems
are built on top of ad-hoc software middlewares [1], and solve
problems with distributed-al gorithms where, though each robot
brings about very simple goals, the whole system can be
used to solve quite complex problems see e.g. the collective
sorting problem in Section I11-A.

These are al examples witnessing the fact that coordination
in open, dynamic, and unpredictable systems have quantitative
aspects playing a very important role. This calls for analysis
and design tools that can support system development at
various levels, from formal speci cation up to simulations.

I1l. COLLECTIVE SORTING
A. General Scenario

We consider a case of Swarm-like intelligence known as
collective sorting [1]. It features a multiagent system where
the environment is structured and populated with items of
different kinds: the goal of agentsis to collect and move items
across the environment so as to order them according to an
arbitrary shared criterion. This problem basically amounts to
clustering: homogeneous items should be grouped together and
should be separated from others. Moving to a typical context
of coordination models and languages, we consider the case
of a xed number of tuple spaces hosting tuples of a known
set of tuple types. The goal of agents is to move tuples from
one tuple space to the other until the tuples are clustered in
different tuple spaces according to their tuple type.

In several scenarios, sorting tuples may increase the overall
system ef ciency. For instance, it can make it easier for an
agent to nd an information of interest based on its previous
experience: the probability of nding an information where
a previous and related one was found is high. Moreover,
when tuple spaces contain tuples of one kind only, it is
possible to apply aggregation techniques to improve their
performance, and it is generally easier to manage and achieve
load-balancing.

Increasing system order however comes at a computational
price. Achieving ordering is a task that should be generally
performed online and in background, i.e. while the system
is running and without adding a signi cant overhead to the
main system functionalities. Indeed, it might be interesting to
look for suboptimum algorithms, which are able to guarantee
a certain degree of ordering in time.

Nature is a rich source of simple but robust strategies:
the behaviour we are looking for has already been explored
in the domain of socia insects. Ants perform similar tasks
when organizing broods and larvae: this class of coordination
strategies are generaly referred to as collective sorting or
collective clustering [1]. Although the actual behaviour of
antsis still not fully understood, there are several models that
are able to mimic the dynamics of the system. Ants wander
randomly and their behaviour is modelled by two probabilities,
respectively, the probability to pick up Pp and drop Py anitem
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where k; and k, are constant parameters and f is the
number of items perceived by an ant in its neighborhood:
f may be evaluated with respect to the recently encountered
items. To evaluate the system dynamics, apart from visualising
it, it can be useful to provide a measure of the system order.
Such an estimation can be obtained by measuring the spatial
entropy, as done e.g. in [11]. Basically, the environment is
subdivided into nodes and P; is the fraction of items within
a node, hence the local entropy is H; = Pjlog Pi. The sum
of H; having P; > 0 gives an estimation of the order of the
entire system, which is supposed to decrease in time, hopefully
reaching zero (complete clustering).

P, =

B. An Architecture for Implementing Collective Sorting

We conceive a multiagent system as a collection of agents
interacting with/via tuple spaces: agents are allowed to read,
insert and remove tuples in the tuple spaces. Additionally, and
transparently to the agents, an infrastructure provides a sorting
service in order to maintain a certain degree of order of tuples
in tuple spaces. This service is realised by a class of agents
that will be responsible for the sorting task. Hence, each tuple
space is associated with a pool of agents, as shown in Figure
1, whose task is to compare the content of the local tuple space
against the content of another tuple space in the environment,
and possibly move some tuple. Since we want to perform this
task online and in background, and with a fully-distributed,
swarm-like algorithm, we cannot compute the probabilities in
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Fig. 1. The basic architecture consists in a set of sorter agents dedicated to
a single tuple space.

Equation 1 to decide whether to move or not a tuple: the
approach would not be scalable since it requires to count all
the tuples for each tuple space, which might not be practical.

Hence, we devise a strategy based on tuple sampling, and
suppose that tuple spaces provide for a reading primitive we
cal ur d, uniform read. This is a variant of the standard r d
primitive that takes a tuple template and yields any tuple
matching the template: primitive urd instead chooses the
tuple in a probabilistic way among all the tuples that could
be returned. For instance, if a tuple space has 10 copies of
tuple t(1) and 20 copies of tuple t(2) then the probability that
operation urd (t(X)) returns t(2) is twice as much as t(1)'s.
As standard Linda-like tuple spaces typically do not implement
this variant, it can e.g. be supported by some more expressive
model like ReSpecT tuple centres [13]. When deciding to
move atuple, an agent working on the tuple space T Sg follows
this agenda:

1) it draws a destination tuple space T Sp different from

the source one T Sg;

2) it draws akind k of tuple;

3) it (uniformly) reads a tuple Ty from T Sg;

4) it (uniformly) reads a tuple T, from T Sp;

5) if thekind of T, isk and it differs from the kind of T4,

then it moves a tuple of the kind k from TSs to TSp.

The point of last task is that if those conditions hold, then the
number of tuplesk in T Sp is more likely higher thanin T Sg,
therefore a tuple could/should be moved. It is important that
all choices are performed according to a uniform probability
distribution: while in the steps 1 and 2 it guarantees fairness,
in steps 3 and 4 it guarantees that the obtained ordering is
appropriate.

It is worth noting that the success of this distributed al-
gorithm is an emergent property, affected by both probability
and timing aspects. Will complete ordering be reached starting
from a completely chaotic situation? Will complete ordering
be reached starting from the case where al tuples occur in
just one tuple space? And if ordering is reached, how many
moving attempts are globally necessary? These are the sort of
questions that could be addressed at the early stages of design,
thanks to a simulation tool.

IV. THE COLLECTIVE SORTING IN MAUDE

In this section we briey describe a M AUDE speci cation
of our solution to the collective sorting problem, and show
simulation results. Our model sticks to the case where 4 tuple

spaces exist (labelled with identi ers 0, 1, 2 and 3), and four
tuple kinds are subject to ordering (" a, ' b, ’ ¢, and ' d).

A. A MAUDE library for simulation

MAUDE is a high-performance re ective language support-
ing both equational and rewriting logic speci cations, for
specifying a wide range of applications [9]. The basic brick of
a MAUDE program is the module, which is essentially a set of
de nitions determining an algebra: the modules can be either
of the functional or system kind. Functional modules contain
both (syntax-customed) type and operation declarations, along
with equations which are actually equational rewriting rules
dening abstract data typesthis is hence useful to declare
algorithmic aspects of computing systems. System modules
can instead have rewriting laws as well i.e. transition rules
that are typically used to implement a concurrent rewriting
semantics, and are then able to deal with aspects related to
interaction and system evolution. In the course of nding a
general simulation tool for stochastic systems, we nd M AUDE
as a particularly appealing framework, for it alows to directly
model a system in terms of transition rules, or to prototype a
new domain-dependent language to have more expressiveness
and compact speci cations.

Using MAUDE, we realized a general simulation framework
for stochastic systems. the idea of this tool is to model
a stochastic system by a labelled transition system where
transitions are of the kind S ¥ S, meaning that the system
in state S can move to state S° by action a, where r is the
(global) rate of action a in state S. The rate of an action in a
given state can be understood as the number of times action
a could occur in atime-unit (if the system would rest in state
S), namely, its occurrence frequency. This idea is inspired by
the activity mechanism of stochastic -Calculus [10], where
each channel is given a xed local rate, and the global rate of
an interaction is computed as the channel rate multiplied by
the number of processes willing to send a message and the
number of processes willing to receive a message. Our model
is hence a generaisation of this approach, for the way the
global rate is computed is custom, and ultimately depends on
the application at hand e.g. the global rate can be xed, or
can depend on the number of system sub-processes willing to
execute an action. Given atransition system of thiskind and an
initial state, a simulation is simply executed by: (i) checking
each time the available actions and their rate; (ii) picking
one of them probabilisticaly (the higher the rate, the more
likely the action should occur); (iii) accordingly changing
the system state; and nally (iv) advancing the time counter
according to an exponential distribution, so that the average
frequency isthe sum of the action rates. Thistechniqueisagain
a generalisation of the one adopted in the SPIM simulation
engine for stochastic -Calculus [6]. For a detailed description
of the simulation framework, refer to [14].

B. The Collective Sorting model

The MAUDE gpeci cation of the Collective Sorting
system is divided in three modules, respectively dening

175


















