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Abstract. Logic languages have already proved to be effective in de-
veloping single agents and enabling inter-agent communication in multi-
agent systems. In this paper, we show how LP can also be exploited for
multi-agent coordination, by ruling inter-agent communication so as to
build social behaviours. For this purpose, we present the LP-based LuCe

model and technology for the coordination of Internet agents, based on
the notion of logic tuple centre as the core of the agent interaction, and
show its impact on the design and development of multi-agent systems.
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1 MAS & LP

In the early age of object-oriented systems, logic programming exhibited its
weakness in supporting programming-in-the-large, mainly due to its lack of fea-
tures in terms of structuring capabilities [24]. Several attempts to develop coher-
ent models and languages for object-oriented logic programming were then made
[14, 17], and several LP systems tried to add OO capabilities to their languages
[21].

However, only the shifts from the object-based to the component-based, and
then to the agent-based paradigm finally made LP a viable tool for effectively
building complex software systems. In component-based systems, the technology
used for developing single components is no longer bound to be unique, and to be
the same used to make component interact. So, LP can be naturally exploited for
fast development of small, specialised components, which can be easily refined
in an incremental way. In turn, agent-based systems stress autonomy of soft-
ware components, whose deliberative capabilities can fruitfully exploit both the
declarative representation of the world and the inferential capabilities featured
by LP. This led to several proposals of LP-based frameworks for the development
of multi-agent systems, notably Jinni [22] and CaseLP [13].

Nevertheless, the design of multi-agent systems can not merely focus on sin-
gle components and their subsequent composition in an ensemble. Instead, the
holistic (non-compositional) view of multi-agent systems currently promoted by
several recent research efforts [20, 11] recognises that social rules, far from being
a mere limitation of the behaviour of individuals, constitute one further source



of intelligence in multi-agent systems, going beyond that provided by individual
agents. This view suggests that, in the context of multi-agent systems, engineer-
ing social aspects is at least as much relevant as engineering single agents. In
the same way as agent languages and architectures [25] provide for abstractions
and tools to build up agents, coordination languages, models, and architectures
[3] provide for the abstractions and tools required to rule the space of agent in-
teraction, thus supporting the engineering of social tasks in multi-agent systems
[4].

Furthermore, when considering real-world multi-agent systems, the Internet
is today the framework of election [12]: there, multi-agent technology is typically
exploited to enable autonomous and heterogeneous components to be combined
so as to bring intelligence into Web-based applications. First, this requires any
LP-based MAS development framework to be rooted in the standardWeb models
and technologies, namely the Java language and architecture. Moreover, since
the design process in Web application development is typically as critical as
application maintenance and incremental development, the availability of a suit-
able coordination technology turns out to be as essential as the choice of the
coordination model.

The aim of this paper is then to show how LP can support the engineering
of multi-agent systems not only in providing for languages for single agent de-
velopment (as computation languages) and inter-agent communication (as com-
munication languages), but also in

– building social behaviours, by expressing the laws for the coordination of
agent societies, and

– enabling intelligent agents to reason about the state of the agent interaction
space, and possibly refine coordination laws so as to accomplish social tasks.

For this purpose, Section 2 introduces the LP-based LuCe system (from Logic
Tuple Centres) for the coordination of Internet agents, which

– fully integrates Prolog and Java within the Internet platform, by exploiting
a light-weight Prolog engine entirely written in Java,

– adopts logic tuples for inter-agent communication,
– exploits logic tuple centres as the coordination media, providing developers

with specialised development tools,
– enables social tasks to be accomplished by specifying the behaviour of the

coordination media in terms of logic tuples, and
– allow intelligent agents to modify the behaviour of a multi-agent system by

acting on the specification logic tuples.

Then, Section 3 shows the impact of LuCe on the design and development of Web-
based multi-agent systems, by presenting some examples of LuCe-coordinated
systems.

2 Coordination in LuCe

The adoption of Prolog for inter-agent communication has been already suc-
cessfully experimented, particularly in the context of tuple-based coordination



models [15] such as Shared Prolog [1], ESP [2], Linda Interactor [23], and ACLT

[16]. The LuCe communication language, too, is based on first-order logic: a tu-
ple is a Prolog ground fact, any unitary Prolog clause is an admissible tuple
template, and unification is the tuple matching mechanism [15].

What is new in LuCe is the adoption of logic tuple centres as coordination
media which allow LP to be exploited not simply to enable inter-agent com-
munication, but also so as to rule it. Agents perceive a LuCe tuple centre as
a logic tuple space, which can be accessed through the typical Linda-like [10]
read/write/consume predicates (out, in, rd, inp, rdp). Each tuple centre is
uniquely identified by a ground Prolog term, and any ground term can be used
to denote a tuple centre. For a formal description of the LuCe communication
and coordination languages, we forward the interested reader to [15]: there, the
semantics of a logic-based coordination models is defined, whose communication
and coordination languages are identical to the LuCe ones.

What makes a (logic) tuple centre different from a (logic) tuple space is
the notion of behaviour specification, which defines how a tuple centre reacts
to an incoming/outgoing communication event. ¿From the agent’s viewpoint,
a tuple centre looks like a tuple space, since it is accessed through the same
interface: however, unlike a tuple space, the tuple centre’s behaviour in response
to communication events can be defined so as to embed the coordination laws
into the coordination medium [5].

The behaviour of a LuCe tuple centre is defined through the ReSpecT spec-
ification language [6], a logic-based language where reactions in response to
communication events are defined by means of first-order logic tuples, called
specification tuples. Given a communication event generated by an incoming op-
eration Op , a specification tuple reaction(O,R) associates a reaction Re to the
event, where Re = R θ and θ = mgu(O , Op ). A ReSpecT reaction is then executed
as a sequence of reaction goals, which can access properties of the triggering event
and perform tests on terms. Moreover, reaction goals can operate on the space of
the tuples through the out r, in r, rd r, and no r predicates, which in turn may
trigger further reactions in a chain. The main ReSpecT predicates for reactions
are reported in Table 1.

Reaction goals are executed sequentially. A reaction as a whole either suc-
ceeds or fails depending on whether all its reaction goals succeed or not, and is
executed with a transactional semantics: so, a failed reaction has no effect on
the tuple centre state. All the reactions triggered by a communication event are
executed before serving any other event: so, agents perceive the result of serving
the communication event and executing all the associated reactions altogether
as a single transition of the tuple centre state. More details on the ReSpecT

language and its computational model can be found in [6].

As a result, the effect of a communication primitive is no longer limited to
adding, reading, or removing a single logic tuple, as in the case of logic tuple
spaces. Instead, it can be made as complex as needed in order to uncouple
the agent view of the space of tuples from its actual state, and to relate them
so as to embed coordination laws into a new observable behaviour of a tuple



Tuple space access and modification

out r(T) succeeds and inserts tuple T into the tuple centre
rd r(TT) succeeds, if a tuple T unifying with template TT is found in the

tuple centre, by unifying T with TT; fails otherwise
in r(TT) succeeds, if a tuple T unifying with template TT is found in the

tuple centre, by unifying T with TT and removing T from the tuple
centre; fails otherwise

no r(TT) succeeds, if no tuple unifying with template TT is found in the
tuple centre; fails otherwise

Communication event information

current tuple(T) succeeds, if T unifies with the tuple involved by the current com-
munication event

current agent(A) succeeds, if A unifies with the identifier of the agent that triggered
the current communication event

current op(Op) succeeds, if Op unifies with the descriptor of the operation that
produced the current communication event

current tc(N) succeeds, if N unifies with the identifier of the tuple centre per-
forming the computation

pre succeeds in the pre phase of any operation
post succeeds in the post phase of any operation
success succeeds in the pre phase of any operation, and in the post phase

of any successful operation
failure succeeds in the post phase of any failed operation

Table 1. Main ReSpecT predicates for reactions.

centre. In particular, since ReSpecT is Turing-equivalent [6], any computable
coordination law can be in principle encapsulated into the coordination medium.
Two examples of ReSpecT specifications for a LuCe tuple centre are presented
in Tables 2 and 3.

So, a logic tuple centre is conceptually structured in two parts: the tuple
space, containing ordinary communication tuples, and the specification space,
containing specification tuples. This distinction suggests two levels of abstrac-
tion over the space of agent interaction: the communication and the coordination
viewpoints. By representing at any time the current state of agent interaction,
the state of the space of (ordinary) tuples provides for the communication view-
point. Instead, the space of the specification tuples provides for the coordination
viewpoint, since the behaviour specification of a tuple centre governs inter-agent
communication, and specification tuples actually define agent coordination rules.
On the other hand, since both spaces are collections of unitary logic clauses, they
may in some sense be taken as theories of communication and coordination, re-
spectively [16].

LuCe provides agents with a set of predicates (outSpec, rdpSpec, inpSpec,
and so on) to access the specification space with the same conceptual protocol
used for the space of tuples. Since agents can access both the tuple space and
the specification space in a uniform way, they can at any time choose to adopt



either the communication or the coordination viewpoint over the multi-agent
system they belong to. So, the LP-based approach of LuCe enables in principle
agents to reason on the system behaviour by taking both the communication
and the coordination theories into account, and to possibly refine or change the
coordination laws by acting on the specification space.

¿From a technology viewpoint, the LuCe development framework fully sup-
ports the coordination model based on logic tuple centres, and provides for
specialised tools for system development, verification, and maintenance. In par-
ticular, as more deeply discussed in [8], a tuple centre is characterised by three
sets: the set T of its logic tuples, the set W of its pending queries waiting to be
served, and the set S of its reaction specifications. So, the LuCe system comes
with a set of specialised LuCe agents to view, edit and control tuple centres both
from the data, the pending query and the specification viewpoints: the T, W
and S Inspectors. By enabling logic tuples’ observability, the T Inspector pro-
vides for the abstraction level of communication in a data-oriented fashion, while
the W Inspector, supporting communication events’ observability, provides for
the abstraction level of communication in a control-oriented fashion. Finally, by
making specification tuples observable, the S Inspector provides for the abstrac-
tion level of coordination. Further details on the LuCe can be found in [8].

3 MAS Design with LuCe

A logic tuple centre is then a coordination medium which encapsulates both the
state of inter-agent communication and the rules of agent coordination expressed
in terms of ReSpecT logic tuples. As a result,

– agents can be designed around their individual tasks, tailoring their inter-
action protocol to the agents’ desired perception of the interaction space,
and

– coordination rules can be designed so as to accomplish social tasks, while
bridging amongst the different agents’ perceptions and ontologies.

The clear distinction between the coordinating (logic tuple centres) and the
coordinated entities (agents) enables multi-agent systems to be designed in a
modular way, neatly separating individual and social tasks. So, both system
designers and intelligent agents might in principle change the social behaviour of
a multi-agent system by properly modifying the specification tuples, or reuse the
same coordination rules for problems belonging to the same class by exploiting
the same behaviour specification (the same theory of coordination) in different
domains. To show how LuCe provides for the above properties, in the rest of this
section we present two examples of LuCe-coordinated multi-agent systems, along
with two variants.

In Subsection 3.1, we present a tuple centre version of the well-known Dining
Philosophers problem [9], aimed at showing (claim (i)) how an approach based
on tuple centres impacts on the design of the agents and of their interaction



protocol, while ensuring the required overall system properties, such as dead-
lock avoidance and fairness. Then, we show how a variant of the same problem,
with different resources and new concepts, such as different chopstick sets to
be used for breakfast, lunch, and dinner, may be implemented (claim (ii)) by
simply updating the coordination laws stored in the tuple centre, without affect-
ing agents at all. In Subsection 3.2 we discuss (claim (iii)) how the same tuple
centre behaviour specification, expressed in terms of ReSpecT logic tuples, can
be re-used within two different multi-agent systems, by sketching the implemen-
tation of two different games (TicTacToe and Reversi) governed by the same
coordination rules.

These examples have obviously been chosen here for their simplicity. We
forward the reader asking for more complex and realistic examples of MAS built
around ReSpecT logic tuple centres to [18, 19].

3.1 Dining Philosophers

In the classical Dining Philosopher problem, N philosopher agents shareN chop-
sticks and a spaghetti bowl. Each philosopher needs two chopsticks to eat, but
each chopstick is shared by two adjacent philosophers: so, the two chopsticks
have to be acquired atomically to avoid deadlock, and released atomically to en-
sure fairness. Despite of its simplicity, which makes it nearly a toy example, this
problem is interesting because it is still a little beyond the basic Linda capabili-
ties: in fact, the above properties cannot be enforced by the coordination model,
but must be ensured by properly programming some higher-level protocol on
top of it.

First, let us consider the issue of knowledge representation. In a tuple space,
chopsticks could be represented either singly (chop(i ) for the i-th chopstick)
or as pairs (chops(i,j) for the two adjacent chopsticks i and j ). The first
choice is the most natural for the domain, but can easily lead to deadlock if
a philosopher is not enabled to get atomically the two chopsticks he needs.
The second choice solves the deadlock problem, but introduces the problem of
ensuring a coherent domain representation: for instance, once chops(3,4) has
been taken, also chops(2,3) and chops(4,5) should be no longer available.

The typical way to address this problem is to charge the agents of the coor-
dination load, embedding the required coordination policies within the agents,
building specialised interaction protocols on top of the basic ones. This solution
leads to “coordination–aware” agents, which have to take care of both their tasks
and their coordination with other agents. Computation and coordination issues,
still separated at the agent language level, are then undesirably merged at the
agent design level, making agent design and implementation unnecessarily com-
plex [5, 6]: event the least modification to the system policies implies a re-design
both of the agent code and, possibly, of the resource representation.

In the Dining Philosophers case, if chopsticks are represented singly (as
chop(i) tuples), ensuring deadlock avoidance when using a standard tuple space
as a coordination medium requires philosophers to agree on a locking protocol,



reaction( out(chops(C1,C2)), ( in r(chops(C1,C2)),
out r(chop(M,C1)), out r(chop(M,C2)) )).

reaction( in(chops(C1,C2)), ( pre, out r(required(C1,C2)) )).

reaction( in(chops(C1,C2)), ( post, in r(required(C1,C2)) )).

reaction( out r(required(C1,C2)), (
in r(chop(C1)), in r(chop(C2)), out r(chops(C1,C2)) )).

reaction( out r(chop(C)), ( rd r(required(C1,C)),
in r(chop(C1)), in r(chop(C)), out r(chops(C1,C)) )).

reaction( out r(chop(C)), ( rd r(required(C,C2)),
in r(chop(C)), in r(chop(C2)), out r(chops(C,C2)) )).

Table 2. Coordination of the Dining Philosophers.

such as a semaphore tuple to be taken from the tuple space before getting chop-
sticks, and to be released just after. However, such an approach calls for a global
agreement among agents, which does not cope well with the required openness of
Internet-based multi-agent systems: it is actually impractical to require agents
spread over the network to negotiate such an agreement, or have to embody a
sort of “plug-in” subroutine. Moreover, since there is no way to enforce the laws
of coordination, there are no means to ensure that a philosopher will always
adhere to the required locking protocol: a philosopher agent could try to get
chopsticks without synchronising on the semaphore tuple first.

Tuple centres, instead, allow designers to invert the approach (claim (i)): first
agent interaction protocols may be defined around the desired agent perception
of the communication space, then the most adequate knowledge representation
may be chosen, based on the application domain, finally interaction rules are
defined so that agents have the desired perception of the domain, based on the
actually available knowledge.

In our case, the most natural agents’ viewpoint is to view chopsticks as pairs
to be acquired/released, while the application domain suggests that chopsticks
are represented singly. Accordingly, a philosopher willing to eat should acquire
the chopstick pair he needs by means of a single in(chops(i,j)) operation,
and release it after eating by means of a single out(chops(i,j)) operation. Of
course, the result of such operations should be the atomic removal / insertion
of both chop(i) and chop(j) tuples from the tuple space, transparently to the
performing agent. This can be achieved by embedding the required coordination
laws into the tuple centre used as the coordination medium, thus also waiving
agents from directly handling coordination. The corresponding ReSpecT code is
reported in Table 2.

Computation and coordination issues are then neatly separated in the de-
sign of the philosopher agent, promoting the separation of concerns between
the design and implementation of individual agent and agent societies. Individ-
ual tasks (like interleaving eating and thinking) are charged upon single agents,



reaction( out(chops(C1,C2)), ( in r(chops(C1,C2)),
in r(used(M,C1,C2)),
out r(chop(C1)), out r(chop(C2)) )).

reaction( in(chops(C1,C2)), ( pre, out r(required(C1,C2)) )).

reaction( in(chops(C1,C2)), ( post, in r(required(C1,C2)) )).

reaction( out r(required(C1,C2)), (
rd r(timefor(M)), out r(used(M,C1,C2)),
in r(chop(M,C1)), in r(chop(M,C2)), out r(chops(C1,C2)) )).

reaction( out r(chop(M,C)), ( rd r(required(C1,C)),
rd r(timefor(M)), out r(used(M,C1,C)),
in r(chop(M,C1)), in r(chop(M,C)), out r(chops(C1,C)) )).

reaction( out r(chop(M,C)), ( rd r(required(C,C2)),
rd r(timefor(M)), out r(used(M,C,C2)),
in r(chop(M,C)), in r(chop(M,C2)), out r(chops(C,C2)) )).

Table 3. Coordination of the Dining Philosophers with labelled chopsticks.

while social tasks ensuring global system properties (like deadlock avoidance and
fairness) can be embodied into the coordination media, where they conceptually
belong, instead of being improperly distributed among all the interacting agents.

Variant. One key feature of the tuple centre approach is that it promotes the
incremental design and implementation of coordination policies: in principle, the
laws of coordination (and perhaps the knowledge representation adopted, if this
is the case) can be modified without affecting the interacting agents at all.

In [5], a variant of the Dining Philosophers problem is introduced, where
three different chopstick sets are to be used at breakfast, lunch, and dinner
time. Consequently, the resource representation changes so as to embody the
meal specification, replacing chop(i) tuples with chop(meal,i) tuples, where
meal is either breakfast, lunch, or dinner. Moreover, new knowledge is added
to represent the current day time, under the form of a timefor(meal) tuple.
However, nothing changes for the agents, which can still interact using the very
same chopstick acquisition/release defined above, provided that the tuple cen-
tre is re-programmed so as to reflect the new desired coordination policy. The
corresponding ReSpecT code is reported in Table 3.

3.2 Playing Games

In [8] we discussed the design and development of a multi-agent system in
LuCe implementing a distributed, Internet-based version of the TicTacToe game.
There, the analysis of the individual tasks led to identify three kinds of agents:
GUI agents, written in Java, providing human players with a graphic interface to
the system, intelligent expert agents, written in Prolog, encapsulating knowledge
the game rules and strategies, and one master agent, which may be written in
any language supported by the LuCe system, supervising the system.



Several social tasks were identified, too, and delegated to the ticTacToe

tuple centre, adopted as the medium for agent interaction. Among the others,
the behaviour of ticTacToe is designed so as to ensure that

– any human willing to play has an opponent, whether it is another human or
an expert agent

– a request for suggestion by a human player is handled transparently to the
expert agent, which needs not to implement two different logics and interac-
tion protocols for playing and suggesting

– at any time, there is one expert agent in the system for each open game

Since the corresponding behaviour specification is quite complex, we forward
the interested reader to [8]. However, what is relevant here is to understand
how such a complex “interaction component” (the logic tuples representing the
ticTacToe behaviour specification) may be re-used in a different domain, so as
to implement the same coordination policies in a different context.

To this end, we selected another game, namely Reversi, which is apparently
quite different from TicTacToe:

– the play area is a larger grid (we considered a 4 × 4 grid for the sake of
simplicity)

– the grid state no longer evolves monotonically, since pieces may be flipped
as a result of a single move

– the game rules to play, win (and lose. . . ) are completely different - in par-
ticular, a single line of pieces of a same colour no longer leads to victory

and so on.
Nevertheless, both individual and social tasks characterising this multi-agent

system turned out to be the same as TicTacToe’s. So, the Reversi system still
features GUI, expert and master agents, with the same conceptual tasks and
interaction protocols, even though their inner logic may be quite different. For
instance, the GUI agent has to deal with a larger grid and a new command (the
Pass one – see Figure 1), while the expert agent obviously incorporates the game
rules and strategies for a different game. Instead, the logic of coordination is the
same: so, we simply took the ReSpecT logic tuples defining the behaviour of the
ticTacToe tuple centre, and re-used them as they are, with no changes, for the
specification of the behaviour of the reversi tuple centre, exploited here as the
core of the Reversi system.

We encourage the interested reader to check the two systems at [7], where
the LuCe system is also freely available.

4 Conclusions

Several research proposals cited in the paper [22, 1, 2] already exploited logic
languages for the coordination of multi-agent systems. The main original con-
tribution of LuCe is the notion of logic tuple centre as the core for the coordina-
tion of Internet agents, and the corresponding technology for the development,



Figure 1. GUI agents for TicTacToe and Reversi

verification and maintenance of multi-agent systems. LuCe logic tuple centres
exploit the logic-based ReSpecT specification language not only to enable com-
munication, but also to rule it. This makes it possible to exploit LP also in the
coordination of agent societies, and to show its impact on the engineering of
social behaviours in multi-agent systems.
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