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Abstract

The presents the TuCSoN coordination model for Internet
applications based on network-aware (possibly mobile) agents.
The model is based on the notion of tuple centre, an en-
hanced tuple space whose behaviour can be extended ac-
cording to the application needs. Every node of a TuCSoN
environment provides its local communication space, made
up of a multiplicity of independently-programmable tuple
centres. This makes it possible both to embed global system
properties into the space of components’ interaction, thus
enabling flexible cooperation over space and time between
agents and permitting to easily face many issues critical to
Internet applications, such as heterogeneity and dynamicity
of the execution environments.

1 Introduction

The design and development of Internet-based applications
call for new paradigms, models, languages and tools, effec-
tively supporting the vision of the Internet as a globally dis-
tributed computing system, where any kind of distributed
information and resources can be globally accessed and elab-
orated.

Traditional distributed applications are designed as sets
of entities assigned to a given execution environment, and
cooperating in a network-unaware fashion. However, en-
forcing transparency in a wide area network that lacks of
a centralised control, as in the case of the Internet, is not
a viable approach, because distribution is hard to be kept
hidden. Then, a more suitable paradigm for the design
of Internet applications, is network-aware computing [17,
37]: the Internet is modelled as a collection of independent
nodes, and applications are made up of network-aware enti-
ties (agents) which explicitly locate and access remote data
and resources. Furthermore, the capability of the agents
to proactively migrate on different execution environments
(i.e., Internet nodes) during their execution (agent mobility)
leads to a more efficient and natural design [37, 25]. On the
one hand, mobile agents can move locally to the resources
they need, without requiring the transfer of possibly large
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amounts of data nor network connection during the access.
On the other hand, if data analysis rather than data transfer
is the goal of an application component, moving the com-
ponent to the data is the most natural design choice. From
now on, we will globally refer to network-aware agents, ei-
ther mobile or not, as to Internet agents.

Since traditional programming frameworks and techniques
fall short in this context, several systems and programming
environments keep on appearing, aimed at facilitating and
supporting the development of widely distributed applica-
tions based on Internet agents [26]. However, while these
systems address many key issues related to network-awareness
and mobility [17], they do not provide suitable mechanisms
and abstractions for agent coordination.

Most of the proposals rely on some forms of peer-to-peer
communication, which we argue not to be adequate to In-
ternet applications, since (%) direct communication between
widely distributed, asynchronous and independent entities is
inherently difficult, (i) direct communication is not expres-
sive enough, per se, to deal with issues like heterogeneity,
dynamicity and security, and requires the interposition of
global and not easily scalable middleware, such as an ORB
[30]. To our opinion, instead, the choice and exploitation of
a suitable coordination model [20] is a key point in the de-
sign and development of network-aware applications based
on mobile agents. Tuple-based coordination models based
on associative blackboards (like Linda [18]) seems to cope
well with the Internet scenario, since they enable both spa-
tial and temporal uncoupling in interaction, a feature which
is essential in case of widely distributed and mobile entities.
Still, tuple-based models are typically data-oriented [32] and
lack the flexibility (typical of control-oriented coordination
models) required by the intrinsic dynamicity of the Inter-
net scenario: both agent-to-agent communication and agent
access to local data are tied to the built-in associative mech-
anisms integrated in tuple spaces. Thus, any coordination
policy not directly supported by the model (like atomically
reading two tuples in Linda, for instance) has typically to
be charged upon agents, that have to be made aware of the
coordination laws. This increases the complexity of agent
design, by breaking the logical separation between coordi-
nation and algorithmic issues.

On this basis, this paper presents the TuCSoN (Tuple
Centres Spread over Networks) model for the coordination
of Internet agents, based on a notion of programmable co-
ordination medium, called tuple centre. A tuple centre is a
tuple space enhanced in that its behaviour in response to
agent’s triggered communication events can be extended so
as to embody application-specific coordination laws. This



makes it possible to embed global system properties into
the interaction space, by charging tuple centre behaviours
of many issues critical to Internet applications, such as het-
erogeneity and dynamicity of the hosting environments, as
well as mobile agent cooperation over space and time.

The paper is organised as follows. Section 2 discusses the
issue of coordination for Internet agents. Section 3 intro-
duces the TuCSoN model. Section 4 singles out some viable
application areas for TuCSoN-coordinated Internet applica-
tions and discusses the impact of TuCSoN on them.

2 Coordination of Internet Agents

In agent-based Internet applications, both agent-to-agent
and agent-to-execution environment interactions have to be
modelled and managed. As argued in [5], the choice of the
coordination model actually represent a key-point in the de-
sign process. In spite of that, among the several systems and
programming environment aimed at supporting and facili-
tating the design and development of Internet applications,
only a few focuses on the definition of suitable coordination
model.

2.1 Direct Interaction Models

In the context of mobile agent systems, direct (peer-to-
peer) communication is usually adopted as the main interac-
tion protocol between interacting components. Agent-TCL
[22] provides for low-level message-passing primitives, while
ARA [33] and MOLE [3] integrate both low-level message-
passing and rendezvous-like interaction models. Java-based
mobile agents systems [26] adopt the client-server pattern
typical of object-based systems, and can also exploit the
TCP/IP protocol at the socket level. In all the above cases,
interaction with the local resources of and execution envi-
ronment occur in a client-server way, via a specialised server.

In the context of intelligent multi-agent systems, the is-
sues of inter-agent communication has been widely studied
in the past few years [16, 21], leading to the definition of so-
phisticated interaction models for knowledge exchange that,
again, are based on peer-to-peer communication.

To our opinion, these approaches do not generally suit
mobile agents and Internet applications. In fact, direct co-
ordination implies a strict coupling between interacting en-
tities in terms of name (who the partners are), place (where
the partners are) and time (when to interact). This makes it
difficult to deal with both agent mobility and execution envi-
ronment uncertainty and dynamicity. Current researches in
the area of intelligent Internet mobile agents for distributed
information search mainly focuses on dynamic decision plan-
ning to deal with Internet dynamicity and uncertain knowl-
edge, but still neglect the issue of agent mobility [29].

In general, mobility and the wideness of the Internet
make direct inter-agent coordination not scalable: while it
is possible to let mobile agents interact in a small sized net-
work by tracing their movements, applying this method to
the Internet would be expensive, ineffective and unreliable.
In addition, direct inter-agent communication makes it dif-
ficult to enforce security policies, given that interaction typ-
ically occurs with no control by the hosting execution envi-
ronments.

The interposition of specialised middleware — as in CORBA

[30] and in KQML [16] — can partially solve the problems
of direct communication. However, apart from the uneasi-
ness to scale to a world-wide area, middleware cannot help

models based on direct communication in shaping the com-
ponents’ space of interaction according to the application
needs. In fact, they do not provide the abstractions and
metaphors needed to handle and rule the interaction space,
which is what a coordination model is actually meant to do.

2.2 Blackboard-based Coordination

Following the classification introduced in [32], data-driven
coordination models focus on communication information,
by making coordination rules depend on information ex-
changed in the interactions, typically occurring through shared
data spaces, i.e., blackboards [15, 18].

Blackboard-based coordination models, by uncoupling
interacting entities, intrinsically solve many problems re-
lated to mobility and dynamicity. In addition, this approach
intrinsically provides better support for security models, since
the communication abstractions (where all interactions oc-
cur) can easily be fully monitored. Furthermore, the well-
known scalability limit of computational models based on
shared information spaces — that would made them not ap-
plicable at the Internet area — can be easily overcome by en-
forcing locality: local blackboards can be associated to each
node, to be used by agents to interact locally to their cur-
rent execution environment. Finally, models based on asso-
ciative blackboards, like Linda tuple spaces [20], are partic-
ularly suitable to data-oriented applications, since associa-
tive access permits agents to retrieve data from blackboards

through some data-matching mechanism (like pattern-matching,

or unification) integrated within the blackboards. This makes
it easier to deal with data incompleteness as well as with
dynamicity and heterogeneity, which are typical of Internet
nodes, when seen as information sources.

The interest in blackboard-based coordination models
and their recognised effectiveness has led, in the past, to
several proposals that define and implement globally shared
information spaces [15, 18, 35]. More recently, blackboard-
based models have been proposed for adoption in open dis-
tributed systems and applications. Among the others, Ac-
torSpace [1] and JavaSpace [27] adopt an object-oriented
blackboard models, to be used in the context of distributed
object-oriented applications as a mean to store and asso-
ciatively retrieve object references. However, neither Ac-
torSpace nor JavaSpace explicitly encourage a model based
on local dataspaces associated to the execution environ-
ments. The fIMAIN agent system [14] defines mobile agents
that interact (both with other agents and with the local
resources of the hosting execution environment) via infor-
mation spaces associated to execution environments and ac-
cessed through the HTTP protocol. Ambit [7], a recently
proposed formal model for mobile computations, introduces
the concept of anonymous coordination: a mobile entity,
while roaming through the network, can “attach” a mes-
sage to a given system, like a post-it, which another entity
can later read/retrieve. Neither Ambit nor ffMAIN exploit
associative access to information. Instead, Linda-like as-
sociative interaction spaces are adopted by the PageSpace
coordination architecture for distributed interactive Web ap-
plications [10], which can also support the coordination of
Java mobile agents.

2.3 Toward Programmable Communication Abstractions

Though the benefits of uncoupled and associative coordi-
nation have made Linda a general coordination model for
parallel and distributed applications [20], their adoption in
the context of Internet and mobile agent applications is still



limited to a few proposals. To our opinion, this may be
due to the fact that Linda-like coordination lacks flexibility
and control: both agent-to-agent coordination and access
to local data are bound by the built-in data-access mecha-
nisms provided by the blackboard. Then, any coordination
policy not directly supported by the model has typically to
be charged upon agents. In an open, heterogeneous and
unreliable environment as the Internet, this is likely to no-
tably increase the agent complexity, which are forced both
to implement in their code the peculiar coordination pro-
tocols required by the application and to solve Internet re-
lated issues, such as heterogeneity and dynamicity of the
information sources on the execution environments. In ad-
dition, this makes coordination rules distributed between
blackboards and the agents, thus affecting the global appli-
cation design and breaking the logical separation between
coordination and algorithmic issues.

In order to address this general limit of the Linda model,
which exhibits itself also in contexts different than Inter-
net applications, proposals have been made to enhance the
Linda communication kernel either (i) by adding new gen-
eral purpose primitives, or (i3) by making it programmable.

The former approach has been adopted by several re-
searchers in order to face coordination problems which could
not be easily solved by means of standard Linda operations:
among the other, [35] addresses all the coordination prob-
lems which can be reduced to the multiple read problem by
defining the copy_collect primitive. In the area of Internet
applications, T Spaces [23] defines shared Linda-like tuple
spaces, to be used for the coordination of distributed - possi-
bly mobile - application entities, which enables the dynamic
addition of new operations into the tuple space. However,
we feel that adding new operations to a shared informa-
tion space tends to limit the uncoupling of the coordination
model, because the application components must be made
aware of the admissible operation to effectively interact.

The latter approach, without adding new admissible op-
erations, makes it possible to program the behaviour of the
communication abstractions in response to communication
events. Because this do not modify the tuple space in-
terface, it has to be preferred to the former approach, in
particular in the area of Internet agents, where uncoupling
is a strict requirement. However, proposals adopting this
approach are limited to the area of closed (non Internet)
multi-agent systems. Law-governed Linda [28] makes it pos-
sible to super-impose new coordination laws by means of
local controllers managing the communication between the
agents and the tuple space. ACLT [31] exploits (multiple)
logic tuple spaces as programmable communication abstrac-
tions [11] whose observational behaviour, unlike Linda tuple
spaces, is not fixed once and for all by the coordination
model, but can be tailored to specific application needs.

TuCSoN starts from the above considerations and defines
a new coordination model suited to Internet-agents, par-
tially inspired by ACLT for what relates to the notion of pro-
grammable communication abstractions, new with regard to
its Internet-oriented organisation. To the best of our knowl-
edge, the only research proposals that defines an Internet-
oriented coordination model based on programmable tuple
spaces is MARS [6], developed in the context of an affili-
ated research project, and differing from TuCSoN in both
its object-oriented tuple space and its imperative program-
ming style for the specification of tuple space behaviours.
Instead, previously described proposals, such as PageSpace
and JavaSpace, enables only a limited form of control over
the tuple space internal activities, and do not generally per-

mit the definition of new behaviours in response to commu-
nication events.

3 The TuCSoN Coordination Model

TuCSoN (Tuple Centres Spread over Networks) is a coordina-
tion model for Internet applications based on network-aware
and possibly mobile agents. TuCSoN mainly focuses on the
coordination of the agent’s interaction space, i.e., the inter-
action with both the execution environment’s resources and
the other agents, and do not aim to implement a new agent
system. Instead, TuCSoN is intended to be associated to an
existing agent infrastructure [25], and it assumes that the
basic functionalities for agent authentication, execution and
migration are already provided. For this reason, the paper
disregard the issues strictly related to the agent infrastruc-
ture and restricts the focus to the TuCSoN’s most relevant
features, i.e.:

e the TuCSoN coordination space, with its twofold inter-
pretation as either a global interaction space made up
of uniquely denoted communication abstractions, or as
a collection of local interaction spaces, and

e the TuCSoN communication abstractions, whose be-
haviour can be defined so as to embed global coordi-
nation laws.

The first feature effectively supports the twofold role of In-
ternet agents, as network-aware entities that locate and ac-
cess Internet data and resources, and as roaming entities
that transfer their execution on a site and there interact with
the local resources. The second one actually provides the co-
ordination model, which is basically data-oriented, with the
flexibility and control required to deal with the complexity
of Internet applications.

3.1 The TuCSoN Coordination Space

TuCSoN’s coordination space relies on a multiplicity of in-
dependent communication abstractions, called tuple centres,
spread over Internet nodes, and used by agents to inter-
act with other agents as well as with the local execution
framework. Each tuple centre is associated to a node and is
denoted by a locally unique identifier. As shown by the ex-
ample of Figure 1, each node provides its own version of the
TuCSoN communication space (that is, the set of the admis-
sible tuple centre’s identifiers), by virtually implementing
each tuple centre as an Internet service.

As a result, each tuple centre can be identified via ei-
ther its full Internet (absolute) name or its local (relative)
name. More precisely, tuple centre tc provided by the In-
ternet node node can be referred to by means of its abso-
lute name tc@node from everywhere in the Internet, and
by means of its relative name ¢c in the context of node
node. According to the example of Figure 1, the name
books@cslibrary.tucson.edu univocally denotes the tuple

centre books provided by the Internet node cslibrary.tucson.edu,

while the name books may denote one of the three versions
provided by the three nodes, according to which is the node
where the name is used.

Correspondingly, the TuCSoN coordination space can be
seen as providing either a global interaction space, featuring
a collection of uniquely denoted tuple centres (when refer-
ring to absolute tuple centre’s names), or a collection of lo-
cal interaction spaces, replicating the same set of identifiers
(when referring to relative tuple centre’s names).



Figure 1: The communication space {default, access,
books} provided by three TuCSoN nodes {www, cslibrary,
agentlab}.tucson.edu

How this can benefit mobile agent coordination, by sim-
plifying the agent interaction protocol, will be made clearer
in the following subsection.

3.2 The TuCSoN Coordination Language

Agents interact by exchanging tuples via tuple centres, by
means of a small set of communication primitives (out, in,
rd, inp, rdp) having basically the same semantics of Linda’s
ones. According to [8], out writes a tuple in a tuple centre,
while in and rd send a tuple template and expect the tuple
centre to return a tuple matching the template, respectively
either deleting it or not from the tuple centre. The primi-
tives inp and rdp work analogously to in and rd: however,
while the latter wait until a matching tuple can be retrieved
from the tuple centre, the former immediately fail if no such
a tuple is found.

The general form for any admissible TuCSoN communi-
cation operation performed by an agent is

tename?operation(tuple)

asking tuple centre tcname to perform operation using tuple.
Since tcname can be either an absolute or a relative tuple
centre’s name, agents can adopt two different forms of prim-
itive invocation, the network and the local one, respectively,
according to their contingent needs. The network commu-
nication form tc@node?operation(tuple) is used by Internet
agents when they behave as network-aware entities, by de-
noting tuple centres through their absolute names in the
global TuCSoN interaction space. For example, this form
can be used by a mobile agent to remotely access a candidate
hosting environment, query it, and possibly authenticate it-
self before migrating there. The local communication form
tc?operation(tuple), which refers by definition to the local
tuple centre’s implementation of the current execution node
of an agent, is used by Internet agents when they behave
as local components of their current hosting environment.
This form is typically used by agents to interact with local
resources and to exchange data and knowledge with other
agents.

The local communication form is not, per se, necessary:
an agent could always refer to a tuple centre via its ab-
solute name, even when accessing the tuple centres of its

current execution environment. However, the availability of
both communication forms enforces the separation between
network-related issues (such as agent migration across the
nodes) and local computation issues (such as the interac-
tion with the resources local to a node), thus reducing agent
complexity. The above approach is somehow analogous to
the one provided by most file systems, where pathnames
can be specified in a relative — context dependent — form, to
facilitate file management activities.

The TuCSoN coordination language is not tied to any
specific computation language. As in Linda, the semantics
of TuCSoN communication primitives has been defined to be
exploited by agents written in whatever language, let it be
C, Java to Tcl, once the required simple syntax adjustments
have been made.

3.3 The TuCSoN Communication Abstractions

As discussed in Section 2, a typical problem of Linda-like
coordinated systems relies on the tuple space’s built-in and
fixed behaviour: neither new primitives can be added, nor
can new behaviours be defined in response to communica-
tion operations. As a result, either the support provided
by the communication device is enough for all needs, or the
interacting entities have to be charged in their code of the
burden of the coordination.

TuCSoN communication abstractions are tuple spaces
enhanced with a notion of behaviour specification, in that
the behaviour in response to communication events of ev-
ery tuple centre can be defined according to specific needs.
In particular, TuCSoN tuple centres extends tuple spaces:
an empty behaviour specification for a tuple centre makes
it behave exactly as a standard tuple space; a behaviour
specification can enclose any needed computational activ-
ity. On the one hand, application-specific behaviours can
be specified to define to specialised coordination laws for an
application. On the one hand, specific behaviours can be
defined by the administrator of one node for the local tuple
centre in order to define specific semantics for the accesses
to its tuple centres performed by agents.

Each interaction space provided by a TuCSoN node relies
on a multiplicity of tuple centres. Then, TuCSoN shares the
advantages of models [19, 9] based on multiple tuple spaces
(such as the enhanced expressiveness of communication, and
a more effective support for modularity, information hiding
and security), and goes beyond. In fact, the behaviour of
every single tuple centre can be defined separately and in-
dependently of any other tuple centre according to specific
coordination tasks. Thus, coordination laws can be encap-
sulated into different communication abstractions, providing
system designers with a finer granularity for the implemen-
tation of global coordination policies.

Generally speaking, the behaviour of a stateful commu-
nication abstraction like a shared data space is naturally
defined as the observable state transition following a com-
munication event. As a result, defining a new behaviour for
a tuple centre basically amounts to specifying a new state
transition in response to a standard communication event.
This is achieved by enabling the definition of reactions to
communication events by means of a reaction specification
language [12]. More precisely, a reaction specification lan-
guage makes it possible to associate any of the TuCSoN
basic communication primitives (out, in, rd, inp, rdp) to
specific computational activities, called reactions. A reac-
tion is defined as a set of non-blocking operations, with a
success/failure semantics: successful reactions may atomi-



cally produce effects on the tuple centre state, failed reac-
tions yield no result at all. Each reaction can freely access
and modify the information collected in form of tuples in a
tuple centre, and can access all the information related to
the triggering communication event (such as the perform-
ing agent, the operation required, the tuple involved, ...).
Then, the behaviour of a tuple centre can be made as com-
plex as it is needed by the global system requirements: a
transition is no longer bounded to be the simple one (such
as adding/deleting one single tuple) determined once for all
by the model, but can instead be made as complex as de-
sired by the system designer (such as adding/deleting set
of tuples, dynamically producing tuples in the tuple centre,
and so on).

Each communication event may in principle trigger a
multiplicity of reactions: however, all the reactions executed
as a consequence of a single communication event are all car-
ried out in a single transition of the tuple centre state. As
a consequence, from the agents’ viewpoint, the result of the
invocation of a communication primitive, which is the sum
of the effects of the primitive itself and of all the reactions it
triggered, is perceived altogether as a single communication
event. For this reason, and because the TuCSoN transac-
tional semantics applies to single communication events, the
uncoupling property of the tuple space model is preserved.

3.4 An Example

In order to help understanding the model and some of its
features, in this subsection we discuss a simple example of
a TuCSoN-coordinated mobile agent application.

Let us consider an application where mobile agents roam
through the Internet nodes of a University spread over a
large geographic area. We take for instance the case of
mobile agents looking for books, which belongs either to
some centralised libraries (the general library, the depart-
ment ones), or to some research groups, and whose informa-
tion is recorded accordingly in a distributed way. Say, for
example, that cslibrary is the name of the node of the main
Computer Science Department Library, while agentlab is
the node of the research group on mobile agent systems.
Both machines are TuCSoN nodes, and implement the same
communication name space as an Internet service. In par-
ticular, both provide their (local) version of the tuple centre
books for accessing information about books which are lo-
cally available.

Since agentlab contains information about a small col-
lection of books (say, some hundreds), it can reasonably
record books directly through tuples in tuple centres. In par-
ticular, a tuple bookTitle(Key,Title) in the tuple centre
books of the agentlab local communication space records
with key Key a book of the multi-agent group whose title
is Title, while tuple bookAuthor(Key,Auth) states that
Auth is (one of) the author(s) of the book whose key is
Key. Instead, since it contains information about a huge
amount of books, cslibrary exploits a DBMS application
where the books of the CS Department are recorded. The
DBMS interfaces with the local tuple centre books through
a wrapper, translating tuples into queries, and back, an-
swers into tuples. The wrapper waits for tuples of the form

query (Query ) and translates them into queries for the DBMS.

Then, it waits for the DBMS answer and translates it into a

tuple of the form answer (Query, TableList ), where TableList

is the answer table provided in form of list. In particular,
suppose that a query of the form query(booksBy(4uth))
makes the wrapper ask the DBMS to return the titles of all

mySelf = "Curious Agent"
author = "Alan Turing";
while(head(libNode = libraryNodeList)) {
// ask access to the 1libNode host
// with the network communication form
if (access@libNode?rdp(authorised(id(mySelf)))) {
// if access is granted move to host lib
moveTo(libNode) ;
// locally access the tuple centre library
// of the hosting node
// with the local communication form
books?rd(authorBooks (author, 7bookList);
elaborateAndRecord(bookList) ;

Figure 2: A simple interaction protocol for a TuCSoN mobile
agent

the books contained in the database written by Auth, and
the consequent answer is then translated by the wrapper and
put into books as a tuple answer (booksBy(4uth ) ,Books),
where Books is the list of the books written by Auth avail-
able from the CS Department Library.

Despite of the different architectures of the two sites,
mobile agents roaming through the nodes can be designed
around a simple and uniform protocol, as shown by the
pseudo-code in Figure 2. Consider the mobile agents look-
ing for all the books written by author "Alan Turing" avail-
able at the University. The agent interacts remotely (as a
network-aware entity) with the nodes it needs to explore, us-
ing the network communication form, then moves there (if
allowed), finally interacts with the host’s resources through
the local communication space using the local communi-
cation form. What is worth to be noticed from Figure 2
is that the interaction with local resources is always per-
formed in the same way independently of the current host-
ing node: wherever the agent is currently located, it always
asks (the local version of) tuple centre books for a tuple
authorBooks ("Alan Turing",BookList) through a rd op-
eration, expecting that BookList is instantiated to the list
of the books by "Alan Turing" which are locally available.
This is achieved by suitably programming the behaviour of
tuple centre books, then acting as a bridge between the sim-
ple and uniform agent interaction protocol and the peculiar
structure of each site.

On server agentlab, the books tuple centre in programmed

to react to a communication event of the form authorBooks (Author ,BookL:

by: (i) checking whether the required tuple is available; (1)
if not, by finding all the tuples bookAuthor(Key,Author)
and, on the basis of the Key field, all the related tuples
bookTitle (Key,Title); (414) by merging the above two kinds
of tuples in tuples having the form required by agents, i.e.,
authorBooks (Author ,BookList). Server cslibrary, instead,
is programmed to react to the above communication event
by: (i) emitting a tuple of the form query (booksBy (Author)),
which is consumed by the wrapper; (ii) when the wrapper
return the answer from the DBMS, in terms of a list of titles
BookList, by producing the required tuple for the agent, i.e.,
authorBooks (Author,BookList).

The TuCSoN abstract model for the coordination of mo-
bile agents prescinds from the language adopted for tuple
centre’s behaviour specification, and also from both the kind
of the tuples used for the communication and the tuple



% books@agentlab behaviour specification
reaction(rd(authorBooks(A,_)), ( pre, no_r(authorBooks(A,_)),
% when attempting to read a tuple authorBooks(A,_)
% which is not avaiable

out_r (authorKey(A,[1)) )).
reaction(out_r(authorKey(A,Keys)), in_r(authorKey(A,Keys)) ).
% for any authorKey(A,Keys) tuple
reaction(out_r(authorKey(A,Keys)), ( in_r(bookAuthor(Key,A)),

out_r (authorKey (A, [Key|Keys])) )).
add Key to a list of Keys in the tuple authorKey(A,Keys)
reaction(out_r(authorKey(A,Keys)), ( no_r(bookAuthor(_,A)), .
% when there are no more authorKey(A,Keys) tuples

out_r(keyTitles(A,Keys, [1)) )).

% produce a tuple keyTitles(A,Keys,[])
reaction(out_r(keyTitles(A,Keys,Titles)),

in_r(keyTitles(A,Keys,Titles))).
reaction(out_r(keyTitles (A, [Key|Keys],Titles)), (

out_r (bookAuthor(Key,A)), rd_r(bookTitle(Key,Title)),

out_r(keyTitles(A,Keys, [Title|Titles])) )).

reaction(out_r(keyTitles(A,[],Titles)),

out_r (authorBooks (A,Titles))).

% translate it into the required authorBooks(A,Titles) tuple

% books@cslibrary behaviour specification
reaction(rd(authorBooks(A,_)), ( pre, no_r(authorBooks(4,_)),
% when attempting to read a tuple authorBooks(A,_)
% which is not
out_r(query(booksBy(A))) )).
% translate it into a query to the DBMS
reaction(out (answer (query(booksBy(A)),Titles)), (
% get the answer tuple from the DBMS
in_r (answer (query(booksBy(A)),Titles)),
out_r(authorBooks(A,Titles)) )).
% translate it into the authorBooks(A,Titles) tuple

Figure 3: ReSpecT’s behaviour specification for tuple centres
books provided by nodes agentlab and cslibrary

matching criterion. However, for the sake of concreteness,
we show in figure Figure 3 what would result programming
the above specified behaviours by using ReSpecT, firstly
introduced in [13], as the reaction specification language.
Since it is not part of the TuCSoN model definition, we do
not discuss here in detail the ReSpecT language, forwarding
the interested reader to [12].

4 Application Areas

TuCSoN is very well suited for all those Internet applications
where the data to be accessed, as well as the computational
activities involved, are characterised by a high degree of het-
erogeneity and dynamicity. In the rest of this Section, we
shortly discuss three promising application areas for mobile
agent applications, which should substantially benefit from
TuCSoN-based coordination.

4.1 Distributed Information Retrieval

In the area of distributed information retrieval, mobile In-
ternet agents can be exploited to move data elaboration ca-
pabilities through information sources, instead of transfer-
ring huge amounts of data. In this context, the TuCSoN
model looks well-suited for the coordination of the inter-
actions among mobile agents and local resources, since it
effectively helps in dealing with the main problem of dis-
tributed information retrieval, that is, the heterogeneity of
the information sources.

As in the library example presented above, the typical
application environment of a mobile agent for information
search and retrieval is a collection of Internet nodes char-
acterised by different architectures, technologies, knowledge

representation languages and systems, and managed in a
highly decentralised way. This makes it impractical (if not
impossible) to face heterogeneity by acting on the infor-
mation sources. When direct communication models are
adopted, this forces mobile agents to be aware of hetero-
geneity: they have to know how to behave in every differ-
ent hosting environment where they have to execute. This
makes agent design complex, and makes mobile agent appli-
cation inflexible and practically closed to new information
sources (which could imply a re-design of the agent).

The TuCSoN solution is then to mediate interaction, and
to charge the burden of handling heterogeneity neither on
the information sources nor on the agents, but on the co-
ordination media they use to interact. This is obviously
possible in general only when the behaviour of communica-
tion abstractions can be defined according to the expected
agents’ behaviours: in TuCSoN, any tuple centre can be
locally programmed to take into account the peculiar struc-
ture of the local resources, and enabling mobile entities to
access resources with a simple and straightforward protocol,
independent of the current hosting environment. Somehow,
the role that suitably programmed tuple centres assume in
this context is similar the one of the ”intelligent mediators”
in the research area of heterogeneous databases integration
[4].

For a detailed example of the use of TuCSoN in the the
area of distributed information retrieval we forward the in-
terested reader to [2].

4.2 Workflow Management

Workflow management [24] constitutes another interesting
area for TuCSoN-coordinated mobile agents, where workflow
rules can be seen as global coordination laws, to be naturally
embedded over tuple centres.

In this context, it has already been shown how tuple
spaces can be used as information repositories for the cur-
rent state of the activities [34]. Tuple spaces spread over
project sites contain tuples representing the tasks which can
be performed according to the current project’s state. An
agent, specialised for a given kind of task, can explore these
sites searching for available tasks, choose the most appropri-
ate one on the basis of a given fitness function, and extract
the corresponding tuple from the tuple space, in order to
avoid duplicated task assignments. When the task is accom-
plished, tuples representing the subsequent tasks to be per-
formed have to be put in tuple spaces, according to the new
status of the project. The main drawback of this approach
is that it requires agents to be aware of the workflow rules,
in order to evaluate which new tasks can be performed after
they have accomplished one. Since these are, de facto, coor-
dination rules, and are typically quite dynamic in any work-
flow application, they should not be charged upon agents,
but, more properly, on the coordination medium. However,
tuple spaces do not allow any complex coordination policy to
be implemented straightforwardly, as discussed in Section 2.

TuCSoN notably simplifies the management of the dis-
tributed activities from the agent side, by suitably defining
tuple centre’s behaviour. In fact, agents can interact with
tuple centres by simply selecting a task, withdrawing the
corresponding tuple, and, when the task is brought to end,
notifying the tuple space with an appropriate tuple. Tuple
centres, by their side, can be programmed so as to react
by making available to the agents all and only those tuples
representing the tasks which are available at any time of
the computation, with respect to the current status of the



project. In this way, workflow rules are totally embodied in
tuple centres, and agents can disregard them and concen-
trate only on task choice and accomplishment.

4.3 Electronic Commerce

Agent-mediated electronic commerce [36] is another inter-
esting area for TuCSoN applications, since tuple centres’
computational capabilities can account for both the hetero-
geneity of information sources and the dynamics of commer-
cial interaction. Let us consider an buyer agent that roam
through specific commercial sites to look for a stock of given
items, with the constraint of a maximal buying price. For
each site, the buyer agent first checks for the availability of
the needed item, then, in case it is found, the buyer starts
a transaction with a local seller agent. When coordination
is based on (non-programmable) tuple spaces, the local ad-
ministrator must provide the tuples representing items to
sell, along with their price and availability. A buyer agent
reads tuples in the tuple space and evaluate the possible ac-
tions. Then, the buyer agent can insert in the tuple space a
tuple representing its decision, such as a definitive or a con-
ditioned decision to buy (implying, for example, a request
of discount). The insertion of this tuple can awake a seller
agent that evaluates the decision of the buyer and replies
to it by inserting another tuple in the space. So on, un-
til the two agents reach an agreement or a non-agreement.
While the tuple space well suit the former product analysis
phase, which is basically data-oriented, the latter contract-
ing phase forces the contracting agents to communicate and
exchange data via the tuple space in an indirect way, while
direct communication would have better suited this phase.

Also in this case, the TuCSoN model can provide several
advantages. In the former phase (analysis of the product),
which is basically a problem of retrieval of dynamic and
heterogeneous information, TuCSoN can be exploited as al-
ready discussed in Subsection 4.1. In the latter phase, a
TuCSoN tuple centre can lead to more dynamic, efficient,
and flexible interactions, by directly integrating contracting
capabilities into the tuple centre in form of reactions. For
example, the seller agent could specify the behaviour of a
tuple centre providing for dynamic evaluation of the willing
of the buyer agent as it attempts to read information from
the tuple space. Thus, instead of giving a fixed price for
its product, a tuple centre could dynamically set the prod-
uct prices and the corresponding tuples, taking into account
the buyer’s requests. This would avoid complex peer-to-
peer contracting protocols between the buyer and the seller,
simplifying the code of both. The buyer could evaluate the
available information and take its decision, while the seller
would simply perform the commercial transaction, and han-
dle the delivering and payment procedures.

5 Conclusions

The most promising paradigm to design and program dis-
tributed applications over the Internet is based on network-
aware and mobile agents. However, this new paradigm calls
for new models and languages to manage interactions among
the application agents.

The paper identifies the main characteristics of a coordi-
nation model suitable for Internet applications and presents
the TuCSoN coordination model, based on independently

programmable communication abstractions local to each node,

called tuple centres. By defining their behaviour in response
to communication events, tuple centres can be charged of

many issues critical to Internet applications, such as hetero-
geneity and dynamicity of the execution environments, and
(mobile) agent cooperation over space and time.

In spite of its many features, the TuCSoN model leaves
some problems open. In fact, the real Internet structure is
not a flat one, but can be considered a hierarchy of adminis-
trative domains separated by firewalls and gateways. Then,
we feel that TuCSoN should be able to model this kind of
topology, with regard both to the naming of the tuple centres
and to their local programmability. Furthermore, security
issues, such as agent authentication and privacy, should be
directly supported by the model. Our research is currently
focusing on these issues, which play a key role in the context
of Internet applications.
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