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Abstract. We propose a method to specify, in a modular way, complexesyst
formed by interacting agents. The method is based on themofiview, that is a
partial representation of the system, reflecting one ofgeiic aspects. By com-
posing the different views, we get the overall system, desdras a special kind
of transition system. By means of a suitable logical language can express in-
teresting properties of the system; model-checking teghes can then be used to
assess their validity. Views can be specified using diffel@rmguages or notations,
provided they can be translated in so-called agent awansitien systems. The
method is explained with the help of a simple, but non trigiehmple.
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Introduction

Large scale data mining is usually performed on data thatlistébuted in space and
heterogeneous in formats. It is therefore natural to thihketting it in a framework
allowing for parallel and coordinated action of severalragésee [1]).

The researchin this field is active, as withessed, for irtgtdoy [2], where the reader
can find contributions dealing with the specific issues thsethe use of agents in data
mining.

In this contribution, we focus on a more general matter, aadsé a method for
modelling potentially complex systems, formed by “agemtkd can interact to perform
their tasks. The ternagentis used here in a very generic way, and simply denotes a
component of a system which bears an identity and existsi¢maut the time span of
the system.

Modelling can be used for two reasons: either for designimgwa system, or for
describing an existing system that we want to analyze. Ih bases, we need rigorous
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techniques allowing us to examine the model, in order tovderiformation on the be-
haviour and on the structural and dynamical propertiesefdial (or to be built) system.

That need requires the use of formal techniques, so that duehbe amenable to
automatic analysis by means of efficient algorithms. In thesent context, our most
general reference model is given tgnsition systemshat is structures defined by a
set of states and by a set of possible state transitions. tEatsition is labelled by the
name of an “action”, or event, whose occurrence triggershtiamge of state. The same
action can obviously occur in different states, but gemgialconstrained by specific
preconditions that must be satisfied in a state.

Such transition systems lend themselves to a kind of formalyais, namelynodel-
checking on which we will return later. Suffice it to say, by now, thatk analysis re-
quires the specification of properties to be checked in ac&ddanguage, usually based
on temporal logics. Specific algorithms examine the staaeespf the system and check
whether the given property is satisfied or not. These algmstare now very efficient,
and allow the analysis of very large state spaces (for amduogtion to the subject,
see [3]).

Although highly efficient algorithms for model-checkingavailable, using transi-
tion systems as a way to specify or describe real systemsaaross a fundamental ob-
stacle, particularly for systems composed of a large nurabiteracting components,
which run in parallel; the problem consists in the so-cafitate explosionthe overall,
or global, state of such a system is given, intuitively, bg tombination of the local
states of all components. The number of possible combimatid local states grows
exponentially with the number of components, and can sooarbe unmanageable.

We are thus led to look for modelling techniques which allondevelop a speci-
fication in a modular way. A typical solution would consistdefining a language for
specifying single components, and then rules of interaciibis solution has been used,
for instance, in association witbrocess algebrgdanguages in which sequential pro-
cesses (components) can be specified by using differenttstructures (like sequence,
choice, repetition), and then composed by a parallel coitippperator (see, for in-
stance, [4], [5], and [6]). A different basic strategy urldePetri nets where a system is
directly defined in terms of a set of local states and a setaa Istate transitions. Here,
components can be recovered as higher level structuregaithet (for a wide review
on the theory and applications of Petri nets, see [7]).

In this paper, we will follow a different path, based on theadfviews By viewwe
mean, intuitively, a sort of projection of the system to bsatibed, as if seen along one of
its many dimensions. Such a dimension may coincide with bsecvation of the system
by one of its agents, or components, but is a more generakpbn©ne view might,
for instance, express some constraints, like legal or physbnstraints, which limit the
behaviour of agents; another one might represent spalkiimes among agents, which
govern their possibility to interact, and the way in whicleats can move in space. Still
other views can be used to express organizational featéithe eystem.

With this approach, the designers can apply, while devatpgieir models, princi-
ples of separation of concerns which help them in managingpéexity.

In general, a view is a partial representation of a systemhB#&w is concerned
with only some of the agents and with only some of the acti@fscourse, the same
agent and the same action can be observed in several views.



A view can be studied in isolation; however, the potentididséour of a view is
in general constrained when the view is composed with otlesvs: Hence, only safety
properties (namely, properties expressed by statemethe &ind “nobad state will be
reached”) are preserved after composition. For livenespepties (expressed by state-
ments of the kind “something good will eventually happen® meed to design views
respecting stronger conditions.

Combining all the views, we get the overall system, whoseeplable behaviour
results from superimposing the constraints coming froni e@ew.

This kind of modular representation derives from ideas e first within the
theory of basic Petri nets [8], and later recast in a new fbsmting, where agents and
their changing hierarchical relations are explicitly regented [9]. The resulting model,
calledhypernetcan be seen as a sort of compact notation for Petri netsh&mdtastic
generalization, or rather abstraction, led us to the idesgeht aware transition system
[10], which is the formal tool described in this paper.

The main aspects of the framework we propose will be intredusy means of
an example. The example is informally described in the negtiegn, together with a
short discussion on the kind of formal analysis that we wdikie to perform on the
corresponding model.

Section 2 takes the step from the verbal description to adbraepresentation. The
notions of agent aware transition system, view, and so dhpwigradually introduced
with some comments on their applicability.

In Section 2.6 we discuss the kind of structural and dynalpicgerties that we can
express in a suitable logical language, and suggest hovettkahhether those properties
are satisfied.

Finally, in Section 3, we summarize our approach, and tryiefly assess its merits,
drawbacks, and limitations.

1. An Example: Dynamic Coalitions

The example chosen to illustrate our ideas is, for obvioasass, quite artificial, and
much simplified with respect to a realistic setting. Howevex hope that even such a
simple model can convey the main ideas that underlie ouroampr. The example shows
the main features of the formal framework: the componentthefsystem (abstractly
called agents in the following) are classified in severagydiutual relationships among
the agents can change in time as a result of the executiotiohacSome actions involve
a number of agents; we refer to such a situation by talking ®frechronizatiorof the
involved agents. However, agents can also interact in nmoliesct ways, like exchanging
messages.

The system we want to model is formed by a sqilafferswho communicate within
dynamically forming and changiragpalitions Here, we do not attach a specific meaning
to the wordcoalition; the reader might think, for instance, of groups of interiest other
interpretations are possible. What matters is the comséttiaat an actual exchange of
information can happen only between two players which culyéelong to the same
coalition.

A player can belong to several coalitions, can promote nepitcans, and can leave
a coalition. Joining a coalition is only possible after ligaey aninvitationfrom a player
which is already a member of that coalition.



Within such a general description, we can imagine seveoglgties that a designer
might want to check, or to enforce. For instance, we mightniterésted in proving that
two given players will never belong to the same coalitiontmishow an admissible
sequence of events that will violate such a property; or, vightrwant to prove that,
given three distinct players, b, c, whenevem andb belong to the same coalition, ¢
does not belong te . Later we will suggest how to express such properties, amdtho
check them.

2. Dynamic Coalitions: Formal Setting

In this section, we translate the plain English descriptbithe system into a formal
definition, and introduce, along the way, the needed notions

2.1. Agent aware transition systems

As a first step along the way, we define the general conceptaitagvare transition
system. In the end, we want to be able to specify our systemdhsamn object, possibly
through a more expressive specification language.

Definition 1 An agent aware transition systefAAS), is a tupleS = (A, T, S, J, %),
where A is a finite set odigents S is a finite set oftates T is a finite set ofctionsd is
the transition function, andgse S is the initial state. A single transition is specified by
an action, the set of involved agents, the starting statd tha final state. More formally,
the transition function is a partial map

5T x22xS—, S
where2” denotes the set of subsets of A.

The maps is defined as partial to reflect the fact that in certain staegven action
cannot be performed by a given set of agents.

With respect to classical transition systems, an AAS intoas agents, and the spec-
ification of the set of agents which take part in a transitiime same action can thus be
performed by different groups of agents.

In the formal model that we are going to develop for the systéplayers and coali-
tions, each view will be specified as an AAS. In the next sactie will define views,
but first we must answer a basic question. How can we build egthire system from
the collection of views? As suggested in the introductitwe, different views must be
superimposed. Formally, this superimposition is defined ay which resembles the
usual synchronous product for transition systems, wheeetion can occur in the com-
posite system only if all components which have that actiotheir alphabet are ready
to execute it. This mechanism gives an abstract form of symikation, or interaction,
among components.

The corresponding operations can be defined as a method fmosemAASsS, irre-
spective of their interpretation as views of the same system

Here, we will content ourselves with an intuitive descoptiof the operation. The
reader interested in formal definitions is invited to looklt].



Assume then to have several AASS, with i varying over a set. We want to define
an AAS, call itS, as the composition of th§;. The states of are all combinations of
states of the components. On the other hand, actions arsitibais are defined as the
union of actions and transitions, respectively, of the congmts.

Two, or more, transitions, taken from different compongeate superimposed, or
synchronized, when they are consistent. Consistency ntbahshey can be seen as
a sort of projections of a more general transition. [Bgjectionof a transitiont on a
componens;, we mean a transition with the same label, taken figrand such that the
set of agents involved is exactly the intersection of the$agents involved it and the
set of agents belonging t§.

The underlying idea can be intuitively explained as follofxstate transition is, in
general, a complex entity; several agents can participeaetiansition. We can observe
the transition from different standpoints, correspondimghe different views in which
the system is articulated. When looking at the transitiomfa standpoint corresponding
to viewi, we can only see agents belonging to that view; so in viewe must find the
corresponding transition, labelled by the appropriat@sagents.

2.2. Agents, Actions, and Views

From the description of the system, we can derive the estiiat must be explicitly rep-
resented in the model. They can be classified in three caésgplayers representing
people who gather in groups of interest and exchange infimmaoalitions represent-
ing the groups themselves, which have players as membatsnassageswvhich are
used by players in order to invite other people to join a ¢imalj notice that these mes-
sages do not represent information exchanged within at@walin our simple example,
we do not deal with the actual exchange of information, whiihbe represented by a
generic action callethlk.

Players, coalitions, and messages are the agents of the WetSve are going to
define. Each view, defined later will deal with a subset of tends.

We can now identify the views through which we look at the Iwédar of agents.
We define three of them.

The first view is concerned with the knowledge that playersela coalitions. Re-
member that a player can join a coalition only after recegjdn invitation from another
player; we will assume that each player has knowledge of sefudf coalitions, and can
enlarge its knowledge by receiving an invitation (recejvam invitation is a prerequisite
for joining the coalition, but a player can ignore an inviatif not interested in joining
that coalition). We also provide for an action by which a glagan forget a coalition.
After forgetting a coalition, a player can not join it, undeshe receives a new invitation.

The second view defines the rules by which two players canttakkach other,
namely that they belong together to some coalition. Thiagleould keep track of mem-
bership in coalitions.

Finally the third view governs the “mechanics” of invitati& It describes the cor-
rect sequences of actions involving messages (for instéimgea given message can be
received only after being sent) and associates to a pendésgage its content, that is
the coalition it refers to.

Views will now be defined more precisely, in a sort of openadicstyle. For each of
them, we will define the set of states, the set of agents, anddahof actions; then we



will give the conditions that allow a transition to occur agigen state, and the effect of
its occurrence.

In the following, P denotes the set of all playelG,the set of all coalitionsM the
set of all messages. These sets are fixed from the beginnidgi$s, we cannot create
or delete agents. We will comment on this restrictions inaieclusion of the paper.

2.3. View 1: Knowledge of Coalitions

This view represents one kind of relation between playedscaalitions, expressed by
the statementlayerp knows about coalitios.
With respect to the general form of an AAS, we have

S1 = (A1, T1, S1, 61, So1)

whereA; = C U P. States of this view associate to each player the set oftcoadishe
knows (this is not the same as the set of coalitions that sharember of); formally,
states are functions from the set of players to subsets tifiooa:

S ={K:P— 2%

The actions relevant to this view are those actions whicledémn the knowledge of a
player, or which affect that knowledge:

Ty = {join, send receive start, forget

We have now to define the transition function. To this aim, iated set of generic clauses
that implicitly defined;. To keep the notation compact, we adopt the following gdnera
convention: letf: X — Y be a map; then, by [z/x] we denote a new map froix to
Y which coincides withf for all elements in the domain except forwhere it takes the
valuez.

There are five rules for this view. The first rule states thalagey can start a new
coalition only if she has knowledge of it (we can say: if shewas its name).

Let K be a state of this view.

o K SP K ifand only ifc e K (p)

The second rule allows a player to join a coalition provideel knows about it already.

o KNPl it and only ifc e K (p)

The third rule allows a player who knows about a coalitiongondsan invitation for it.

o K *25P it and only ifc e K (p)
Notice that the first three rules do not change the state s¥ibw (the same actions will
show up in other views also).

The fourth rule states that a player receiving an invitatiamenlarge her knowledge.
This does not exclude that a player receives an invitatisrafgoalition she already
knows.



receivéc, p}
e K """ K[K(p)U{c}/p]
The state of the view changes after performing an acterive reflecting the fact that
the receiver now knows about coalition
The final rule for this view governs the occurrences of actimget By this action,
an agent voluntarily forgets about a coalition.

o KPP [K(p)\ (o)

2.4. View 2: Coalition Membership

This view is concerned with the relation of membership betwglayers and coalitions.
The agents involved in this view are, like in the first viewaysrs and coalitions:

Ab=PUC

but the states are different. A state of this view must keagktof actual membership. It
is then natural to define states as maps ffomo subsets oP:

$={s:C — 27}

with the intended meaning thate s(c) if player p is a member of coalition in states.

Relevant actions for this view include actions which chanmgembership, and also
the generic action, here calledlk, representing an exchange of information between
two players.

T, = {start, join, drop, talk}

Rules:

A player can start a coalition only if that coalition has nomfers. After performing
the action, the promoter is the only member of the coalitshre(will be able to invite
other players later).

o SEUGPl s(c) = ¥ ands' = s[{p}/c]

join{c, p}

e s —5" s'ifand onlyif p ¢ s(c), s(c) # 0 ands’ = s[s(c) U {p}/c]

o s"P%P g it and only if p € s(c) ands’ = s[s(c) \ {p}/c]

s 20 sit and only if p, p € s(c)

2.5. View 3: Mechanics of Invitations

This view deals with invitations. A player can invite somead join a coalition by
sending a message bearing the name of the coalition. In dgfihis view, we must face
a constraint given by the formal framework in which we oper#t order to apply the
analysis techniques briefly described in a later sectianptbdel of the system must be
finite. Since messages are agents in our model, we cannte amédestroy them freely.
Hence, we choose to assume that there are enough messdgeisitial states, and reuse
them as needed. A “quiescent” message is like an empty boge@xiing a message, the



sender associates it with a coalition. On receiving the agssthe addressee removes
its content, so that the message can be reused.

A typical state for this view is decribed by a map from messdgeoalitions, asso-
ciating to each message its content. Since a message cambge #m@ map is only par-
tial. By checking if the map is defined for a given message, aveatso decide whether
a message is traveling from a player to another.

To keep the model simple, we do not explicitly represent ttlressee of a message.
This means that any player can catch a pending messageaBenaerties of a system
of this kind are actually independent of that information.

The agents involved in this view are messages and their stntegamely coalitions:

As=MUC
States are partial maps from messages to coalitions:
S={ssM —, C}

Relevant actions include sending and receiving a messagiea\hat in this view there
is no way to know which player sends or receives a message Hiis is irrelevant in
this context. Such information is available in the first viévfter composing views, a
send action will be associated to a message, a coalitiora atad/er.

T3 = {send receivé

The rule concerningendrequires that a message is empty before it can be sent. In
performingsend it is filled with the name of a coalition.

s %M%M o if and only if s(m) is undefined and’ = s[c/m]
The rule forreceiveis symmmetrical to the former: a message can be receivedifonly
it has been sent, that is if it has a content. The act of reogisieletes its content. The
effect of receiving a message on the knowledge of the recmivepresented in view 1.

o 5™ 5 if and only ifs(m) = cands’ =s[L /m]

One last ingredient is needed to fully specify the views cosipg our system: the
initial state. For each view, we must specify the initialiaifion. In particular, the initial
state should “initialize” the knowledge of each player,lsatteach coalition is known by
at least one player.

Building the complete description of the system as a singd& Aan now be done
automatically, by applying the synchronization operatidormally explained above.

2.6. Analysis

In this section we hint at the kind of properties of a systeat tine would like to check
on the corresponding model. Properties are expressedgicaltanguage endowed with
temporal operators.

The logical language we propose is based on a fixed set of dgnu@moting predi-
cates on agents, and relations among agents. One obviatismgbr our example could,
for instance, express the fact that a given player is a meoflgegiven coalition. A sim-



ple predicate can assert that a given coalition is emptynbtae built on the fixed set
of symbols, the set of names of agents, and on variables, e@vdluated at arbitrary
states, after fixing a valuation function which associateshevariable with an agent. The
validity of a formula can obviously change from state toestat

The temporal operators allow us to specify a rich set of fdamwf the kind “for
each admissible sequence of actions from the initial statentually the formula will
be valid”, or “there exists an admissible sequence of astfoom the initial state such
that formulag is valid until y becomes valid, and so on.

For instance, assume that in the example there are threerplay, p2, andps, and
we want to check, maybe for security reasons, that in no gtateare members of the
same coalitiorc. Then we can write the formulae

a = in(p1, €) Ain(p2, ¢) = —in(ps, C)
f =in(p2, ¢) Ain(ps, c) = —in(py, C)
y =1in(p1, ¢) Ain(pz, €) = —in(pz, €)

wherein is a symbol denoting the membership relation between a péaka coalition.
The property we want to check can then be expressed as folloheresy is the
initial state of the system, artd denotes the temporal operator “always”.

SoEO@ABAY)

3. Conclusion

With the help of a simple example, we have outlined the magasdof a method for
designing formal models of complex systems. The methodssedban the notion cgent
aware transition systepwhich can be seen as a generalization of the standard raftion
transition system. A distinguishing feature of AASs is pkcit treatment of agents as
entities in the model; the actions that make such a systeilnesaoe always referred to
the set of agents involved.

In order to apply usual model-checking techniques, the risosle build are bound
to finite sets of states. Consequently, we do not allow aeatf agents. This can be
a strong limitation in the expressive power of the model imedields of application.
The extension to infinite state spaces will be explored, #oeiation to model-checking
algorithms for such classes of systems.

A central feature of or approach is the idea of view. While fhicertainly not a new
idea in general, the presence of agents gives it some speatates, that we think may
be useful while developing the specification of a distrildggstem.

As a generalization of labelled transition systems, AA%savery general notion.
When designing a real systems, a designer can work on moressiye or compact
notations, like hypernets, Petri nets, or process calputiyided there is an automatic
way to translate them into AASSs.



References

(1]
(2]

(3]
(4]
(3]
(6]
(7]

(8]

(9]

(10]

(11]

H. Kargupta, |. Hamzaoglu, and B. Stafford. Scalablestriiuted data mining using an agent based
architecture. Irint. Conf. on Knowledge Discovery and Data Mining, pp. 21%,2August 19971997.
Vladimir Gorodetsky, Chenggi Zhang, Victor A. Skormiand Longbing Cao, editorsAutonomous
Intelligent Systems: Multi-Agents and Data Mining, Seclmernational Workshop, AIS-ADM 2007, St.
Petersburg, Russia, June 3-5, 2007, Proceedinghime 4476 ol ecture Notes in Computer Science
Springer, 2007.

Edmund Clarke, Orna Grumberg, and Doron Pelddel checkingMIT Press, 1999.

C.A.R. Hoare.Communicating sequential process€sentice-Hall, 1985.

Robin Milner. Communicating systems and thecalculus Cambridge University Press, 1999.

Wan Fokkink. Introduction to process algebralexts in theoretical computer science. Springer, 1999.
Wolfgang Reisig and Grzegorz Rozenberg, editdrsctures on Petri Nets I: Basic Models, Advances
in Petri Nets volume 1491 o£ NCS Springer, 1998.

Marek A. Bednarczyk, Luca Bernardinello, Benoit Cailth Wiestaw Pawtowski, and Lucia Pomello.
Modular system development with pullbacks. In Will van dealgt and Eike Best, editor4th Inter-
national Conference on Applications and Theory of PetrisNEindhoven, The Netherlands, June 2003
volume 2679 oLNCS pages 140-160. Springer-Verlag, 2003.

Marek A. Bednarczyk, Luca Bernardinello, Wiestaw Pawsdi, and Lucia Pomello. Modelling mobil-
ity with Petri hypernets. In José Luiz Fiadeiro, Peter D. Bkss and Fernando Orejas, editd®ecent
Trends in Algebraic Development Techniques. 17th Intewnat Workshop WADT 2004, Barcelona,
Spain, March 27-30, 2004. Revised Selected Paperisme 3423 ofLNCS pages 28-44. Springer-
Verlag, 2005.

Marek A. Bednarczyk, Wojciech Jamroga, and Wiestaw iBaiski. Expressing and verifying temporal
and structural properties of mobile agents. In Ludwik Czefditor, Proceedings of the Concurrency,
Specification and Programming Workshop CS&R’p&ges 5768, 2005.

Marek A. Bednarczyk, Luca Bernardinello, Tomasz Bezgowski, Wiestaw Pawtowski, and Lucia
Pomello. A multi-facet approach to dynamic agent systemd.. ICzaja, editorProceedings of the In-
ternational Workshop on Concurrency, Specification andjframming (CSP07), Vol. 1, tagéw, Poland,
26-30 September 200@ages 33-47, 2007.



