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Abstract agents. Sophisticated agent interaction mechanisms and
services are needed. During interactions the agents com-
Agentspace is an emerging environment resulting fraffunicate, negotiate, and form organization structures.

process automa_tion iqthe We_b. Interopera_bilit_y is Crucﬁlence, along the development of cyberspace the new
to assure meaningful interaction, communication and Gsrid (called agentspace), inhabited by the new intelli-
operation between heterogeneous mobile agents and §&ft creatures called software agents, is being created. It

vices. Itis postulated that the interoperability limited @sems that the process automation in the Web makes the
the basic agents/services interactions should be baseGéUéIopment of agentspace inevitable.

MASIF / FIPA standards for mobile agent platforms. T ,
. A man users are situated at the border of the agentspace
interoperability is extended so that heterogeneous agen . . . X
nd, can influence it only by their agents by delegating
can exchange knowledge and understand each other apout ) .
. . ) . 0 them complex and time consuming tasks to perform.
the interactions. To make understanding possible a ngw . -
L Ince the Web is an open distributed and heterogeneous
approach to concept meaning is introduced. The mean-. . .
. N S . environment, agents and services can be created by differ-
ing of concepts is given explicitly in a constructive wa . : .
. t users according to different architectures. Interoper-
contrary to the approach of Gruber and Guarino [11, 12].... . . . . .
. . . -apility is crucial to assure meaningful interaction, commu-
where the meaning of a concept is constrained by logical _: :
. nication and cooperation between heterogeneous agents
axioms. . : o .
and services. The interoperability is not only restricted
to interaction and communication, but it also comprises
1 Introduction semantic interoperability. In order to use services estab-

lished by different users working in heterogeneous do-
Cyberspace, the emerging world created by the gloBagins, agents have to be capable of acquiring how to use
information infrastructure and facilitated by the Internéose services and for what purposes. Hence, heteroge-
and the Web, offers new application scenarios as weflous agents must exchange knowledge and understand
as new challenges. One of them is so called "semar@@sh other.
web", i.e. conceptual structuring of the Web in an explicithe lack of interoperability is the main obstacle in de-
machine-readable way. The goal is to facilitate resourgglopment of the agentspace. Security is of great impor-
discovery, intelligent browsing, e- commerce, e-businetsce, however, it does not appear to be the main cause
etc. These very tasks are supposed to be performecbwbsence of widespread applications of mobile agent
autonomous software (mobile) agents on behalf of theschnology. To achieve interoperability certain standards
users. should be introduced. As usual the fewer standards the
Since the software agents are supposed to "live" in thetter. Instead of a separate standard for any particular ap-
cyberspace, they must be intelligent, that is, they mysdication domain, we are looking for a minimal standard
efficiently realize the goals delegated to them by thaiufficient to achieve a semantic interoperability.

human masters. To do so they must perceive the woglghy can the mobile agent technology help here? Most
interact with the world, and with other agents and humagg.the existing mobile agent platforms (MAP, for short)
Itis clear that a single agent cannot perform efficiently i&eate similar infrastructures. However, there is a problem
tasks in alarge open world without cooperation with othgf interoperability between different platforms if agents

*The work is done within the framework of ESPRIT project Noa‘re to migrate from one platform to another.
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plemented in Java, it is postulated in [15] to createt@environment for heterogeneous agents. The interface
new OMG standard to define implementation-specific (iraay serve as means to achieve semantic interoperabilty
Java-specific) convention that allows a mobile agent to roetween these agents. The rest of the paper is devoted to
grate to any standard-compilant platform. a presentation of the interface.

The OMG MASIF [16] and FIPA Mobility Support [9] The research presented in the paper is based on our ex-
standards and generic MAP architectures (e.g. Pegaz [2dijiences gained during realization of Pegaz - our mobile
and Grasshopper [10], Mole [17], Ajanta[2]) are examplagent platform [21], and modeling agent virtual organiza-
of attempts to provide a basic standard for agentspdioas as sophisticated agent interaction mechanisms [5].
infrastructure.

These efforts are trying to assure interoperability limited . . i

to so called "core or basic functionality” concering agedt  Outline of agent interface to environ-

and service interactions. Semantic interoperability is also ment

needed to achieve the perfect interoperability.

Although the MAP technology was designed to providgsually a user of a MAP can construct his/her own
mobility to the software agents, it seems that the stament/service internal architecture using a special "frame"
dards MASIF / FIPA may be seen as efforts towards builgrovided by the MAP developer. The frame is called
ing uniform Web infrastructure analogously to traffic anthgent class", and consists of Java classes whose methods
communication infrastructure e.g. highroads, airportgpresent (see for example [10]) "the essential interfaces
telecommunication in the real world. Introducing uniforrbetween agents and their environment". The frame gives
infrastructure does not exclude autonomy and heterogesecess to the core functionality of a MAP and communi-
ity of the environments but it supports their developmegdition service, so that it makes possible for an agent to
by the ability to cooperation. interact with the environment and determines what is vis-
Since the technology of mobile agent is not matured, itilde for the agent during these interactions, e.g. whether
still far from achieving agreement for the standards ththe agent can see the resources (data) of another interact-
could assure interoperability for the core functionaliting agent, its name, interaction place, etc..

These very standards are necessary to define structurehef access should be standardized if we want agents to
basic agents/services interactions in the agentspace. migrate from one platform to another.

Our approach to semantic interoperability presupposesitheorder to reason and exchange knowledge about in-
existence of commonly accepted standards that give interactions and understand each other, the agents must
operability for the core functionality. We propose a form&lave common representation of interaction structure (i.e.
specification of the interaction structure (callgeneric generic structure of MAP environment) and perceive the
structure of MAP environmenthat may suggest somesnvironment in a uniform way. We propose to separate
ideas how to construct such standards. Formal specifiaael standardize agent interface to environment in the fol-
tion of the interaction structure is necessary for heteitowing way. The interface should consists of three layers.
geneous agents to exchange knowledge and undersgirstly, to standardize the access to the core functionality,
each other, cooperate, form new services and organiza-the basic interaction types. It constitutes the first layer
tions. However, this very understanding presupposes thithe interface, callefunctionality layer. Secondly, to

the meaning of primitive resources and primitive servicepecify formally the interaction and perception structure
is already given and is common. So that the proposgetermined by the first layer. It constitutes the second
semantic interoperability is not completed. layer of the interface, callegpresentation layer.

Although the partial semantic interoperability proposédirdly, to construct, on the basis of the second layer,
for the agentspace is relatively easy to achieve, it maganing interchange language. It constitutes the third
be viewed as a contribution towards the global semarlager of the interface, calleldnguage layet

interoperability for the Web where the key issue is to repet us notice that the proposed agent (service) interface
resent the meaning of resources and services in a uniféonenvironment does not apply to internal agent (service)
machine - readable way. The semantic interoperabiléychitecture. Users have full freedom of designing and
concerning the meaning of resources on the Web is a stéveloping the architectures.

ject of current research, see OIL - Ontology Interchan@ae generic structure of MAP environment as well as
Language [19], DAML - DARPA Agent Markup Lan-perception structure are determined by the functionality
guage [6], SUO - Standard for Upper Ontology of IEElayer. The MAP environment specification concerns the
[23]. structure of the world thatincludes: primitive entities (like
Our contribution to the problem of semantic interopeagents, places, services, etc.), primitive actions (like mi-
ability consists in a specification of common interfaggration, communication, using a service, etc.), and events
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describing local interaction between agents, services,aee represented as operations on resources and are of the
sources and places. The events form a partial order facm: Op : C' — B, producing object of typé from ob-
cording to the causal relation between them. The pgret of typeC. Primitive types of resources and services
ception structure determines what can be perceived byaa@ specific for application domain.
agent participating in an interaction, e.g. during movingTthe infrastructure is developed by constructing sophis-
ahost the agent can perceive the host name. The repregested services (i.e., enterprises, organizations) by the
tation layer is also called "ontology core" that formalizegyents. To do so, the agents should be equipped with ap-
the structure of the world realized by the functionalityropriate mechanisms that are calledtines Routines
layer. The ontology core is the basis for designing knovdre composed of the following primitive actionmove
edge to be implemented into agent architecture. It is t¢panother placejse a serviceagent cloning(i.e. agent
to a designer how to built knowledge structure consigkeates a copy of itselfyjet a resourcefrom other agent,
ing of interrelated concepts. The crucial point is that tlygve a resourceto other agentgommunicatewith other
meaning of these concepts can be reduced to the ontolaggnt finishing activity of an agent.
core. Since the ontology core is supposed to be a comnyei routines for forming and reconfiguring agent organi-
standard, this gives rise to create language to interchagggons are quite sophisticated, see for example our con-
concept meaning between heterogeneous agents. Meapt of team formation [5] for simplified version of the
ing Interchange Language constitutes the language lag@iironment.
A detailed description of representation layer is presentsghyice may be understood as a composition of routines
in Section 3 whereas in Section 5 we present an idea "(‘PMYming a workflow) performed by a group of agents. In
to construct the language layer. order to manage the workflow resulted from the service,
the agents should form an organization structure.

. q ; actions belonging to the core functionality of a MAP are
environment and perception not considered here like agent naming, registration, and

actions concerning the security. They are hidden from

Itis presupposed that the functionality layer is built a?ﬁe user as well as from the agents. In order to have the

cording to commonly accepted standards (unfortunately . . )

A . .. environment structure as simple as possible we should
not existing yet) that could assure the interoperability lim- . .
. > : . abstract from those details that are not essential for the
ited to the "core functionality".

) . agents to realize their goals.
The representation layer of the proposed interface er) - biect of di . hether th t of orimiti
sists of specification of generic MAP environment a EI'S a subject of discussion whether the set of primitive

perception. As it was already mentioned above these taEions prpposed above is comprehensive enoughto define
parts, i.e. the structure of the world and what can 8 the actions that can be useful for the agents.

"seen” during local interactions, should be determined Nt actiona (for example a communication action) can
e executed if for all the agents needed for an execution,

the functionality layer. So that our proposal of the reB— _ _ _ :
resentation layer may be useful for constructing also #h actiona is enabled and selected for execution, i.e.,
functionality layer. !ntumvely all 'Fhe agen_ts ”cqn” and "do want” to participate

in the execution of this action. If one of the agents cannot
or doesn’t want to participate in the execution, then the
attempt to execute actioa fails. For this reason we
The main components of the structure (created by a pRgsume that for any joint actienand any agent needed
form like Grasshopper or Pegaz) are places, servicestfoexecute, there is a local actiorfail(a, i) of agent;
cated at the places, and agents that can move from pl@é corresponds to agei's failure to execute joint action
to place. The agents use services, communicate, andaex-
change data and resources with other agents. The agéhescrucial notion needed to define a representation of
can also collect, store, exchange, and transport thethe "world", presented intuitively above, is the notion of
sources. "event". Any event corresponds to an action execution, so
In our formal description the primitives areplaces, that it "describes" an occurrence of a local interaction of
agents, actions, servicegndresources Places are com-the agents participating in the execution. The term "local”
posed into a graph. An edge between two nodes in theof great importance here. Usually, local interaction
graph expresses the fact that there is an immediate cepricerns only few agents so that the event associated with
nection between the corresponding places. Resourcesghigelocal interaction describes only the involved agents,
primitives grouped into types, analogously as types gsrvices, resources, and places.
data, and objects in programming languages. Servidé® events form a structure, that expresses their causal

3.1 Generic structure of MAP environment
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relations. 3.2 Perception structure

Having primitive concepts and setting initial conditionls. lear that t participating i tshould h
for agents, places, and distribution of primitive resourcéésce""r atagent participating in an event snouid have a

and services, the sdi, of all events that can occur i .Osfr']b'“ty to ol:;sert\_/e some etszerltﬁ featur;es torf the evetnt
the environment, can be defined. It is important to noti Eae € nam(_a ofac |3n execute ‘T’l :S e(;/gnt,ho 'etr agetn S
that due to the local interaction, it is easy to extend tReices, Services and resources involved in the interaction

set E if new agents, places, resources, and services %%respondmg to the event.

added. Hence, the representation is appropriate for o %ghoose_ a S&rczl{pll,pz, -~-6pz}h0f prop]f)smons of 5
environments. It is also generic in the sense that in or ¢ Propositional Calculus to be the set of common ob-

to construct the representation an agent need not knom;snvables. The P rop03|t|_(l)nbs| characlterlze agjnt IocatloTns '
agents, places, resources, and services in the World'rq%ourge's, SErVICces Iavalz eonp acesaar;] S|(()j gn. N
the course of learning about them the agent can extend!qr'f?eoos't'Ons are evaluated at events, and should be spec-

representation or shrink it if it is necessary to forget abdﬂf"d SO tlhfat they ca}nhprowde a Ejr?]'fom: wa>]: 0 descrl_pe
some agents, places, etc.. essential features of the events. The value of a proposition

Let B, C E denote the subset of events in which the agear'][tan eventis either true or false, or undefined. Since each

i does participate. Evemtis calledjoint if it belongs to event is local, values of some propositions (describing

at least two different setB;. Event structures have beelggents or places not participating in the execution) cannot

successfully applied in the theory of distributed syste Aj determined and are left undefined.

[24] and several temporal logics have adopted them ough the propositions are supposed to describe the
frames [14] events completely, a particular agent may have no access

- to some details, for example concerning the resources
Now, we present a formal definition of event structure.

: . possessed by another agent.
A labeled prime event structureis a 5-tupleES = — Ry - .
(E., A, —.#,1), where Letl = {¢, f,u}" (I is the number of propositions in the

setP) be the set of all possible strings of lengtbver the
set{t, f,u} coding all the valuations of the propositions.
Here ¢t stands fortrue, f stands forfalse whereasu
2. Ais a finite set, called a set aftions stands foundefined For example, foi = 6, the string
o = ttfutf € O corresponds to valuation at some event
3. — asubsetoF x Fis anirreflexive, acyclic relation,where propositiong1, p, and ps are true, propositions
called theimmediate causality relation between thgs, pe are false, whereas the value of propositianis
eventsi.e. e — ¢/ means that the eventis one of undefined. Hence, the dets the collection of all possible
the immediate causes of the eveht The causality valuations of propositions from the sEt
relation satisfies the following condition] ¢ %</ Perception is defined as a function of the fornfl :
{¢/ € E| ¢ —* e} is finite for eache € E, where £ — I'. Forany event ¢ E perception determines
_*is the reflexive and transitive closure-ef. This Which proposition is true, which one is false, and which
means that the past of any event is finite. one is undefined.
Ontology core, understood as the minimum needed to
4. # a subset off x E is a symmetric, irreflexive re-achieve semantic interoperability, is constituted by speci-
lation, calledconflict relation such that # —* is a fication of generic MAP environment and the perception
subset of # (calledonflict preservation conditign structure.
Two events are in conflict if they cannot occur in the
same run. One of the reasons for conflict occurrence .
is agent choice of action, i.e. which action an agefit Knowledge and meaning of concepts

chooses to execute.

1. F is a set ofeventor action occurrences

In this section we present an approach to knowledge and

5. 1: E — Ais a labeling function that indicates fo£oncept meaning.

each event which action is executed at that evelft,order to construct efficient agents, their architecture
i.e.,l(e) = a means that eventis an occurrence of must be simple. Therefore, we need simple, but still flex-

actiona. ible, notion of knowledge that can be implemented into
agent architecture. Hence, we face the following prob-
Two eventse, ¢’ are in immediate causality relation, i.eems:
e — ¢ if the same agent participates in them, and thow to represent, store, pass, and reason about knowl-
agent has executed the actife’) immediately after the edge in an efficient way, so that it can be implemented into
execution of actiori(e). simple agent architecture ?



Classical definitions of knowledge are built on glob#the setP, and x refers tounknown) be the set of all
states and global time, see [7]. The consequence of {hadsible strings of lengthover the seft, f, u, *x} coding
definition is logical omniscience of the agents and an ailpossible results of agent observations. For example, for
bitrarily deep nesting of knowledge operators, that is, fdr= 6, the stringp = ¢t f x tu € O corresponds to agent’s
mulas under consideration are of the foragienti; knows observation at some event that propositipng, andps

that agenti; knows that ... that agent, knows that eventare true, propositiops is false, the value agf4 is unknown,

e occurred. This very omniscience is frequently regardeathereas the value of propositipg is undefined. Hence,

as a drawback especially if an agent is to take decisidhs setD is the collection of all possible observations.

in real time. Moreover, when modeling such an agentAtient :'s perceptionis defined as a function

turns out that the representation of the whole world must: E; — O. An intuitive meaning ofr;(e) = ttf * tu

to be put into the "brain” of the agent, see the conceptisthat at event agenti evaluates the propositions in the
BDl-agent [22]. This is acceptable if the world is smallvay described above.

say up to a few agents, but if the world is getting larger,
then it is computationally unrealistic do deal with suchf
model, see [5]. Hence, if the world is large and/or what IS
even worse, the world is "open," then the classical notion
of knowledge remains only an elegant theoretical notioppdating mechanismis defined as a function

Our alternative proposal to the classical notion of knowlfer, : M x O — M. An intuitive meaning of
edge consists in assuming that initially agents know @Jf@m<m70) — m/ is that mental state: is updated to
most nothing and acquire, update, and revise knowledgeafter observation has been made by an agent.
during local interactions by perception and communicget ) = {x, ?}X be the set ofjueries The interpretation

2 Meaning of concepts and simple query lan-
guage

tion with other agents. _ _ of queryq = * x «?? is: tell me the value of variable
We assume that knowledge of agenis stored in the v, and ve in your memory (database) Let us note that
variablesvy, . .., v ranging over the setd’, ..., Wk. such query is meaningful only for homogeneous agents.

These variables are individual variables of the agentThe set of all possible answers to the quetieis defined
The setdV}, can be of any sort including: char, integergs follows.

reals, etc. Val(Q) < e (Wi U {}).
This variable collection definegknowledge support. | et queryg = q1 . . . qx be sent to agerit whose memory
One can think about it as an abstraction of a relationghte ism; = (w1, ... ,wx). The answer of agentis

database. It is important to note that for homogenegys string(z1 . .. zx ), wherez; = w;, for ¢; =?, and
agents, the number of variables and their ranges areggg.le: « for ¢j = +. For example, agents answer to
same. So that, any variable stands for a common concg@Réry « «?«? can bex * %2 x 9.

for a community of homogeneous agents. The set of queries defines a simple language. Of course,
The profile of current values of agent's variables is Cojfr order to be a communication language it must be built
sidered as the current agent's mental state. All posaiKQML [8] or ACL [1].

ble agents’ mental states are collected in theldet= | the set of actionsl we identify a subset afommunica-

[Ikex Wi For example,mi = (w1, w2, ..., wk) COI~ tjon actions For each query € Q we have a joint action
responds to agernits mental state where; = w1,v5 = j4; of agentsi and;j with the intended meaning of send-
w2, ...,V = WK. ing queryq to agentj by agenti. If agent; does agree

Values of the variablegi, .. ., v},) are updated by agento answer the query, then the actigyy is successfully
i's perception and revised by knowledge acquired fragfecuted, otherwise it fails.

other agents via explicit communication. Revision mechanisnis defined as a function:
= : M x Val(Q) — M. An intuitive meaning of
_ : o . .
4.1 Agent perception =(m,z1...2x) = m' is that mental state: is revised

to m/' after receiving answer; . .. 2k to its query sent to
At evente any agent participating in this event can evalanother agent.
ate anyp € P and come up with the conclusion whetlper The famous gossip problem associated with the revision
is true or false or undefined or unknown. The value "umechanism is given in [18]. When the knowledge is ex-
known" refers to the propositions that cannot be evaluatgthnged between agents the following updating problem
by the agent because they are hidden from the agent,deturs. Suppose that an agents received via communi-
example, propositions concerning the storage contentgation from another agent a different information that he
another agent participating in the event posses on the same subject. The agent must decide which
Let O = {t, f,u,*}! (I is the number of propositions inone is the most recent one. The way of solving this kind of
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problems is by encoding an additional information, whidfon that all agents are homogeneous is too restrictive.
is sufficient for deciding which agent has got the mo$he problem is to design a generic language for in-
recent information about the subject. One of the possitdechanging concept meaning between heterogeneous
solutions is so called secondary information defined fagents. The language would give rise to achieving un-
gossip automata [18]. derstanding between heterogeneous agents.
Let us note that these two "reasoning” mechanisfiasn It is obvious that the understanding is impossible if the
and = define agent knowledge, i.e. define how the coagents have nothing in common. We suppose that this
cepts stored in variables, ..., vt are used. The firstvery something in common is the first and the second
mechanism updates agent mental state if a new obselager of the proposed interface. The crucial point is the
tion has been made by the agent. The second one reviggservation that any concept meaning (defined within ho-
the current mental state if the agent has received an answegeneous agent community) can be reduced to the on-
to its query. tology core that constitutes the second layer. Hence, in
The way the mechanisms define knowledge is highly airder to design Meaning Interchange Language we should
stract. Description Logic or Frame Logic can be usealy specify the reduction procedure in a generic way.
for representation, and OKBC [20] for implementatiotdowever, our approach to concept meaning is abstract
However, our goal is to present the essence without goargd not constructive. In order to convey the meaning of
into specific representation and implementation detailsa single concept (variable) the functiohem and= (at
These two mechanisms define also the meaning of ctaast a part of them) must be conveyed. The functions are
ceptsvi, ..., vt The meaning of a concept is determinegiven in an extentional, not constructive form, i.e. in a set
by the way the concept is used. Let us stress that for artlgeoretic manner as sets of pairs.
concept its meaning is defined within the community &ff seems that generic rules for constructive formation of
homogeneous agents that use the concept. concepts are essential for MIL design.
Our approach to concept meaning follows the definiti@ur approach to constructive concept formation is based
of "meaning” from Wittgenstein [25]'For a large class on our work on constructive type theory [3], where we
of cases - though not for all - in which we employ the woldhve introduced primitive constructors that are sufficient
'meaning’ it can be defined thus: the meaning of a wotd construct all recursive functions. The limit of space
is its use in the language.” does not allow to present details here.
Our definition of knowledge and meaning is abstract aMlL must contain the simple query language defined in
not constructive. On one hand it may be seen as an # previous section. To be an agent communication lan-
vantage, because usually concept meaning is defineguage, MIL must also be built into existing standard lan-
formal theories; see the approach of Gruber, et al. [IfiJage frame like ACL [1].
and Guarino [12] where the interpretation (meaning) of
concepts is constrained by logical axioms. On the other
hand our definition gives an idea of what the knowled&e Discussion and preliminary conclu-
and concept meaning is however, it does not help us to gjons
understand how the concepts are created and interrelated.
Concept formationis one of the crucial aspects of semanje have presented outlines of our idea of achieving partial
interoperability, see for example Kangassalo [13].  semantic interoperability in agentspace. So that the paper
should not be seen as a presentation of a completed work
. but rather as a proposal how to solve the hard problem.
5 Language layer - Meaning Interchange e simplicity of the introduced representation of generic
Language (MIL) MAP environment may be considered as an advantage of
our approach. Actually this very simplicity is necessary
Homogeneous agents have the same primitive concdgsause of the implementation reasons. If we want agents
and use them in the same way. This makes passing kndwlbe efficient their architecture and interface to environ-
edge (via queries) between homogeneous agents meagnt must be simple. Of course, our interface is merely a
ingful. However, homogeneous agents are not identigaloposal so that it should be discussed and evaluated.
They are differentiated by their perceptions, and historiéis,the paper the notion of service was only mentioned.
i.e., by what they have observed and learned from otliswever, in the development of agentspace as well as of
agents in the past. a MAP, services play a crucial role. They are needed for
The simplest way to achieve semantic interoperabilityagents to use resources, facilitate access to information
to assume that all agents are homogeneous. Howeverstheed in heterogeneous databases, enable complex agent
Web is a heterogeneous environment, so that the assuimigractions, and perform sophisticated workflows. Agent
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virtual organizations in general and enterprises in parti¢i2] N. Guarino. The Ontological level. In R. Casi,
lar may serve as examples of such sophisticated services. B. Smith and G. White (Eds.)Philosophy and

Our aim of future work is to propose a service interface
to environment based on the ontology core introduced in

the paper.

[13]
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