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Abstract

Agentspace is an emerging environment resulting from
process automation in the Web. Interoperability is crucial
to assure meaningful interaction, communication and co­
operation between heterogeneous mobile agents and ser­
vices. It is postulated that the interoperability limited to
the basic agents/services interactions should be based on
MASIF / FIPA standards for mobile agent platforms. The
interoperability is extended so that heterogeneous agents
can exchange knowledge and understand each other about
the interactions. To make understanding possible a new
approach to concept meaning is introduced. The mean­
ing of concepts is given explicitly in a constructive way
contrary to the approach of Gruber and Guarino [11, 12]
where the meaning of a concept is constrained by logical
axioms.

1 Introduction

Cyberspace, the emerging world created by the global
information infrastructure and facilitated by the Internet
and the Web, offers new application scenarios as well
as new challenges. One of them is so called "semantic
web", i.e. conceptual structuring of the Web in an explicit
machine­readable way. The goal is to facilitate resource
discovery, intelligent browsing, e­ commerce, e­business,
etc. These very tasks are supposed to be performed by
autonomous software (mobile) agents on behalf of their
users.
Since the software agents are supposed to "live" in the
cyberspace, they must be intelligent, that is, they must
efficiently realize the goals delegated to them by their
human masters. To do so they must perceive the world,
interact with the world, and with other agents and humans.
It is clear that a single agent cannot perform efficiently its
tasks in a large open world without cooperation with other

∗The work is done within the framework of ESPRIT project No.
20288 CRIT­2

agents. Sophisticated agent interaction mechanisms and
services are needed. During interactions the agents com­
municate, negotiate, and form organization structures.

Hence, along the development of cyberspace the new
world (called agentspace), inhabited by the new intelli­
gent creatures called software agents, is being created. It
seems that the process automation in the Web makes the
development of agentspace inevitable.

Human users are situated at the border of the agentspace
and can influence it only by their agents by delegating
to them complex and time consuming tasks to perform.
Since the Web is an open distributed and heterogeneous
environment, agents and services can be created by differ­
ent users according to different architectures. Interoper­
ability is crucial to assure meaningful interaction, commu­
nication and cooperation between heterogeneous agents
and services. The interoperability is not only restricted
to interaction and communication, but it also comprises
semantic interoperability. In order to use services estab­
lished by different users working in heterogeneous do­
mains, agents have to be capable of acquiring how to use
those services and for what purposes. Hence, heteroge­
neous agents must exchange knowledge and understand
each other.

The lack of interoperability is the main obstacle in de­
velopment of the agentspace. Security is of great impor­
tance, however, it does not appear to be the main cause
of absence of widespread applications of mobile agent
technology. To achieve interoperability certain standards
should be introduced. As usual the fewer standards the
better. Instead of a separate standard for any particular ap­
plication domain, we are looking for a minimal standard
sufficient to achieve a semantic interoperability.

How can the mobile agent technology help here? Most
of the existing mobile agent platforms (MAP, for short)
create similar infrastructures. However, there is a problem
of interoperability between different platforms if agents
are to migrate from one platform to another.

Since most of today’s mobile agent platforms are im­

1



plemented in Java, it is postulated in [15] to create a
new OMG standard to define implementation­specific (i.e.
Java­specific) convention that allows a mobile agent to mi­
grate to any standard­compilant platform.
The OMG MASIF [16] and FIPA Mobility Support [9]
standards and generic MAP architectures (e.g. Pegaz [21]
and Grasshopper [10], Mole [17], Ajanta[2]) are examples
of attempts to provide a basic standard for agentspace
infrastructure.
These efforts are trying to assure interoperability limited
to so called "core or basic functionality" concerning agent
and service interactions. Semantic interoperability is also
needed to achieve the perfect interoperability.
Although the MAP technology was designed to provide
mobility to the software agents, it seems that the stan­
dards MASIF / FIPA may be seen as efforts towards build­
ing uniform Web infrastructure analogously to traffic and
communication infrastructure e.g. highroads, airports,
telecommunication in the real world. Introducing uniform
infrastructure does not exclude autonomy and heterogene­
ity of the environments but it supports their development
by the ability to cooperation.
Since the technology of mobile agent is not matured, it is
still far from achieving agreement for the standards that
could assure interoperability for the core functionality.
These very standards are necessary to define structure of
basic agents/services interactions in the agentspace.
Our approach to semantic interoperability presupposes the
existence of commonly accepted standards that give inter­
operability for the core functionality. We propose a formal
specification of the interaction structure (calledgeneric
structure of MAP environment) that may suggest some
ideas how to construct such standards. Formal specifica­
tion of the interaction structure is necessary for hetero­
geneous agents to exchange knowledge and understand
each other, cooperate, form new services and organiza­
tions. However, this very understanding presupposes that
the meaning of primitive resources and primitive services
is already given and is common. So that the proposed
semantic interoperability is not completed.
Although the partial semantic interoperability proposed
for the agentspace is relatively easy to achieve, it may
be viewed as a contribution towards the global semantic
interoperability for the Web where the key issue is to rep­
resent the meaning of resources and services in a uniform
machine ­ readable way. The semantic interoperability
concerning the meaning of resources on the Web is a sub­
ject of current research, see OIL ­ Ontology Interchange
Language [19], DAML ­ DARPA Agent Markup Lan­
guage [6], SUO ­ Standard for Upper Ontology of IEEE
[23].
Our contribution to the problem of semantic interoper­
ability consists in a specification of common interface

to environment for heterogeneous agents. The interface
may serve as means to achieve semantic interoperabilty
between these agents. The rest of the paper is devoted to
a presentation of the interface.
The research presented in the paper is based on our ex­
periences gained during realization of Pegaz ­ our mobile
agent platform [21], and modeling agent virtual organiza­
tions as sophisticated agent interaction mechanisms [5].

2 Outline of agent interface to environ­
ment

Usually a user of a MAP can construct his/her own
agent/service internal architecture using a special "frame"
provided by the MAP developer. The frame is called
"agent class", and consists of Java classes whose methods
represent (see for example [10]) "the essential interfaces
between agents and their environment". The frame gives
access to the core functionality of a MAP and communi­
cation service, so that it makes possible for an agent to
interact with the environment and determines what is vis­
ible for the agent during these interactions, e.g. whether
the agent can see the resources (data) of another interact­
ing agent, its name, interaction place, etc..
The access should be standardized if we want agents to
migrate from one platform to another.
In order to reason and exchange knowledge about in­
teractions and understand each other, the agents must
have common representation of interaction structure (i.e.
generic structure of MAP environment) and perceive the
environment in a uniform way. We propose to separate
and standardize agent interface to environment in the fol­
lowing way. The interface should consists of three layers.
Firstly, to standardize the access to the core functionality,
i.e. the basic interaction types. It constitutes the first layer
of the interface, calledfunctionality layer . Secondly, to
specify formally the interaction and perception structure
determined by the first layer. It constitutes the second
layer of the interface, calledrepresentation layer.
Thirdly, to construct, on the basis of the second layer,
meaning interchange language. It constitutes the third
layer of the interface, calledlanguage layer.
Let us notice that the proposed agent (service) interface
to environment does not apply to internal agent (service)
architecture. Users have full freedom of designing and
developing the architectures.
The generic structure of MAP environment as well as
perception structure are determined by the functionality
layer. The MAP environment specification concerns the
structure of the world that includes: primitive entities (like
agents, places, services, etc.), primitive actions (like mi­
gration, communication, using a service, etc.), and events
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describing local interaction between agents, services, re­
sources and places. The events form a partial order ac­
cording to the causal relation between them. The per­
ception structure determines what can be perceived by an
agent participating in an interaction, e.g. during moving to
a host the agent can perceive the host name. The represen­
tation layer is also called "ontology core" that formalizes
the structure of the world realized by the functionality
layer. The ontology core is the basis for designing knowl­
edge to be implemented into agent architecture. It is up
to a designer how to built knowledge structure consist­
ing of interrelated concepts. The crucial point is that the
meaning of these concepts can be reduced to the ontology
core. Since the ontology core is supposed to be a common
standard, this gives rise to create language to interchange
concept meaning between heterogeneous agents. Mean­
ing Interchange Language constitutes the language layer.
A detailed description of representation layer is presented
in Section 3 whereas in Section 5 we present an idea how
to construct the language layer.

3 Representation layer ­ generic MAP
environment and perception

It is presupposed that the functionality layer is built ac­
cording to commonly accepted standards (unfortunately
not existing yet) that could assure the interoperability lim­
ited to the "core functionality".
The representation layer of the proposed interface con­
sists of specification of generic MAP environment and
perception. As it was already mentioned above these two
parts, i.e. the structure of the world and what can be
"seen" during local interactions, should be determined by
the functionality layer. So that our proposal of the rep­
resentation layer may be useful for constructing also the
functionality layer.

3.1 Generic structure of MAP environment

The main components of the structure (created by a plat­
form like Grasshopper or Pegaz) are places, services lo­
cated at the places, and agents that can move from place
to place. The agents use services, communicate, and ex­
change data and resources with other agents. The agents
can also collect, store, exchange, and transport the re­
sources.
In our formal description the primitives are:places,
agents, actions, services,andresources. Places are com­
posed into a graph. An edge between two nodes in the
graph expresses the fact that there is an immediate con­
nection between the corresponding places. Resources are
primitives grouped into types, analogously as types of
data, and objects in programming languages. Services

are represented as operations on resources and are of the
form: Op : C → B, producing object of typeB from ob­
ject of typeC. Primitive types of resources and services
are specific for application domain.
The infrastructure is developed by constructing sophis­
ticated services (i.e., enterprises, organizations) by the
agents. To do so, the agents should be equipped with ap­
propriate mechanisms that are calledroutines. Routines
are composed of the following primitive actions:move
to another place,use a service, agent cloning(i.e. agent
creates a copy of itself),get a resourcefrom other agent,
give a resource to other agent,communicatewith other
agent,finishing activity of an agent.
The routines for forming and reconfiguring agent organi­
zations are quite sophisticated, see for example our con­
cept of team formation [5] for simplified version of the
environment.
Service may be understood as a composition of routines
(forming a workflow) performed by a group of agents. In
order to manage the workflow resulted from the service,
the agents should form an organization structure.
Let A denote the set of agents’ primitive actions. Some
actions belonging to the core functionality of a MAP are
not considered here like agent naming, registration, and
actions concerning the security. They are hidden from
the user as well as from the agents. In order to have the
environment structure as simple as possible we should
abstract from those details that are not essential for the
agents to realize their goals.
It is a subject of discussion whether the set of primitive
actions proposed above is comprehensive enough to define
all the actions that can be useful for the agents.
Joint actiona (for example a communication action) can
be executed if for all the agents needed for an execution,
the actiona is enabled and selected for execution, i.e.,
intuitively all the agents ”can” 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 actiona fails. For this reason we
assume that for any joint actiona, and any agenti, needed
to executea, there is a local actionfail(a, i) of agenti
that corresponds to agenti’s failure to execute joint action
a.
The crucial notion needed to define a representation of
the "world", presented intuitively above, is the notion of
"event". Any event corresponds to an action execution, so
that it "describes" an occurrence of a local interaction of
the agents participating in the execution. The term "local"
is of great importance here. Usually, local interaction
concerns only few agents so that the event associated with
this local interaction describes only the involved agents,
services, resources, and places.
The events form a structure, that expresses their causal
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relations.
Having primitive concepts and setting initial conditions
for agents, places, and distribution of primitive resources
and services, the setE, of all events that can occur in
the environment, can be defined. It is important to notice
that due to the local interaction, it is easy to extend the
setE if new agents, places, resources, and services are
added. Hence, the representation is appropriate for open
environments. It is also generic in the sense that in order
to construct the representation an agent need not know all
agents, places, resources, and services in the world. In
the course of learning about them the agent can extend the
representation or shrink it if it is necessary to forget about
some agents, places, etc..
LetEi ⊆ E denote the subset of events in which the agent
i does participate. Evente is calledjoint if it belongs to
at least two different setsEi. Event structures have been
successfully applied in the theory of distributed systems
[24] and several temporal logics have adopted them as
frames [14].
Now, we present a formal definition of event structure.
A labeled prime event structure is a 5­tupleES =
(E, A,→, #, l), where

1. E is a set ofeventsor action occurrences,

2. A is a finite set, called a set ofactions,

3. → a subset ofE×E is an irreflexive, acyclic relation,
called theimmediate causality relation between the
events, i.e. e → e′ means that the evente is one of
the immediate causes of the evente′. The causality

relation satisfies the following condition:↓ e
def
=

{e′ ∈ E | e′ →∗ e} is finite for eache ∈ E, where
→∗ is the reflexive and transitive closure of→. This
means that the past of any event is finite.

4. # a subset ofE × E is a symmetric, irreflexive re­
lation, calledconflict relation, such that #◦ →∗ is a
subset of # (calledconflict preservation condition).
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 agent
chooses to execute.

5. l : E −→ A is a labeling function that indicates for
each event which action is executed at that event,
i.e., l(e) = a means that evente is an occurrence of
actiona.

Two eventse, e′ are in immediate causality relation, i.e.
e → e′ if the same agent participates in them, and the
agent has executed the actionl(e′) immediately after the
execution of actionl(e).

3.2 Perception structure

It is clear that agent participating in an event should have a
possibility to observe some essential features of the event
like the name of action executed at this event, other agents,
places, services and resources involved in the interaction
corresponding to the event.
We choose a setP = {p1, p2, ..., pl} of propositions of
the Propositional Calculus to be the set of common ob­
servables. The propositions characterize agent locations,
resources, services available on places, and so on. The
propositions are evaluated at events, and should be spec­
ified so that they can provide a uniform way to describe
essential features of the events. The value of a proposition
at an event is either true or false, or undefined. Since each
event is local, values of some propositions (describing
agents or places not participating in the execution) cannot
be determined and are left undefined.
Although the propositions are supposed to describe the
events completely, a particular agent may have no access
to some details, for example concerning the resources
possessed by another agent.
Let Γ = {t, f, u}l (l is the number of propositions in the
setP ) be the set of all possible strings of lengthl over the
set{t, f, u} coding all the valuations of the propositions.
Here t stands fortrue, f stands forfalse, whereasu
stands forundefined. For example, forl = 6, the string
o = ttfutf ∈ O corresponds to valuation at some event
where propositionsp1, p2 and p5 are true, propositions
p3, p6 are false, whereas the value of propositionp4 is
undefined. Hence, the setΓ is the collection of all possible
valuations of propositions from the setP .
PerceptionΠ is defined as a function of the form:Π :
E → Γ. For any evente ∈ E perceptionΠ determines
which proposition is true, which one is false, and which
one is undefined.
Ontology core, understood as the minimum needed to
achieve semantic interoperability, is constituted by speci­
fication of generic MAP environment and the perception
structure.

4 Knowledge and meaning of concepts

In this section we present an approach to knowledge and
concept meaning.
In order to construct efficient agents, their architecture
must be simple. Therefore, we need simple, but still flex­
ible, notion of knowledge that can be implemented into
agent architecture. Hence, we face the following prob­
lems:
How to represent, store, pass, and reason about knowl­
edge in an efficient way, so that it can be implemented into
simple agent architecture ?

4



Classical definitions of knowledge are built on global
states and global time, see [7]. The consequence of that
definition is logical omniscience of the agents and an ar­
bitrarily deep nesting of knowledge operators, that is, for­
mulas under consideration are of the form:agenti1 knows
that agenti2 knows that ... that agentin knows that event
e occurred.This very omniscience is frequently regarded
as a drawback especially if an agent is to take decisions
in real time. Moreover, when modeling such an agent, it
turns out that the representation of the whole world must
to be put into the "brain" of the agent, see the concept of
BDI­agent [22]. This is acceptable if the world is small,
say up to a few agents, but if the world is getting larger,
then it is computationally unrealistic do deal with such a
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 notion.
Our alternative proposal to the classical notion of knowl­
edge consists in assuming that initially agents know al­
most nothing and acquire, update, and revise knowledge
during local interactions by perception and communica­
tion with other agents.
We assume that knowledge of agenti is stored in the
variablesvi

1, . . . , v
i
K ranging over the setsW1, . . . ,WK .

These variables are individual variables of the agenti.
The setsWk can be of any sort including: char, integers,
reals, etc.
This variable collection definesknowledge support.
One can think about it as an abstraction of a relational
database. It is important to note that for homogeneous
agents, the number of variables and their ranges are the
same. So that, any variable stands for a common concept
for a community of homogeneous agents.
The profile of current values of agent’s variables is con­
sidered as the current agent’s mental state. All possi­
ble agents’ mental states are collected in the setM =
∏

k∈K Wk. For example,mi = (w1, w2, . . . , wK) cor­
responds to agenti’s mental state wherevi

1 = w1, vi
2 =

w2, . . . , vi
K = wK .

Values of the variables(vi
1, . . . , v

i
k) are updated by agent

i’s perception and revised by knowledge acquired from
other agents via explicit communication.

4.1 Agent perception

At evente any agent participating in this event can evalu­
ate anyp ∈ P and come up with the conclusion whetherp
is true or false or undefined or unknown. The value "un­
known" refers to the propositions that cannot be evaluated
by the agent because they are hidden from the agent, for
example, propositions concerning the storage contents of
another agent participating in the evente.
Let O = {t, f, u, ∗}l (l is the number of propositions in

the setP , and ∗ refers tounknown) be the set of all
possible strings of lengthl over the set{t, f, u, ∗} coding
all possible results of agent observations. For example, for
l = 6, the stringo = ttf ∗ tu ∈ O corresponds to agent’s
observation at some event that propositionsp1, p2 andp5

are true, propositionp3 is false, the value ofp4 is unknown,
whereas the value of propositionp6 is undefined. Hence,
the setO is the collection of all possible observations.
Agent i’s perception is defined as a function
πi : Ei −→ O. An intuitive meaning ofπi(e) = ttf ∗ tu
is that at evente agenti evaluates the propositions in the
way described above.

4.2 Meaning of concepts and simple query lan­
guage

Updating mechanismis defined as a function
Mem : M × O −→ M . An intuitive meaning of
Mem(m, o) = m′ is that mental statem is updated to
m′ after observationo has been made by an agent.
Let Q = {∗, ?}K be the set ofqueries. The interpretation
of queryq = ∗ ∗ ∗?∗? is: tell me the value of variable
v4 and v6 in your memory (database). Let us note that
such query is meaningful only for homogeneous agents.
The set of all possible answers to the queriesQ is defined
as follows.
V al(Q)

df
=

∏

k∈K(Wk ∪ {∗}).
Let queryq = q1 . . . qK be sent to agenti, whose memory
state ismi = (w1, ... , wK). The answer of agenti is
the string(x1 . . . xK), wherexj = wj , for qj =?, and
xj = ∗ for qj = ∗. For example, agenti’s answer to
query∗ ∗ ∗?∗? can be∗ ∗ ∗2 ∗ 9.
The set of queries defines a simple language. Of course,
in order to be a communication language it must be built
in KQML [8] or ACL [1].
In the set of actionsA we identify a subset ofcommunica­
tion actions. For each queryq ∈ Q we have a joint action
iqj of agentsi andj with the intended meaning of send­
ing queryq to agentj by agenti. If agentj does agree
to answer the query, then the actioniqj is successfully
executed, otherwise it fails.
Revision mechanismis defined as a function:
Ξ : M × V al(Q) −→ M . An intuitive meaning of
Ξ(m,x1 . . . xK) = m′ is that mental statem is revised
to m′ after receiving answerx1 . . . xK to its query sent to
another agent.
The famous gossip problem associated with the revision
mechanism is given in [18]. When the knowledge is ex­
changed between agents the following updating problem
occurs. Suppose that an agents received via communi­
cation from another agent a different information that he
posses on the same subject. The agent must decide which
one is the most recent one. The way of solving this kind of
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problems is by encoding an additional information, which
is sufficient for deciding which agent has got the most
recent information about the subject. One of the possible
solutions is so called secondary information defined for
gossip automata [18].
Let us note that these two "reasoning" mechanismsMem
andΞ define agent knowledge, i.e. define how the con­
cepts stored in variablesvi

1, . . . , v
i
K are used. The first

mechanism updates agent mental state if a new observa­
tion has been made by the agent. The second one revises
the current mental state if the agent has received an answer
to its query.
The way the mechanisms define knowledge is highly ab­
stract. Description Logic or Frame Logic can be used
for representation, and OKBC [20] for implementation.
However, our goal is to present the essence without going
into specific representation and implementation details.
These two mechanisms define also the meaning of con­
ceptsvi

1, . . . , v
i
K . The meaning of a concept is determined

by the way the concept is used. Let us stress that for any
concept its meaning is defined within the community of
homogeneous agents that use the concept.
Our approach to concept meaning follows the definition
of "meaning" from Wittgenstein [25]:"For a large class
of cases ­ though not for all ­ in which we employ the word
’meaning’ it can be defined thus: the meaning of a word
is its use in the language."
Our definition of knowledge and meaning is abstract and
not constructive. On one hand it may be seen as an ad­
vantage, because usually concept meaning is defined in
formal theories; see the approach of Gruber, et al. [11]
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 knowledge
and concept meaning is however, it does not help us to
understand how the concepts are created and interrelated.
Concept formation is one of the crucial aspects of semantic
interoperability, see for example Kangassalo [13].

5 Language layer ­ Meaning Interchange
Language (MIL)

Homogeneous agents have the same primitive concepts
and use them in the same way. This makes passing knowl­
edge (via queries) between homogeneous agents mean­
ingful. However, homogeneous agents are not identical.
They are differentiated by their perceptions, and histories,
i.e., by what they have observed and learned from other
agents in the past.
The simplest way to achieve semantic interoperability is
to assume that all agents are homogeneous. However, the
Web is a heterogeneous environment, so that the assump­

tion that all agents are homogeneous is too restrictive.
The problem is to design a generic language for in­
terchanging concept meaning between heterogeneous
agents. The language would give rise to achieving un­
derstanding between heterogeneous agents.
It is obvious that the understanding is impossible if the
agents have nothing in common. We suppose that this
very something in common is the first and the second
layer of the proposed interface. The crucial point is the
observation that any concept meaning (defined within ho­
mogeneous agent community) can be reduced to the on­
tology core that constitutes the second layer. Hence, in
order to design Meaning Interchange Language we should
only specify the reduction procedure in a generic way.
However, our approach to concept meaning is abstract
and not constructive. In order to convey the meaning of
a single concept (variable) the functionsMem andΞ (at
least a part of them) must be conveyed. The functions are
given in an extentional, not constructive form, i.e. in a set
­ theoretic manner as sets of pairs.
It seems that generic rules for constructive formation of
concepts are essential for MIL design.
Our approach to constructive concept formation is based
on our work on constructive type theory [3], where we
have introduced primitive constructors that are sufficient
to construct all recursive functions. The limit of space
does not allow to present details here.
MIL must contain the simple query language defined in
the previous section. To be an agent communication lan­
guage, MIL must also be built into existing standard lan­
guage frame like ACL [1].

6 Discussion and preliminary conclu­
sions

We have presented outlines of our idea of achieving partial
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.
The simplicity of the introduced representation of generic
MAP environment may be considered as an advantage of
our approach. Actually this very simplicity is necessary
because of the implementation reasons. If we want agents
to be efficient their architecture and interface to environ­
ment must be simple. Of course, our interface is merely a
proposal so that it should be discussed and evaluated.
In the paper the notion of service was only mentioned.
However, in the development of agentspace as well as of
a MAP, services play a crucial role. They are needed for
agents to use resources, facilitate access to information
stored in heterogeneous databases, enable complex agent
interactions, and perform sophisticated workflows. Agent
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virtual organizations in general and enterprises in particu­
lar may serve as examples of such sophisticated services.
Our aim of future work is to propose a service interface
to environment based on the ontology core introduced in
the paper.
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