Ontology-Guided Learning to Improve Communication
between Groups of Agents

Mohsen Afsharchi
Department of Electrical and
Computer Engineering
University of Calgary
Calgary, Canada

mafsharc@ucalgary.ca

ABSTRACT

We present a general method for agents using ontologies as
part of their knowledge representation to teach each other
concepts to improve their communication and thus coopera-
tion abilities. Our method aims at getting positive and neg-
ative examples for a concept only very vaguely understood
by a particular agent from the other agents. This agent then
uses one of the known concept learning methods to learn the
concept in question, involving the other agents again by tak-
ing votes in case of conflicts in the received knowledge. This
method allows agents that are not sharing common ontolo-
gies to establish common grounds on concepts known only
to some of them, if these common grounds are needed dur-
ing cooperation. While the concepts learned by an agent are
only compromises between the views of the other agents, the
method nevertheless enhances the autonomy of agents using
it substantially.

Categories and Subject Descriptors

1.2.11 [Distributed Artificial Intelligence]: Multiagent
systems; 1.2.6 [Learning]: Concept learning

General Terms

Algorithms, Experimentation

Keywords

ontology, concept learning, multi-agent communication

1. INTRODUCTION

The ability to communicate efficiently is one of the cor-
nerstones of cooperation between human beings. In order
to communicate efficiently, not only a common language is
needed, people communicating also need to have some basic
understanding of world concepts and they can use this basic
understanding to teach each other additional concepts, at
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least up to the point where the understanding of the new
concepts by the different people overlaps largely.

If we look at research in multi-agent systems concerning
communication between agents, then many researchers have
assumed that it is possible to not only establish a common
language among agents, but also a complete common under-
standing of all the concepts the agents communicate about.
In cooperative multi-agent systems which aim at solving a
particular problem, usually all of the agents are designed
by one group of developers and the problem already pro-
vides all of the concepts and the needed understanding (i.e.
semantics) of them, so that the above assumption is valid.
If we look at systems that have agents designed by differ-
ent developers, many researchers assume that it is possible
to have a common ontology for these agents and that the
agent developers naturally will integrate this common ontol-
ogy into their agents, thus allowing for easy communication
(and understanding) among agents. But the assumption of
a common ontology is often too strong or unrealistic. For
many application areas, there is no agreement among devel-
opers on one ontology for the area, for many areas the po-
tential ontologies are large, unwieldy and encompass more
than a particular agent most probably will ever need and
implementing complex ontologies can also easily lead to dis-
crepancies between implementations.

Recently, the idea of having agents learn concepts (or lan-
guages) from other agents has been suggested as a solution
to the problems above (see [3] for learning, resp. making up,
a language and [11] for learning a concept). The work in [11]
has focused on interactions between two agents only and sin-
gle concepts, while [3] was not concerned with concepts. In
this paper, we present a general method for having agents
learn concepts from several other agents and our method
also makes use of information from the ontologies in which
the concepts to learn are integrated.

The basic ideas behind our method are to have an agent,
that realizes that there seems to be a concept it does not cur-
rently know of but expects to need to know, query the other
agents about this concept by providing features (and their
values) or examples the agent thinks are associated with the
concept. The queried agents provide the agent with positive
and negative examples from their understanding of which
of their concepts (i.e. concepts known by them) seem to fit
the query which allows the learning agent to use one of the
known concept learning techniques from machine learning.
To help focus the negative examples, the teaching agents
make use of selected relations between concepts from their



ontologies. The agent that wants to learn the concept deals
with the fact that the other agents in this group might not
totally agree on which examples fit the concept and which
not, by letting the teaching agents vote on the examples
for which it got contradictory information in the first place.
Our learning agent also uses information from the teacher
agents about the paths to the concept of interest in their
ontologies to prepare its own ontology for potential future
concepts it might have to learn.

Our experiments with agents with ontologies representing
courses and the organizational unit structure of universities
show that our approach allows an agent to learn needed
concepts and that what it learns is a compromise of what the
other agents think about the concept in question (essentially
the common ground of the agents regarding the concept).
This is possible, even if the agents do not use the same
features. The experiments also show that the use of ontology
information allows for more accuracy in the learned concept
if the number of exchanged examples is low, thus improving
on the amount of information exchanged between agents.

2. BASIC DEFINITIONS

In this section, we will provide some basic definitions
about ontologies and agents and we will also provide the
instantiations of these concepts that we require for our meth-
ods.

2.1 Ontologiesand Concepts

The usage of the term ”ontology” in (computer science)
literature faces problems very similar to the usage of the
term ”agent”: there is no agreed-upon formal definition for
the term, but nevertheless it is used very intensively and
there are many systems out there that come with a (some-
how) build-in definition of the term. Common to most us-
ages of ontology is that it is considered a way for representing
objects or concepts in a hierarchy with additional ways to
define relationships between these objects/concepts.

This is very nicely reflected by Stume’s formal defini-
tion (see [9]) who defines a core ontology as a structure
O :=(C,<¢,R,0,<gr). C and R are two disjoint sets and
the elements of C' are called concept identifiers and the el-
ements of R are so-called relation identifiers. <c and <p
are partial orders on C, respectively R, called concept hi-
erarchy or taxonomy (<¢), respectively relation hierarchy
(<Rr). 0: R — C7 is a function providing a signature for a
relation such that |o(r1)| = |o(r2)| for every r1, r2 € R with
r1 <gr r2 and for every projection m; (1 < i < |o(r1)]) of the
vectors o(r1) and o(r2) we have m;(o(r1)) <c¢ mi(o(r2)). If
c1 <¢ c2 for ci1, ca € C, then ¢ is called a subconcept of cz
and ca is a superconcept of c;.

By viewing an ontology O as a structure on top of a set
of concepts and a set of relations, this definition is able to
cover a lot of the definitions of ontologies in the literature,
but without providing a more precise definition of what con-
cepts are, we are far from anything that can be used by
agents to provide a basis for communication. Many works
in databases and machine learning define concepts as collec-
tions of objects that share certain feature instantiations and
for this work we will follow this guidance.

So, in the following we assume that we have a set F =
{f1,..., fn} of features and for each feature f; we have its do-
main D; = {vi1, ..., Uim, } that defines the possible values the
feature can have. Then an object o = ([f1 = v1],...,[fn =

vp]) is characterized by its values for each of the features (of-
ten one feature is the identifying name of an object and then
each object has a unique feature combination). By U we de-
note the set of all (possible) objects. In machine learning,
often every subset of U is considered as a concept. In data-
bases and in this work we want to be able to characterize a
concept by using feature values. Therefore, a symbolic con-
cept C is denoted by Cy = ([f1 = Vil ..., [fn = Va]) where
Vi = {vf1,...,vi;,} € D; (if Vi = D; then we often omit the
entry for f;). An object 0 = ([f1 = vi], ..., [fn = vn]) is
covered by a concept Cy, if for all i we have v; € V;. In
an ontology according to the definition above, we assign a
concept identifier to each symbolic concept that we want to
represent in our ontology.

Obviously, the relation <¢ is supposed to be connected
with how concepts are defined. In the literature, taxonomies
are often build using the subset relation, i.e. we have

C; <c¢ Cj iff for all 0 € C; we have o € Cj.
This definition of <¢ produces a partial order on C' as de-
fined above and we will use this definition in the following
for the ontologies that our agents use.

From the point of view of knowledge representation the re-
ally interesting part of ontologies are the relations in R that
a particular ontology allows. This is also the part where we
see a lot of differences between different authors. In general,
all possible relations between tuples of concepts can be used
in ontologies, but usually researchers assume a small set of
build-in relations and tool developers sometimes throw in
the possibility to have (limited) user-defined relations. But
unfortunately, different ontologies can use the same relation
identifiers for different build-in relations, so that there is
quite some confusion in this area. So, if we have two sys-
tems build by different people using ontologies over the same
set U then it is very important to either identify those rela-
tions that occur in both ontologies or to find ways how the
knowledge contained in the (usage of) relations in one ontol-
ogy can be used in communications between the systems. In
this work, we will show such a usage for one relation that we
have called is-similar-to with o(is-similar-to) € C2.

2.2 Agents

A general definition that can be instantiated to most of the
views of agents in literature sees an agent Ag as a quadru-
ple Ag = (Sit,Act,Dat,fag). Sit is a set of situations the
agent can be in, the representation of a situation naturally
depending on the agent’s sensory capabilities, Act is the set
of actions that Ag can perform and Dat is the set of possible
values that Ag’s internal data areas can have. In order to
determine its next action, Ag uses faq : Sit x Dat — Act
applied to the current situation and the current values of its
internal data areas.

For the agents that we are interested in, we can instan-
tiate this definition a little bit more. We want to focus on
the knowledge representation used by agents, so we start by
looking more closely at Dat. We assume that every element
of Dat of an agent Ag contains an ontology area O 44 as de-
fined in the previous subsection that represents the agent’s
view and knowledge of concepts. For the concepts in the
taxonomy of Qa4 there might be additional data, beyond
features, that the agent requires from time to time (see Sec-
tion 3). Naturally, there will be additional data areas repre-
senting information about the agent itself, knowledge about
other agents and the world that the designer of the agent



may want to be represented differently than in O44. But in
the rest of this paper, we will concentrate on how the agent
uses and manipulates its ontology.

The actions of an agent obviously depend a lot on the
application area the agent is designed for. We require our
agents to be able to communicate with other agents using in-
formation from the agent’s ontology and to manipulate this
ontology based on information received from other agents
and the agent’s own deduction actions that include actions
performing learning. Again, we will provide more informa-
tion in the next section.

An element of Sit usually contains parts representing ob-
servations of other agents and of the environment the agent
is in. In this paper, we assume that among the observations
of an agent are all messages send by other agents since the
last situation an agent was in. And we will specify the parts
of fag that deal with the relevant messages and the relevant
knowledge in and around the ontology of an agent in the
next section.

3. LEARNING OF NEW CONCEPTS

The goal of this research is to develop a method how an
agent can learn new concepts for its ontology with the help
of other agents. This naturally assumes that not all agents
have the same ontology (otherwise learning would not be
necessary). In fact, we additionally assume that there are
only some base features Fpqse C F that are known, respec-
tively can be recognized, by all agents and that there are
only some base symbolic concepts Chqse that are known to
all agents by name, their feature values for the base fea-
tures and the objects that are covered by them. Outside of
this base common knowledge, individual agents may come
with additional features they can recognize and additional
concepts they know. Agents might refer to the same such
features and concepts by different names and they may have
features and concepts that have the same name but are not
the same. While all the ontologies used by the agents will
use as taxonomy the subset-relation, agents may use differ-
ent other relations in their ontologies and two agents cannot
rely on same relation identifiers referring to the same rela-
tion and vice versa, again.

Given this setting, agents will develop problems in work-
ing together, since the common grounds for communication
are not there or too small. To solve this problem, agents
need to acquire the concepts outside of Chpese that other
agents have, at least those concepts that are needed to es-
tablish the necessary communication to work together on a
given task. Our basic idea is to have an agent learn required
concepts (or at least a good approximation) with the help
of the other agents. Due to the potential differences in the
ontologies of agents, objects that are positive and negative
examples for a concept will play the major role in teaching
an agent a new concept. We will assume in the following
that the identifying name of an object is a feature in Fpqse.
We do not see this as a big limitation, since it is usually not
too difficult to establish a clear identification of objects. For
example, if the objects are part of the environment, pointing
to a particular object is sufficient to identify it.

In the following, we will first present the general interac-
tion scheme between agents that is our method to have an
agent learn a particular concept. Then we will focus in more
detail on the important steps in this interaction scheme.

3.1 Our general interaction scheme

Although we want all agents to be able to learn new con-
cepts, for explaining our interaction scheme we designate
one agent, Agr, as the one that wants to learn a new con-
cept and the other agents, Agi,...,,Agm, will be its teach-
ers. Agr has an ontology Or = (Cr,<c¢, Rr,0r,<r,) and
knows a set of features Fr,. Analogously, Ag; has as ontol-
ogy O; = (Ci,<c,Ri,0i,<gr;) and knows a set of features
Fi. For a concept ¢ known to the agent Ag;, this agent has
in its data areas a set pex; C U of positive examples for ¢
that it can use to teach ¢ to Agr. Part of Acty are actions
QueryConcept, AskClassify, Learn, and Integrate, while
part of the Act;s are the actions FindConcept, CreateNegEx,
ReplyQuery, ClassifyEx and ReplyClass; all with appropri-
ate arguments. These actions form our interaction scheme
in the following manner:

1. Agr, determines it needs to know about a particular
concept cgoq: and performs QueryConcept(“cgoar”) to
inform the other agents about this need.

2. Each agent Ag; reacts to Agr’s query by (see 3.3):

(a) performing FindConcept(“cgoal”)’ which leads to
a set of candidate concepts C£*"9,

(b) selecting the “best” candidate ¢; out of C{*™?,

(c) selecting a given number of elements out of pex;?,
thus creating pi,

(d) performing CreateNegEx(c;) to produce a given
number of (good) negative examples for ¢;, which
we call the set n;,

(e) performing ReplyQuery(path(c;),p:,n;).

3. Agr collects the answers (path(c;),ps,n;) from all agents
and uses a learner to learn cgoq; from these combined
examples (action Learn((p1,m1),...,(Pm,m))). If there
are conflicts, then it resolves them with the help of the
other agents using AskClassify (resp. ClassifyEx and
ReplyClass by the other agents, see 3.4).

4. Agr uses the learned cgoq; and the collected path(c;)s
from the other agents to construct an ontology path
Chpath leading to cgoar (see 3.4) within its ontology Or,
(action Integrate(path(ci),...,path(cm))).

The result of this learning/teaching scheme is the descrip-
tion of cgoar in terms of Agr’s feature set Fr and an up-
dated ontology O7°* = (C7t*¥,<¢,Rr,0r,<r,). Agr will
also create a set peng"‘” in case another agent wants Agy,

to teach it cgoai-

3.2 Theinitial query

In order to initiate the initial query, Agr first needs to
become aware that there is a concept that it needs to learn.
There are a couple of scenarios that can lead to this real-
ization. Agr might observe a conversation between other
agents in which an unknown concept identifier is used (or
an identifier known by Agr,, but in a way that does not make
sense). Or Agr might be dealing with a set of objects that
share certain feature values from Fr and it wants to know
if other agents know more about the similarities of these
objects.

Based on these scenarios, we require action QueryConcept
to have 3 parameters to be used to define cgoq; to the other



agents:

QueryConcept(identifier,{[f1 = V{],...,[f = V/'1},0g0al)-
Here identifier is an element of C; for some agent(s) Ag;,
{lf1 = Vi],....lfl = V/']} is a selection of features f; € Frase
and the values Vj' - Dfl{ that Agr, thinks are related to the
concept cgoar and Ogoar € U is a set of objects that Agr
thinks are covered by cgoqi. Due to the different scenarios
from above, each of the three parameters can be empty, if
Agr, does not have any information on the parameter. Also,
Agr can decide to address only a subset of {Agi,...,, Agm }
and then it can use as f/s also features that are known to
this subset and itself. If Agr uses the identifier parame-
ter, then there is naturally a chance that different agents
use this identifier for different concepts. Again, Agr might
therefore address only some of the agents. Note that if the
addressed agents associate different concepts with the iden-
tifier, then Agr, will end up with learning a subconcept of
these concepts.

3.3 Answeringthequery

Due to our basic assumptions about what our agents are
not having in common, a teacher agent Ag; without any ad-
ditional knowledge about the ontology Oy, of Agy, is rather
limited in what it can put into an answer to the query by
Agr. In fact, we are not even guaranteed that Ag; can re-
ally grasp what Agr, wants to know, since Agr, was already
limited in its ways to express what concept cgoq; it wants
to know about. But sets of objects are something that all
of our agents can communicate to each other, even if they
might perceive these objects differently, and therefore we use
mostly sets of objects in the answers that our teachers are
creating. The answer of Ag; will also include information
about the concept ¢; it thinks Agr, wants to know about and
how this concept is placed in O;, so that Agr, can use what-
ever information pieces it can understand (see Section 3.4).

After receiving the query from Agr, an Ag; first has to
determine which of the concepts in C; fits the query the
best (i.e. what is ¢;). Then it has to select positive and
negative examples for this concept and finally it sends this
information to Agr,.

3.3.1 Finding the best known concept

The query from Agr, consists of three parts that it uses
to describe what concept it wants to learn more about. Due
to the differences between agents, each of these parts can
point to different concepts that an agent Ag; knows of. In
fact, if Agr, provides several objects in Ogoq1, they might be
classified by Ag; into several of its concepts. As a conse-
quence, Ag; has first to collect all the concepts that fulfill
the query into a candidate set C£*"? and then it has to eval-
uate all these concepts to determine the concept that is, in
its opinion, the best fit.

A concept is a candidate with respect to identifier, if its
identifier is identical to the identifier in the query. A con-
cept ¢ = {[f71 = V"], ..., [[7p = V”p]} is among the can-
didates due to the feature part of the query, if for all f”;
with 7, € {f1,..., f/} —let us assume that f’; = f.— we
have that V”; C V. Finally, a concept is also a candidate,
if it covers one of the objects in Ogoa;. Note that the last
two conditions put all superconcepts of a concept from the
candidate set also in Cfem4,

There are many different ways how an evaluation of the
candidates can be performed, especially if we allow for crite-

ria coming from the application area the agents are working
in. Each of the 3 query parts can contribute to a measure
that defines what is “best”, but how these contributions
are combined can be realized differently. The identifier part
does either produce a contribution or not. Every object in
Ogoar also is binary in its contribution. But this favors the
more general concepts, so that some additional criterion is
needed that makes the count of covered objects relative to
the depth of the concept in the taxonomy tree. Finally, the
feature part of the query suggests a good fit of a concept if it
agrees with the feature values of many of the features used
in the query. But this can also be strengthened by looking
at how good the fit for a particular feature is.

We will present an example measure for how a concept fits
a query in Section 4. Note that in theory different teacher
agents could use different such measures. After the best
concept ¢; for the query is determined, an agent Ag; includes
into its answer information on the path that leads in its
taxonomy to ¢; and the subtree below ¢;’s node (we refer to
this information by path(c;)).

3.3.2 Slecting positive and negative examples

Since each agent Ag; stores for each concept ¢; in C; a
set pexfj of positive examples for c;, i.e. a set of objects
covered by c¢;, coming up with positive example objects for
a concept known to Ag; is not a big problem. While the
more examples normally are the better, in our case we have
to take into account that the more objects from pez; are
selected, the more expensive the communication becomes
and the more effort Ag; will have to spent on learning.
On the other side, less positive examples usually means a
less precise result of the learning. Therefore we suggest to
have the number of examples communicated to Agr, by each
agent as a parameter of the whole system. Then selecting
the appropriate number of elements for p; is easily realized
by randomly sampling pez;’.

Selecting negative examples for a concept is not as easy.
Obviously, the set of negative examples nex® for a concept
c is defined as

nex® = U — {olo covered by c}.

This can be a very large set and usually different elements
of this set provide learners with a different quality of advice.
Good negative examples are examples that “nearly” are in
the set covered by the concept, a kind of “near-misses” that
allow to highlight the borders of a concept. The fact that
our agents have ontologies allows us to do a better job in
selecting negative examples than randomly selecting out of
nex® (by Ag;). The key for this better selection is to make
use of the taxonomy information Ag; has and the relations
in R;. The later naturally depends on what relations are
available.

Let us first look at the possibilities that the tazonomy
offers. Each superconcept of the concept ¢; —that Ag; sees as
the best concept to answer Agr,’s query— can be used to limit
the set of negative examples nex;’ that Ag; should consider
for its answer. As a superconcept of ¢;, these concepts share
a lot of feature values with ¢;, so that the elements in their
set of positive examples that are not covered by ¢; are good
candidates for “near-misses”. In fact, sibling concepts of ¢;
or its superconcepts are an even better source for negative
examples since all their positive examples are not covered by
¢;. Figure 1 indicates these candidates for the selection of
negative examples with the help of taxonomy information
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(we use here and in the following the common graphical
representation of taxonomies by trees).

Since all agents use the same relation <c, all agents can
use the taxonomy information to limit the pool of negative
examples to choose from. But also information provided
by some other relations can be used. As an example, let
us look at the usage of the relation is-similar-to that we
mentioned earlier. The motivation for is-similar-to is to
allow to express the similarity between two concepts that
are far away from each other in the taxonomy tree, but that
share a lot of feature values. This makes is-similar-to a
perfect candidate for helping with the selection of negative
examples. Figure 2 shows how we can use concepts that c;
is similar to by using their positive examples as candidates
for nex'. After collecting all candidates in nex;’, we again
select the given number of examples for n; as a random
sample.

Note that an is-similar-to-relation can be automati-
cally computed for a §iven C; and F,; by introducing a
similarity measure sim; on feature values for each feature
f € Fi with domain D: sim! : D x D — [0..1]. We can
create out of this a similarity measure sim¥ for objects
by, for example, summing up the similarities for each fea-
ture. More formally, let o = ([f1 = v1],..., [fn = vx]) and
o = ([fr =], s [fn = v1]), then

simft = 31 simy? (vj,))
where sim{j (z,y) =0, if f; # Fi.

Out of this, we can create is-similar-to; between two
concepts ¢ and ¢, if sim¥(0,0') > simthreshold for all
o € pex{ and o' € pemf/, with simthreshold as a given pa-
rameter. While it would be better to use all objects covered
by ¢ and ¢, this can be impossible or at least very expen-

sive, so that we suggest to use the examples that are already
there.

3.4 Learning anew concept and path for o,

Learning a concept, in form of feature values, from a set
of positive and negative examples is a problem that is very
well researched in literature and there are many algorithms
and systems available for this task. Examples are Rocchio
(see [6]), k-Nearest-Neighbor (see [5]), and Naive Bayes (see
[5]) in our experimental context.

With pex©9eel = U, p; and nexesl = UL n,;, we have
the necessary input for such a learning system, with one po-
tential problem: conflicts between the teacher agents. Due
to the differences between agents it can easily happen that
the best concepts ¢; and ¢; that Ag; and Ag; identified do
not have much in common. The worst case can be that an
example that Ag; sent as being positive for cgoar Ag; sent
as a negative one. Obviously, such a contradiction will stop
every learner. But we can also have more indirect conflicts
where a learning algorithm simply cannot come up with a
concept description that covers all objects in pex©9eal while
not including any objects in nex©9st. There are several
ways how we can solve this problem and these ways allow
us to produce different degrees of willingness to satisfy the
teacher agents (by Agr).

For our system, we have chosen the following conflict reso-
lution. After the learning component of Agr, has performed
Learn and produced a more precise cgoal, Agr will test all
elements of pex©sosl and nexel for correct classification
by this new cgoqi. For all the example objects that are not
correctly classified, we get back to the teacher agents and
ask them to classify these examples according to the ¢; they
used to produce their examples. We then treat the answers
as votes and have the majority decide how the conflict cases
should be classified. Those examples that, according to the
vote, are wrongly classified are fed back to the learner with
priority. This is repeated until all examples are classified ac-
cording to the votes. In order to avoid running in cycles we
delete examples that keep coming up as misqualified from
both example sets (which can be seen as imposing a partial
blindness on Agr, to avoid the problem, but this is definitely
something that we can observe in human beings also).

After having created the final description of cgoq; in terms
of Fr,, we could use the standard techniques for ontologies
to integrate a single new concept into the taxonomy (see
[12]). But since the goal of our whole method is to improve
the communication between agents, we can use some more
of the information provided by the teacher agents to pre-
structure Agr’s ontology with concepts that Agz, will most
probably have to learn if it communicates more intensely on
the subject of cgoai-

The key information used in pre-structuring is the path
information send by the teacher agents in their answers to
the query. Our pre-structuring uses these paths to create
shells for concepts that might be useful for future communi-
cations. These shells can also be used to indicate to an agent
concepts it might want to learn in the future and potential
queries for them. For the normal usage of the ontology, we
treat shells as non-existent.

Each path(c;) from an agent Ag; contains the path in O;
leading to ¢; and the taxonomy tree below ¢; in O; using
the features from F; for characterization. We first strip all
concepts in path(c;) that are not in Chese of all features



that are not in Fpase. This creates what we call a concept
shell. We then merge shells that are identical in their feature
descriptions, both within one path(c;) and between paths
from different agents. Then we combine the shells from all
the teachers into one path for Oy, (if there are concept shells
that are not comparable with respect to <c¢, then we select
the longest path from a concept in Cyase t0 cgoar that can be
formed using the concept shells available; for concept shells
smaller than cgoq: With respect to <c we just create the
subtree) and integrate this path into Op.

4. AN EXAMPLE APPLICATION

Before we present an example for a, in our opinion, very
successful application of our ideas from the last section, let
us point out that it is relatively easy to construct scenarios
in which these ideas may not be very useful. These scenarios
have in common that the teacher agents do not only disagree
on what concepts fulfill a particular query, their ontologies
and their perception of the world, i.e. their F;’s, are totally
different. As a result, their attempts to teach an agent result
in total confusion.

If, for example, all teacher agents associate with a partic-
ular concept identifier totally different real concepts, then
the learning agent will not be able to get useful concepts
out of their information. If Fpese and Cpese are empty or
nearly empty and F;NF; = () (or near empty) for all pairs of
agents (Ag;,Ag;) (including Agyr), then there is simply no
common ground for a successful learning experience. Obvi-
ously also a human agent would find it impossible to learn
useful information from the teachers in this situation.

With the following application we have chosen an area
where the teacher agents have some differences in their “world
view”, simply because there are different ways how to orga-
nize the objects in the world, but where there is nevertheless
a large agreement on many things.

4.1 TheUniversity Unitsand CoursesDomain

For evaluating our method, we have chosen the course cat-
alog ontology domain (see [2]). The set of objects U consists
of files describing the courses offered by Cornell University,
the University of Washington and the University of Michi-
gan. The domain is additionally structured according to the
university units of these universities, which creates different
ontologies for each of them. In fact, our teacher agents will
be agents that each represents one of these 3 universities
(Agc, Agw, Agm). The course files (and unit structure)
for Cornell and Washington were taken from [2], the ones
for Michigan from their web site at [10]. A course file con-
tains course identifier, course description and the prerequi-
sites of a course. Note that this is not a small domain. The
three universities together offer 19061 courses and each uni-
versity’s ontology has at least 166 concepts on top of their
courses. For each of the following examples, our agents used
their full ontologies even if we report only on parts of them.

To represent the courses in terms of features, we had a
little bit of preparation to do, borrowing ideas from the
field of information retrieval. Obvious features describing a
course are its identifier f;qn:, a string, and its prerequisites
fprereq, @ set of course identifiers. Different universities use
different systems to create identifiers, so that these features
are not really of any help for our purpose. The course de-
scription usually determines by which organizational units a
course should be taught and the descriptions are text-based.
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Figure 3: Relevant taxonomy paths of teachers

Defining concepts based on objects that consist of natural
language texts is not easy, but an area of quite a lot of inter-
est and practical applications. One way of defining features
for such texts to group them is to look for particular words
in the texts or word combinations (see [4]). Unfortunately,
there is a lot of substitutivity in these word combinations,
so that we need features that allow us to express this sub-
stitutivity. For example, feature fpicture,photo,figure: t€Xt —
Boolean is true for a text ¢, if either picture or photo or
figure occurs in t. For our application domain, it is not
clear what substitutivities should be considered (just syn-
onyms are not what we are looking for here), so that we
base our features for the course descriptions on what we
call a set IC of key words. Then we have a feature for each
possible subset of K (excluding the empty set) as described
above. Different key sets create different feature sets.

4.2 An examplequery

To provide a better picture of how our method works, we
take a look at a particular query, the relevant parts of the
ontologies of the three teacher agents and what an agent
can learn from these teachers with regard to this query. Let
us assume that the learning agent is supposed to provide
someone at a university with suggestions for how a unit con-
cerned with Greek should be characterized. This learning
agent would pose a query based on providing a key set out
of its own key set of words, in our example this query key
set would be {greek, program, attic, literature} (as
stated above, using an identifier does not make much sense
here and we are not using example objects for this example
due to lack of space). Let us further assume that the rele-
vant concepts in Chese are Cpase = {university} and the rel-
evant concepts in Fpqse are created using the key set Kpase =
{class, course, program, literature, modermn, attic,
classic, culture, prose, graduate, seminar, grammar,
drama, greek}.

Obviously, different universities can use different key sets
of words to express the area a course belongs to, so that
this creates additional features for the different agents. In
our example, the relevant key sets for the features used
in the agents’ ontologies are K¢ = {democritus}, Kw =
{tragedy, orator, antique} and Ky = {modern, epic,
classic, odyssey, ancient, aristotelian}. By relevant
we mean those key words that really occur in the features
that these agents use to characterize the concepts that are
related to the query. To make things interesting, we give
Agr, as key set K, = {epic, antique, ancient, tragedy,



Table 1: Usage of key words in features

[ key word [ Agc [ Agme [ Agw [a) [b) Jo) ]
literature | 6 19 6 6 12 | 15
greek 8 55 9 7 126 | 33
attic 3 8 12 3 11 | 22
epic 0 3 0 0 |3 3
antique 0 0 1 0 [0 1
ancient 0 6 0 0 4 4
tragedy 0 0 3 0 1]0 3
orator 0 0 1 0 0 1

orator}.

Figure 3 presents the paths in the taxonomies of the teach-
ers that our system selected as the best concepts for the
query. The measure used by the system was calculated as
Wident X Pident (C)+wfeat X Mfeat (C)+wobj X Mobj (C) Wident
Wieqt and wep; are weight parameters. In our experiments
we used Wident = Wfeat = Wobj = 1. Pigent(c) is 1, if the
concept ¢’s identifier is equal to the identifier in the query
and 0 else. The submeasure Mop;(c) counts the number of
objects from the query covered by ¢ and multiplies it with
the length of the path to the concept in the taxonomy. This
is then divided by the product of the number of objects in
the query and the maximal length of a path in the taxon-
omy. The submeasure Mycq:(c) makes use of the key set in
the query. For every feature that is true for ¢, we check if
it is formed solely by words from the key set. Myeat(c) is
the number of these features divided by the number of all
features that are true for c.

The set of relevant features for this example is still too big
to be easily presented. We used a learner based on Naive
Bayes (as described in [4]). This learner can, in fact, use
the key sets directly and creates the features implicitely. To
provide an idea on how the teachers influence what Agr,
learns, let us look at how many features include some of
the key words. As Table 1 shows (a) to c¢) refer to the
concepts learned according to Figure 4, where a) is learned
from Agc, b) from Agc and Agy and c¢) from all agents),
the difference between the features the different agents know
results in rather different numbers for the usage of some key
words to make up for words that an agent cannot use in its
features. This is especially obvious in the base key set, as
the first three examples show.

As the above already suggests, the learned concept cgoai
is different for different agents used as teachers. For exam-
ple, with just Agc as teacher, among the features enabled
in cgoar We have fattic,prose,greex, Which is not enabled by
any other agent and also not enabled in the learned con-
cept for the other two scenarios. In the concept learned
from Agc and Agum together, we have the feature using
the words classic, greek, epic, modern, ancient and
literature enabled, which is not enabled in the other two
scenarios. Finally, learning from all three teachers results
in a feature using greek, tragedy, antique, orator and
attic enabled, which is, again, not used in cases a) and b).
Remember that an enabled feature means that each course
covered by the concept that uses the feature contains at least
one word from the set of words associated with the feature!

Figure 4 shows the new taxonomy paths created by pre-
structuring. The teachers agree on the need for two su-
perconcepts for cgoar and Agas introduced two subconcepts
that are added if Agas is one of the teachers. Naturally,
we can not associate meaningful names with these concepts
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Figure 5: Accuracy results for Mathematics

and, again, there are too many features identifying them to
represent them here.

4.3 Using morethan the taxonomy

An important question to evaluate our concept is how effi-
cient it is to have an agent learn a new concept. Clearly, the
more examples are provided to this agent the better it can
learn. But more examples mean more communication over-
head, more learning effort and more chances for confusion
between the different teachers. We tested several queries
in our example domain and present here a typical example.
The query is consisting of the key word set {mathematics,
program, arithmetic} as the feature part and one Mathe-
matics course from each of the three teachers in the exam-
ple part of the query. Obviously, this query should result
in learning the concept “Mathematics Department”. Each
data point in Figure 5 represents the average value of 5
runs, since the selection of positive and negative examples
is performed randomly by the teachers out of the sets they
consider (see Section 3.3.2).

Since there is not really a total agreement on what courses
constitute Mathematics (beyond a certain strong core, nat-
urally) there is no possibility to achieve 100 percent ac-
curacy. In fact, it can be already debated what accuracy



means in our context, since there is no clearly defined con-
cept Agr, is supposed to learn. For our experiments, every
course classified under Mathematics by one of the 3 teach-
ers was expected to be a positive example, all others a neg-
ative one. Naturally, this is not how our approach classi-
fies, but, as Figure 5 shows, we come rather near to that.
Figure 5 also shows that using the is-similar-to-relation
greatly enhances accuracy (especially for small numbers of
exchanged examples), due to providing well focused negative
examples. Agc has in its ontology that Mathematics is sim-
ilar to theoretical-and-applied-mechanics, computer-science,
operations-research-and-industrial-engineering, while Agr
has it similar to statistics, geological-sciences and astron-
omy, and Agw to statistics, aeronautics-and-astronautics
and earth-and-space-sciences. Especially for the range be-
tween 50 and 100 training examples, which means 17 to 34
examples per teacher agent, the usage of is-similar-to
clearly pays off. Note that the “dips” in accuracy are not
only due to presenting an average here, more examples also
means that more conflicts between teachers occur (remem-
ber that using the test set as we do means that a conflict
always results in a potential misclassification).

5. RELATED WORK

As already mentioned, most works in literature assume
that agents use a common ontology (see, for example, [1]).
The works by Williams (see [11]) introduced the idea of us-
ing learning to improve the mutual understanding about a
concept between two agents. In contrast to our method,
Williams uses only a flat repository of concepts, not a real
ontology. The learning is used to have only two agents de-
velop a common feature description about a particular con-
cept assuming that the agents share the same perception of
objects. No negative examples are used and there is natu-
rally no pre-structuring and no need to deal with conflicts
between teachers. [7] presents a method how one agent can
train another agent to recognize a concept by providing se-
lected positive training examples. The multi-agent dimen-
sion is not addressed and no usage of ontologies is made.

Steels (see [8]), like us, allows for differences in ontologies
of agents and wants to minimize these differences for con-
cepts that are of interest to some of his agents. In contrast
to us, his agents do not use learning to allow for teaching
a concept to an agent, his approach suggests to have the
agents cooperatively learn (evolve) a common set of features
(using what he calls naming games) and then use a common
method for individual agents to create their ontologies by
experiencing their environment. For agents with different
perceptions, this must pose problems which our approach
does not have. But we do not allow for agents to change
their feature sets. Also, the emphasis of Steels’ work is more
on language than concepts.

6. CONCLUSION AND FUTURE WORK

We presented a general concept for improving communi-
cation between agents that use ontologies as part of their
knowledge representation and that not only have different
ontologies but even different features sets that they can
recognize. Similar to the behavior of humans, the key idea is
to have agents that know a needed concept (but that might
not agree totally on all details) teach an interested agent
the concept by providing positive and negative examples for

the concept that the learning agent feeds into a concept
learner. Conflicts are resolved by voting/elimination of ex-
amples. We provided an example that illustrates how our
method comes up with a concept (and its integration into
the agent’s ontology) that represents the common ground
between the teachers. We also showed in experiments that
the use of ontologies allows for a more targeted selection of
negative examples resulting in a good understanding of a
concept after relatively few exchanged examples.

This work represents a proof-of-concept, not more. We
have indicated various parts of our method where alterna-
tive realizations of these parts are possible and future work
should explore these possibilities. Especially the conflict
handling allows for many different ways that could create
alternative levels of inclusion of examples. For example, we
could have agents vote on every communicated example, not
only the clearly problematic ones. Also, selection, resp. fil-
tering, of the available teachers is an interesting future topic.
There is also the need for more explorations with the cur-
rent application, for example by allowing for learning of new
features as in [8], and for instantiating our method for other
applications.
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