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Abstract. The paper presents two knowledge-based approaches
to the design of intelligent tutoring systems focusing on
diagnosing students and generating adaptive explanations. We
discuss the use of a domain ontology encoded with conceptual
graphs in two recent works in Artificial Intelligence in
Education and Natural Language Processing: STYLE-OLM (an
interactive learner modelling system that extracts extended
models of the learners cognition) and HYLITE+ (a natura
language generation system that generates adaptive Web pages
based on alearner model).

1. Introduction

Doman knowledge plays an essentid role in building
intelligent tutoring sysems dnce it provides the
needed expertise for diagnosng the learne’s abilities
and for planning adaptive indruction [15]. Therefore,
indligent  systems  that  support  terminology
underdanding have to employ gppropriate expert
knowvedge about doman tems Teminology is
defined as “a dructured set of concepts and thelr
desgnations in a paticular subject fidd’ [11], and is
directly linked to conceptudisation. Terminologicd
knowledge is represented as domain ontology that
includes concept type taxonomy and a st of axioms
that define concept properties, roles, and reations
with other concepts [12].

This paper discusses the use of doman
ontologies encoded in Conceptud Gragphs (CGs) [14]
in two adaptive indruction sysgems STyLE-OLM
and HYLITE+. The former exploits CGs for planning
diagnogic didogue, reasoning about the Sudent's
doman bdiefs and assgning a levd of correctness to
the dudent's knowledge. The latter employs CGs for
moddling usars and defining the content of adaptive
web explandions. Both approaches address the
underdanding of terminology where a learner/user
has to familiarise with concepts in a specific domain.

CGs, with ther formd dructures and operetions,
gopeaxr to be a auitable formdism for condructing
doman ontologies. CGs dlow concept descriptions
usng necessay and sufficient conditions as wel as
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dructuring the concepts in a hierarchy. Moreover,
CGs provide syntactic daity together with powerful
expressveness aoout quantifier  processng, which
concans the individua-generic didinction  supported
by the flexibility of references [3]. The gpplication of
inference rules supports extracting knowledge which
isnot directly encoded in the domain ontology.

Due to ther sutadlity for representing
teminology, CGs have been employed in both
sydems discussed  here In addition,  certan

charecterisics of CGs ae essentid for interactive
open leanar moddling and for adgptive web
explandtions STYLEEOLM adopted CGs because
they are (a) rigorous permitting ressoning fruitful for
interaction  planing ad dudent diagnoss (D)
rddivdy underdandable having a dear graphicd
foom ussful for leaner modd (LM) inspection and
discusson. HYLITE+ adopted CGs because they
support (@ the representation of knowledge a
different levels of granularity through use of nested
graphs, (b) are easlly linked to the lexicon entries.

Next in the pgpar we briefly outline STyLE-
OLM and HYLITE+ (#2). The following two sections
preeent the use of doman ontology for interactive
dudent moddling in STYLEOLM (#3) and for
adgptive web explanaions in HYLITE+ (#4). Findly,
based on the evduation of the two sysems we
discuss the auitability of CGs in intdligent tutoring
sysemsfor terminology learning.

2. Brief description of StyLE-OLM and
HYLITE+

STYLEEOLM [9] is an environment for interactive
diagnoss where a learner model is condructed with
the active paticipation of the learner being adlowed to
ingoect and discuss the content of the modd the
computer builds of her. The sysem is based on a
framework for interactive open learner moddling [8]
and includes a discourse modd tha manages the
interaction between the computer and the user, a



modd logic mechaniam tha mantans a jointly
condructed ussr modd, ad a grgphicd
communication medium that provides both the
computer and the learner with a symmetricd power in
mantaning the LM. Two indantigions of STyLE-
OLM ae deveoped — in Computing and Finance (the
lat has been integrated in the STYLE! teminology
learning environment).

The interaction in STyLE-OLM indudes two
modes DISCUSS, where the learner discusses aspects
of her doman knowledge and influences the content
of the LM, and BROWSE, where the learner inspects
the current date of her LM. The communication
medium employs grgphicdly rendered CGs to present
discussed domain propostions (in DISCUSS mode) and
beliefs from the learner modd (in BROWSE mode).
Throughout the discussons the sysem  makes
plausble inferences aout wha further the learner
beieves on the bads of wha is explicitly asserted,
and from this a didogue drategy is determined. The
didogue is quided by gened explandions of
misconceptions, for example, that an entity may be
believed to be a member of a dass if it has some
features of that class. The ingpection of the LM
provides learner control over the diagnosic process
and can trigger further discussons. A resultant LM
that incorporaes the views of both the computer and
the learner about the learner’ s knowledge is extracted.

HYLITE+ [56] is a dynamic hypertext systent
that generates encyclopeedia-style explanations of
tems in two gpecidised domans chemidry and
computers. The user interacts with the sysem in a
Web browser by specifying a term she wants to look
up. The sysem generates a hypertext explanaion of
the term; further information can be obtaned by
following hypertext links or specifying another query.

The sysem is basad on gpplied Naturd Languege
Generation  techniques, a reusable learner/user
moddling component (ViewGen), and a flexible
architecture with module feedback. The adaptivity is
implemented on the bass of a learner and discourse
models which ae used to detemine, for example,
which concepts ae unknown, S0  darifying
information can be induded for them. The LM is
updated dynamicdly, based on the usa’'s interaction

! STyLE (Scientific Terminology Learning Environment) was
built as pat of the EU funded Larflast project, see
http://www.larfl ast.bas.bg/ for more details.

In dynamic hypertext, page content and links are created on
demand and are often adapted to the user and the previous
interaction.

with the sygsem. When a user regigers with the
sysem for the firg time her modd is initidised from
a &t of dereotypes. The sysem determines which
dereotypes goply on the bads of information
provided by the user hersdf. If no such information is
provided, the system assumes a novice User.

3Interactive Learner Moddling

3.1. Learner Mode and Domain Ontology
STYLEOLM impots a doman ontology built with
CGs, which indudes a taxonomy of concept types
and a st of graphs that represent propostions with
relaions between concept types and individuds. The
LM is yidded by an extended ovelay method and
incorporates  beliefs  open for  ingpection and
discusson with the learner, and misconceptions, used
for  didogue planing Bdigfs ae doman
propogtions represented  with CGs, and can  be
correct (student beliefs tha are supported by the
expert), erroneous (student beliefs tha ae not
supported by the expet), and incomplete (missng
beliefs that the expert beieves but the learner does
not possess them yet). Misconceptions in SyLE-
OLM ae explandgtions for the learner's erors a
conceptua level and apply to error patterns, such as
misclassfication or misatribution. These ae defined
asbug rules, eg. amisdlassfication ruleis:

$A {iTA&tTA} =>isa(i,t)

(.e an individud i has been wrongly conddered as a
member of a concept type t because i has features that
ae pat of the definitiond features for t, eg. Visud
Bagc [i] is an Object-Oriented Language [t] because
it contains objects [A]).

Based on the bug rules, CG schemata are defined
to deemine conditions tha STyLE-OLM has to
examine in a folowing didogue in order to confirm a
misconception, eg. the misclassfication error above
will trigger the CG schema:

Error: isa(i,t). Type:

Condi ti ons_t o_Check=[]

G = find_graph(i)

G = definition(t)

A = generalisation_subst(G,i,G,t)

A = restrict(AQq, i)

A =restrict(AQq,t)

Condi tions_to_Check=add([A, Al,

Condi ti ons_t o_Check)
Return: Conditions_to Check

This sthema will be goplied when the learner
makes awrong satement, eg.

M scl assi fication_1.



L. I think that Visual Basic is an object-oriented
language. 3

Folowing the <sthema  STYLE-OLM  firg
searches both the CGs from the domain ontology and
the CGs that represent the learner’s bdiefs for a
propogtion aout t (object-oriented language). Then,
a gengdisation is found which is a common feature
of t and i (Visud Badc) - they both contan objects.
Redricting the generdisdtion to i and t, the schema
will return that a possble explanation for the learner’s
eroneous beief may be tha dhe bdieves 'Visual
Basc contains objects and 'Object-oriented
languages contain objects. In the following didogue,
STYLE-OLM will check these bdiefs by asking
aopropriate questions, i.e. the next move will be:

STyLE-OLM. Do you think that Visual Basic
contains objects?

If the learner does not confirm this belief:
L. | don't think so.

the sysem will seach for another misclassfication
rule to explain the erroneous bdief Visual Basic is an
object-oriented language. Such aruleis

$j:{isa(j,t) &SA{jTA &IiTA} =>isa(i,t)

(i.e. Visuad Badc [i] is an object-oriented language [t]
because both it and Visud C++ [j], which is an
object-oriented  language, dlow programming in a
visud environment [A]). The sysem will then check
the conditions for this misclassfication:

STYLE-OLM. Do you think that Visual C++ is
an object-oriented language?

3.2. Maintaining diagnogtic dialogue
The didogue in STYLE-OLM is organised as a series
of didogue games, which represent didogue episodes
and follow diagnogtic tactics. There are three types of
game

Explain learner errors. The sysem initiates such
games to look for reasons that might have caused a
learner's erroneous beliefs. CG schemata based on
misconception rules ae usad for planning didogue
content, as shown above.

Explore domain knowledge. These games am to
gaher as much as possble information about the
learner's domain beliefs. They ae initiated ether by

® Note that the dialogue in STyLE-OLM is conducted in a
graphical manner but is presented here in a textua form
due to space congtraints.

the learner when she changes the didogue focus
making a dam or asking a quesion or by the sysem
when it probes for a learner's beliefs in order to
decide how to react to her erors. To plan interaction
content, the system extracts from the ontology CGs
that contain focus concepts. It generates more CGs by
aoplying specidisation rules (replacing concept  types
with descendants from the hierarchy).

For example fdlowing tha isa(Java, Object-
oriented language), the sysem infers that

‘Java contains objects and classes and has
characteristics inheritance and encapsulation'.

This propodtion will be induded in a didogue
game that explores the learner's knowledge of object-
oriented languages. Note that the sysem can ether
ak a quetion or meke a daement with this
proposition depending on the current state of the LM.

Negotiate learner mode. These games am a
cdaifying agents podtions when discrepancies in
ther views ae discovered. Such games may be
initisted by both paties when asking the other dde
for judifications, eg. the student may chalenge the
vdidity of the computer's bdiefs aout the student's
knowledge, while the computer may ask for
cdaification when a leane's daement is not
confirmed by the domain ontology.

A graph G congructed by the learner is confirmed
if G is a specidisaion of a grgoh from the domain
ontology or if G can be projected into a grgph from
the doman ontology. The example bdow shows two
graphs Gz and &4 that are confirmed from the domain
ontology because Gz is a specidisation of Gy and Gq4
is a projection of Gy, where G; and G, are from the
doman ontology. However, the graphs G and Gg are
not confirmed by the domain ontology.

Gy [Ohject-otented language] -
> (CONT) = [Ohbject]
—+ (CONT) = [Class]
= (CHAR) = [Encapsulation]
—# (CHAR) —» [Inhetitance]

Gy [Imperative langnage: Visual Basic] —
= (I34) — [Visual Language]
= (CONT) = [Ohject]

Gy [Object-oriented language: C+] -
= (CHAR) = [Encapsulation]
= (CHAR) - [Inheritance]

Gy [Imperative langpage: Viswal Basic] -
= (CONT) = [Object]

s Imperative language: Visual Basic] -
—# (CHAR) = [Encapsulation]

G [Imperative language: Visual Basic] -
=5 (CONT) = [Dhject]
— (CHAR) —» [Encapsulation]

Didogue coherence  in STYLE-OLM  is
mantaned through a focus mechaniam. Each
didogue game hes a focus space - lig of rdaed

concepts that can be discussad in the game to assure
the didogue is coherent. Related concepts are defined
as dther drectly linked in the taxonomy through isa



links (eg. object-oriented languege, Java, C++) or
bdonging to a common CG (eg. object-oriented
language, inheritance, encagpsulation).

The reevance of a learner's utterance to the
didogue game focus is veified by compaing the
concepts in her propodtion with the game focus
sace. If there is no intersection, STyLE-OLM
concludes that the learner has suggested a change in
focus and an explanaiory didogue game is initiated
(if gopropriate) to discuss doman propodgtions related
to the new focus. When the learner stays on focus
STyLE-OLM follows the tactic of the current
didogue game but rearranges the propogtions to be
discussed, s0 thet the ones that are mogt relevant to
the student's move will be discussed fird.

3.3. Answering questions

STYLE-OLM endbles a learner to ask questions about
domain facts Two quedtion types ae caeed for:
what-questions (the user asks for a doman concept
with certain properties) and is-true-questions (the user
checks the vdidity of a propogtion). Giving learners
opportunities to daify agpects of the doman
promotes concept learning and metacognition.  For
example, when alearner's erroneous claim:

L. I think that C is an object-oriented language.

is chdlenged by the system:
STyLE-OLM. Why do you think that C is an object-
oriented language?

the vdidity of the learner's bdiefs is quedioned. She
searches for possble darifications, such as the

definition of the concept type:
L. What are the characteristics of an object-oriented
language?
Thisquegtion is encoded in a CG query form as.
(Gr) [ OBJECT- ORI ENTED LANGUAGE] -

(CHARACTERI STI Q) -> [q]
The answer is a projection of the query upon the
graph with the definition of the concept type object-
oriented language (graph G; above).
STyLE-OLM.  Object-oriented languages
characteristics inheritance and encapsulation?

have

Alterndtively, the learner may compose a propostion
and check its vdidity, eg.

L. Isit true that C has objects?

To answer this quetion SyLE-OLM employs a
mechaniam for confirming a graph, Imilar to the one
used for focus maintenance, as described above.

3.4. Updating the Learner M odel

Throughout the didogue the bdiefs of the sysem and
the learner about the learner's knowledge are
accumulated in separate  beief  dores. When  the
interaction finishes, the bdief Sores are combined
and a resultant learner mode is extracted (by usng
some modd logic plausble reasoning, see [10]). Each
beief in the resultant modd, represented with a CG,
is asdgned a degree of correctness correct  (if
confirmed by the doman ontology), erroneous (if not
confirmed by the ontdogy), and incomplete (the CG
isin the ontology but is not beieved by the learner).

An evdudive dudy of SIyLEOLM with
postgraduate students & Leeds Universty showed the
potentid of the gpproach for improving the qudity of
the learner modd and providing the means for
reflection [9]. Some participants in the study Stressed
the need of computer explanaions of doman terms
generaed in a naturd language and talored to the
learners  knowledge. This vitd feature, which is
missng in STYLE-OLM, isillusraed in HYLITE+.

4. Generating adaptive Web explanations

4.1. The Learner Mode and the Ontology

The learner modd and the ontology are the basis of
the generaed adgptive hypertext explanaions.
HYLITE+ uses the ViewGen usar/learner moddling
framework [2] to access and update the user beiefs as
the interaction progresses. The propostions beieved
by each user are encoded as CGs and the CG
reasoning mechanisms are used to detect whether or
not the learner dready holds a given belief. ViewGen
diginguishes the beiefs of each leamner by putting
them in separate environments, including one for the
sysgem itsdf which contans the doman ontology.
The moativation for holding the doman facts as
sydem bdiefs ingead of being outsde the learner
moddling component, is that the sysem can treat
them in the same maneg axd dso ded with
incomplete sysem beliefs.

The separation between sysem and user beief
ewvironments dso  endbles the moddling of
discrepancies  between  propogtions believed by the
sydem and those bedieved by the leaner. One
exanple of such discrepancies  is  taxonomica
knowledge, where the sysem has dealed domain



taxonomy while the leaner has only patid and/or
incorrect  representation.  Such  discrepancies might
come from common misconceptions encoded as
dereotypes (eg., common mistake about
photographic emulson) or be gecfic to the given
learner, in which case they are dored exclusvely in
her belief space. Misconceptions from Stereotypes are
ascribed dynamicdly to dl learnars who conform to
that stereotype.

In this way, differences between the doman
ontologies of different agents are easly encoded.
ViewGen's opedions take such differences into
account and can reason correctly about the learner's
beliefs when these ae afected by different
ontologies For example when delemining the
beliefs of a chemidry expet about photo emulson,
ViewGen dso condders propostions inherited from
gds and sols However, by ddault for laymen,
ViewGen takes into account the default sereotype
and indudes bdiefs inherited from emulson ingtead.

4.2. Generating the explanations

When the user requests informeaion about a topic

(eg., emulson), HYLITE+ needs to sdect a set of

rdevant propogtions, from which the generdion

dgorithms produces the hypetext page in the

following manner:
Obtan reevat propodtions from the KB
given the user’s question about a concept.
Determine which CG propogtions are known
dready by the learner (see bdow) and mark
them as such. In case of contradictory beliefs
between sysem and learner, both sysem and
learner bdiefs are added to the propostions to
be conveyed, eg. bel(user, isa(photo_emulsion,
emulsion)) and bel (system, isa(photo_emulsion, gel)).
Ingpect each propogtion for unknown reaed
concepts and mark them as such.

Unknown ooncepts in  definitions as wdl as
unknown properties, pats, and super-/sub-concepts,
tigger the induson of additiond information
(usudly their definition), eg.:

A personal computer is a type of microcomputer®

(a small computer that uses a microprocessor as

its central processing unit).

The learner modd is ds0 used to detect patidly
known facts (see bedow) which are then verbdised by

* The underlined words are hypertext links to a Web page
providing their definitions and other information. These
pages are generated only if requested.

the generator using contextua phrases such as besides
and as well as. For example, if the learner has dready
seen an explandion of the concept TAPE DRIVE and
folows the link to STORAGE DEVICE, then the
description  of the types of dorage devices is
generated using such a phrase:

As wdl as tape drives, other types of data-
storage devices are ...

Incorrect beliefs, detected in the learner modd,
ae explaned by providing them in padld with the
correct fact. In the photogrephic emulson example
shown above, the sysem generaes the following
sentence as part of the explanatior?:

A common error is to believe that photographic
emulson isemulsion, whereas, in fact, it isa gel.

4.3. Consulting the UM during gener ation
Given the st of rdevant propostions sdected for
generation, the generator fird establishes whether any
of them ae dready believed by the learner. ViewGen
is queried about each propostion and dl dready
believed CG propostions are annotated as such.

After dl bdieved CG propostions ae identified,
the sygsem ds0 checks for any patidly known
propostions. This is necessary because the generator
frequently uses CG reasoning operdions to present
only pat of a given conceptud grgph (to make the
explanation shorter). For example one of the graphs
extracted for an explanation of the DI SPERSI ON
concept is? :

(cg2)
[ DI SPERSI ON] <- (CHAR) <-
:fs(derived_from cgl)

Thisisin fact asubgraph of the following:

(cgl) [WASTE WATER] -
(CHAR) - > [ CONCENTRATI ON]
(CHAR) -> [ RESI STANCE]
(CHAR) -> [ DI SPERSI ON] .

Therefore, if the leaner asks later  about
WASTE_WATER, the generator extracts the whole graph
cgl. Naurdly ViewGen then returns that this fact is

[ WASTE_WATER] .

5 The“acommon error is...” expressionisused to express
the uncertainty of this assumption which has been made on
the basis of a stereotype. The generator can aso deal with
incorrect beliefs of individual users.

6 fs() is used to encode features which can be
associated with concepts, relations and graphs. In this
example the feature specifies which graph was used in the
derivation of the graph it is associated with.



not dready believed by the learner since the learner

belief environment only contains graph cg2.
Such patidly known facts ae identified by the

gmeratorlnthefollowmgway
Obtain from ViewGen dl
believed by the learner.
Check every obtained grgph for a derived_from
feature. If found, check whether the graph from
which it was derived is among the grephs sdlected
for explanation. Then annotate each such parent
graph (eg., cgl) as patidly known (see example
below).
Use subsumption to determine whether some of
the graphs returned as dready bdieved by the
learner subsume pats of a graph sdected for
explanaion. If s, annotae the gppropriate
pat as dready known and the whole grgph as
patidly known.

In our example, & this sep grgph cg2 will be
identified as dready beieved by the learner and aso
derived from cgl. SO cgl is annotaed as patidly
known and the rdevant pats of it are annotated as
dready believed . The result is

[ WASTE_WATER] —

(CHAR) -> [ CONCENTRATI ON}]

(CHAR) -> [ RESI STANCE]
(CHAR) : fs(um_state: known) - >[ DI SPERSI QV] .

: fs(um_state: partially_known)

propogtions  dready

In other words, a new feature um state is added to
the whole greph and dso dl rdaions which dso
occur in the dready explaned grgph. This
informetion is then used by the generator to choose a
phrasng which congders that digperson is previoudy
seen, and uses “as well as’, which conveys this fact
and makes the generated hypertext more coherent.

Findly, ViewGen is ds0 conalted about
concepts that appear in the sdected grephs. If no
learner beliefs can be obtained about these concepts,
then the generator annotates them with a um st ate:
unknown fedture, which is used to determine thet
additiond information needs to be provided for this
concept, eg., its definition in parenthes's.

" These added features do not alter the conceptual graphin
any way and can be ignored by other gpplications which
want to use them for other purposes. Also the features are
removed by the application as soon as the text is
generated. In this way the graph can be annotated
differently in later explanations if the user beliefs have
changed.

5. Discussion

The evdudion® of STyLE-OLM [8] and HYLITE+
[4] confirmed the suitability of conceptud grgphs for
interective  Sudent moddling and adaptive
explanations in terminologicadl domains. The didogue
in STYLE-OLM was handled in a coherent manner,
more agpects of the sudents doman knowledge were
reveded, some reasons for eroneous beiefs were
discovered. Along this ling, the users working with
HYLITE+ gppreciated the rdevance of the doman
content of the explanaions produced, and found the
adaptive features adequate and beneficid.

It must be dtressed that in both systems CGs were
ussd in combination with another logica framework
that handled the maintenance of the learner modds
and induded some commonsense reesoning over the
agents beiefs We found that CGs were best suited
for represnting propostionad knowledge and  an
additiond reasoning level was added to reason about
agents  bediefs (which commonly induded nested
beliefs and norrmonotonic  ressoners).  Although [13]
present a user modd bassd on CG actors used in an
adgptive sysem and [1] propose a usx moddling
mechanism that can build user profiles by obsarving
usrs interaction with a computer sydem, these
projects condgder modeling a us's cognitive date
merdy on a bdief levd. The learner models we have
decribed here incorporate learner's  bdiefs  and
misconceptions that provide possble explandions of
patterns of learner errors. CGs on their own are not
aufficiently flexible to dlow such misconceptions to
be represented, therefore we use CGs only as means
for representing and communicating dout  domain
knowledge and employ a metalevd commonsense
reasoning to infer about the users beliefs.

Both agpproaches presented here suppose that
doman ontology provides dl the necessay factud
knowledge. However, this may not dways be the case
in leaning sysems Often, tutoring knowledge is
incomplete  (lacking a  paticlar piece  of
information), vague (there ae concepts tha are
difficult to define), ambiguous (it may be had to
ddinguish between saverd posshilies for a
learner’s reasoning). Further investigation is needed
to address these agpects in tutoring systems, which
may condder smilar sudiesin ontology (eg. [7]).

® The systems have been evaluated independently in small
experimental studies with participants from the aithors
organisations.
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