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An intelligent tutoring system is a computer-based educational tool designed to provide adaptive
learning environment to learners, mimicking the role of a human tutor. Its most typical areas of
application are language learning, mathematics education, programming courses and medical training.
Intelligent Tutoring Systems are based on the knowledge-module that is holding the system’s knowledge
in a well-structured format. Considering the current state of the art knowledge-module representations,

a model that can represent evolving information is lacking. Representing evolving information is needed
ORIGINAL RESEARCH for those tutoring systems that are working with dynamically changing domains, e.g., software science.
PAPER In this paper a new combined model is presented that is based on the ontology model and the fun-

damentals of knowledge space theory. The proposed model introduces the term of abstract time to be
able to formulate an evolving knowledge graph. This paper introduces the term of evoking-hooks that
makes it possible to realize connections between external domain elements and the nodes of the pro-
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1. INTRODUCTION

In recent years the phenomenon of fast technological and societal change has reached an
unprecedented level. Learning does not end by leaving the educational institutions especially
for Information Technology (IT) professionals and programmers. It is expected that Intel-
ligent Tutoring Systems (ITS) will increasingly appear in workplaces and everyday situations
[1] due to the constant need for adoption to business change [2]. There is a high demand for
self-regulated learning experiences as well as transparent personalized learning environments
[3]. Due to this high demand several research activities were initiated to realize ITS systems.
An ITS system is considered intelligent because it is mimicking the role of a human tutor by
recognizing and monitoring the actual knowledge state of the learner and by able to change
the learning path according to that. Knowledge representation has been conceptualized by
numerous theories, for instance knowledge spaces, ontologies, rough sets, fuzzy sets, formal
concept analysis, evidence theory, granular computing, etc., [4]. For an educational system a
knowledge representation model not only has to support structural knowledge storing, but
also needs to enable determination of actual knowledge states of the learner [5]. One of the
most fundamental theories of knowledge state determination is Knowledge Space Theory
(KST) [6]. Although several tutoring systems were developed over the years, only few of them
utilized the advantages of KST [7]. While KST conceptualizes the knowledge as a set of
questions or tasks, the Competence-based Knowledge Space Theory (CbKST) focuses on
skills and competencies. Probably this is why most of the tutoring systems are rather using
ontology-like knowledge representation where knowledge elements are more like real-life

entities or terms and their elaborated description [8]. It can also be stated that the currently
’j Journals existing tutoring systems are focusing on domains that can be considered unvarying, e.g.,
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math, chemistry, physics, etc., and has not been much effort
in exploring evolving fields, e.g., computer programming.

In this paper a novel knowledge representation model is
presented that unifies the advantages of CbKST and ontol-
ogies. Also, this paper introduces the term of abstract-time
to the model to be able to represent time-dependent,
evolving knowledge. The proposed model is a knowledge-
graph that also allows building connections between existing
knowledge forms, like textual documents or programming
source code and the graph nodes that are called knowledge-
units.

2. RELATED WORK

2.1. Educational knowledge representation with
ontologies

According to Gruber [9] ontology is an explicit specification
of a conceptualization. Ontology and/or semantic web based
educational systems are grounded on the principle of entities
and their hierarchical relations. In the most common sce-
nario, an entity represents a unit of study; the relation be-
tween the entities represents the hierarchical relation
between the units of study. Moreover, ontology is good for
representing teaching strategies, student profile, modeling
competence and learning goals, etc., [10]. Using ontologies,
it is also possible to simplify administration processes [11].
The process of building an educational ontology relies on
domain experts who are extracting domain ontology from
existing learning materials [12].

Domain concepts can be well modeled by ontologies.
Studying the ontology based tutoring systems two conclu-
sions can be drawn. First, the knowledge domain that is
represented by the ontology is usually separated from the
educational content. Second, the ontological structure is
grounded on natural object hierarchy, where the relation
between the elements is based on generalization/specializa-
tion of the concepts represented by the elements [10]. In
other words, the relation between the elements is not rep-
resenting prerequisite relations, which is a key factor in
epistemology. According to another observation, there are
no two learning ontologies, designed by different people,
would be the same [8].

2.2. Competency based knowledge space theory

According to KST the knowledge domain is represented by a
network of nodes, where the nodes are questions or prob-
lems, and the edges are surmise relations [5, 13]. Based on
the assessment theory some knowledge elements normally
precede, in time, other knowledge elements. In other words,
a certain question can be answered, or a problem can be
solved only if some other questions have already been
answered or some other problems have already been
solved [14].

One important extension of KST is CbKST. CbKST is
grounded on the observation that the learner needs skills to

solve specific problems. Using the CbKST representation,
the prerequisite relation can be determined by identifying
the skills needed to solve the problems or to answer the
questions [15]. In KST the set of questions that are needed to
be answered to master a specific field of knowledge is called
knowledge space. The learner’s knowledge state is a subset of
knowledge space, meaning those questions that the learner
can answer. If the actual knowledge state of a learner is
known, it can be defined where the learner can proceed
(outer fringe) and it can be specified where to step back in
case there is an understanding problem (inner fringe) [5, 14].
The knowledge state problem was also generalized further to
assess the state of any system [16].

It may happen that the learner fails to solve a task that is
lower in the hierarchy but can solve another task that is at a
higher level. This is the consequence of a certain degree of
instability of knowledge [17]. According to the original
theory the learner’s answer to a question is dichotomously
classified as correct or incorrect. This is well suited for the
classical domains, but in other cases, like: psychological
assessment, attitudes, and opinions the dichotomous case
appears to be too restrictive. To solve this problem a pol-
ytomous generalization of the model was presented [18]. In
one of the latest extensions of CbKST the Competence-based
Concept-Cognitive Learning Model (CbCCLM) was intro-
duced where CbCCLM can study the transformation rela-
tionship between skills and knowledge from the perspective
of competences [19].

2.3. Time dependency

In a well-known and general sense, time is a temporal
concept that represents one specific moment or duration.
One moment can be also called one time-instance and a
duration can be called a time-interval. The Web Ontology
Language (OWL) is a language for defining Web ontologies.
The temporal properties of a real-world object can be rep-
resented by the OWL-Time ontology [20].

3. THE PROPOSED EVOLVING KNOWLEDGE
SPACE GRAPH

3.1. General description of the proposed model

In this paper the Evolving Knowledge Space Graph (EKSG)
model is proposed. The network that represents prerequisite
relations in CbKST can be displayed in a precedence dia-
gram. The units of study in ontology can be the replacement
of question/problem nodes of this precedence diagram.
Thus, using prerequisite relations and units of study, a
directed graph can be constructed. The resulted graph
combines the benefits of ontologies and CbKST. Addition-
ally; two important features are added to the proposed
model. To cover the requirements of an evolving domain
model, time dependency is introduced, and the term of
abstract time is defined. Although the term of time depen-
dent graph is well known and studied [21] it has not been
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incorporated in educational knowledge representations yet.
Second feature is the use of evoking-hooks that evokes
certain knowledge elements by external triggers.

3.2. Abstract time

As opposed to the well-known and general meaning of time, in
this paper time is considered as a higher-level abstraction. The
reason why the model needs an abstract time property is to be
able to represent evolving knowledge. There are domains
where knowledge is not changing that fast, like mathematics,
physics, or chemistry, etc. But in other fields, like the computer
programming domain knowledge is constantly evolving.
From the perspective of change the term “time” does not
have to mean Gregorian date-and-time. Software scientists
invented the concept of “version” to represent change. A
version behaves like a time instance. The main properties
and functions of time concept, like “before”, “after” and
“interval” are also interpretable in the concept of version.

Definition 1: The proposed general abstract time in the

given domain is an ordered finite set of
instance values that are strongly related to
the domain. Formally:

inst
NS (1)
where #™' is an instance value, and for every 1<i<m:
t™'<t!'l. Here, n is the number of existing instance values.

inst __ inst 1715[ e
T = {1,

Definition 2:  Let T™ be a pairwise distinct set of abstract
time intervals within the defined domain:

Tmt {tmt ttnt . ,7tiZt , (2)

where ¢/ = [t} ;] be an abstract time interval where
1<p; <k <n and t’”“ ti' € T therefore ' <. The
following notation 1s 1ntr0duced for the maximal 1nterva1
ttnt [tmst tmst}
= 'L o' It

Definition 3: Let < is the matching relation that works as
follows:

instance match < C T"™'XT" 7 < /"'=g = /" (3)
< tJintﬁfll<pj <I< kj> :

1nter Val IllatCh <cC I ><T 5
T< tl ;

set of instances match 7 < {t‘]”“ AN

tinst N N
o ’ inst
31,‘ < tl; N

set of intervals match 7 < {t}”t, t’"’, - tfk”‘}, - (

where 7 is the time instance that is being examined. The
maximal interval ¢ is used as default value when there is no
time restriction in the model. Figure 1 is showing an example
abstract timeline where all three definitions are visualized.
Time delay is not interpreted in the proposed model.

3.3. Evoking-hooks

An evoking-hook is a word or set of words that can be found
in a domain document and is strongly related to a node of
the knowledge graph. For example, in the python-pro-
gramming-domain the keywords ‘for’ and ‘in’ are evoking
the ForLoop knowledge-unit. A similar solution is
mentioned in the definition of FrameNet, where frame-
evoking words are used to evoke elements of FrameNet [22].

3.4. Formal description of the proposed EKSG model

Definition 4: The proposed EKSG model is a labeled acyclic

directed graph that can be described in the
following way: G = {U, R} where Uis a set of
unit nodes representing atomic knowledge,
test, and material fragments, and R is a set
of relations between the unit nodes. U is a
triplet: U = {UX, UT, UM}, where UX is a
set of knowledge-units, which are elements
of a certain knowledge domain, represented
by a set of four attributes:

UXc{(n,d,t,e) | nEN,dED,tcT™ ecE}, (7)

where N is the set of non-null and unique unit names. The
name must reflect the meaning of the unit. The name acts as
an external, human readable identifier; D is the set of non-
null and unique textual descriptions. The aim of a descrip-
tion is to be able to better delimit the piece of knowledge
represented by the unit; T is a set of abstract time intervals,
t may be empty. If ¢ is empty, then there is no time re-
striction in the model, meaning UX is valid in all time in-
tervals. If T™ contains no values the model reduces to a
timeless graph; E is an evoking-hook set that may be empty.

UT is a set of test-units which are items of an assessment
set. An assessment item can be a question, a problem, or an
exercise that is testing whether the learner has mastered a
certain knowledge-unit. An assessment item is represented
by a set of three attributes:

tinst — dew
t‘inst ténst tgnst t;ilnst tinst — tst
o b » O t3t = stg
C : 0 £in5t — prd
i t7" = [dev, stg]
T =1st

Fig. 1. An example abstract timeline that shows a software devel-
opment process which consists of development, test, stage, and
production time instances, where 7 < £ and 7 <t
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U'c{(d,m,t) |d€D,m:8—{0,1},tcT™},  (8)

where D is the set of non-null and unique textual de-
scriptions; S is the set of learners who have completed the
test-unit; m is a function that gives the information if the
learner s; has mastered the related knowledge-unit or not
(dichotomy). The assessment item is shown to the learner
who interacts with the system to provide information about
her knowledge state; T is the set of time intervals as
described in (7).

UM is a set of material-units which are holding detailed
notes about the knowledge-units. A material-unit is repre-
sented by a set of three attributes:

UMc{(d,nt)|deD,nel, tcT™}, 9)

where D is the set of textual descriptions. A material
description d is non-null and unique; n is a detailed note
about a specific knowledge-unit; I is the set of all informa-
tion-material available in the domain in the form of notes.
One note can be in many different formats e.g., a hypertext
or a multimedia content, etc.; T is the set of time intervals
as described in (7).

R is a set of directed edges, representing the relations
between the units:

R = {R“,R", R}, (10)

where RKcUKXLK ><UK is a set of ordered triples
(g, IS u ]Kt] in which 4k, is a knowledge unit that is related
to another knowledge- un1t u]t and X is a relatlon label.
The direction of the relation edge is pointing to u;,. The
relation type between the knowledge-units is determlned
by the label K €LK. Between knowledge-units there are
two relation types exist in the proposed model:
LXc{PrerequisiteOf;, IsA, }. In case of PrerequisiteOf; rela-
tion the knowledge represented by uf needs to be acquired
before uX,. In other words, uf depends on uf,. In case of IsA;
relation the knowledge represented by uj, 1s generalized by
Uy

" RTCUTXLTX UK is a set of ordered triples [u Lol ),
where uT is a test-unit that belongs to one certain knowl-
K. The relation type between the knowledge-unit
and the test-unlt is determined by the label ltT eL”, where

LTc{Tests;} representing that the actual test-unit u], is

edge-unit u

testing the mastery level of learner in terms of the connected

knowledge-unit u]Kt The edge is pointing towards the

knowledge-unlt

RMCUMXLMXUK is a set of ordered triples w7, I}, uf}],

where u}] is the materlal—unlt that belongs to one certain
knowledge-unit u,. The relation type between the knowl-
edge-unit and the materlal-umt is determined by the label
IMe LM, where LMc{MaterialOf,} representing that the
material-unit « is a detailed note that explains and teaches

the connected knowledge-unit uX, to the learner. The edge is

pointing towards the knowledge—unlt uk,

e Figure 2 is

RelationalDatabase
Handling

ED DatabaseQuery

o0
TestConnect
Pl N |
Introduction ___prerequisite_of ,.47
Query ~

~_ -
TestSelect

Fig. 2. An example graph from the databases knowledge domain,
that shows the QueryExecution knowledge-unit which has pre-
requisite_of relation to the Introduction knowledge-unit as well as
is_a relation to the more abstract RelationalDatabaseHandling
knowledge-unit. The graph also shows two test-units and one
material-unit connected to QueryExecution

visualizing an example graph where the elements of the
EKSG model can be observed.

Remark I If the given time interval is empty the default
value steps in, which is #, meaning the
model element (node or relation) is valid in
all time instances. In case all time restrictions
of the model elements are empty the model
reduces to a timeless graph. The fact that time
intervals t may be empty gives the EKSG
model great flexibility.

Definition 5: There are several ways to process an evolving,
time dependent graph. Here the so-called
snapshot  solution is described using
discrete time-dependent units and time
independent relations. Given the snapshot
UK = {ueUX | r<u.t} (where u.t means:
attribute t of object u) contains all
knowledge-units in G at time 7. The
same logic can be applied to material-
units UM ={ueUM | r<u.t} and test-
units Ul ={ueUT |z<ut}.  These
representations are constituting the 7 th

instance of G graph therefore these
instances can be «called snapshots. A
snapshot of G at 7 is denoted by:

G, = {UK, UM UT R}.

T

Consequently, the described EKSG model can be
considered as a sequence of static knowledge
graphs G = {Gy, Gy, ", G¢, ", Gk }.

4. EXPERIMENTS AND ANALYSIS

The proposed EKSG model is evaluated by implementing 31
knowledge-units from the Python programming language
domain. During the evaluation it was examined whether the
knowledge structure of the selected excerpt from the Python
documentation can be represented by the given model. The
experiment resulted a fine tuning in the model as the is_a
relation was added to the model at this point. As an example
the Python str.removeprefix() and str.removesuffix() methods
are presented in Fig. 3. These methods were introduced in
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Fig. 3. Different knowledge structures in Python version 3.8 and 3.9 for removing prefix and suffix from a string. Black numbered nodes are
knowledge-units as follows: 1: NumberOfltems, 2: PrefixSuffixHandling, 3: Condition, 4: RemovePrefixSuffixFunction, 5: StringDataType

Python version 3.9. After these methods became available
the programmer only needs to know what a method is, and
how to call it to achieve the expected result. According to (7)
the related knowledge-unit since Python version 3.9 looks
like (11), before Python version 3.9 looks like (12):

n="RemovePrefixSuffixFunction” ,
d = Removing specified text from prefix or suffix... ,

"o

Ui = t=1['3.9", "3.10", "3.11", "3.12"], ;

e = ["prefix , suffix, removeprefix , removesuffix

(11)
n="PrefixSuffixHandling",
d = You need to implement your own removal... ,
uj = t=["36, 3.7, 3.8], )
e = ["prefix , "suffix’, "startswith’, "endswith"
(12)

The knowledge that is needed to complete the remove
prefix or suffix operation is different in version 3.8 and 3.9.
The structural difference can be seen in Fig. 3c.

According to the domain expert before version 3.9 the
following prerequisites existed for the resulted PrefixSuffixHan-
dling knowledge unit: NumberOfltems, Condition, String-
DataType. Since version 3.9, the RemovePrefixSuffixFunction has
only one prerequisite relation: StringDataType.

In the implemented data model with a simple cypher
query the required knowledge structure can be requested,

Code 1 is showing the query.

Code 1:  Cypher query of determining the knowledge
structure in version 3.8 for prefix and suffix
handling.

(n) = [r] = (p:KnowledgeUnit)
(evoker IN p.evokers
(version IN p.timelnstances

n,r,p

evoker

["prefix", "suffix"])
version =

version ="3.8")
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5. CONCLUSION

Expectedly, in the next decade ITS systems will be part of
everyday life. In these systems it will be increasingly
important to represent evolving knowledge while main-
taining the possibilities of personalized teaching. The pre-
sented EKSG model provides enough flexibility to represent
a regularly developing knowledge domain.

The presented EKSG model unites the advantages of
CbKST and ontologies by realizing a knowledge graph that
utilizes the prerequisite relation concept from CbKST and real-
life entities (knowledge-units) from ontologies. With intro-
ducing the abstract time concept to the system, EKSG is able to
model fast evolving knowledge, e.g., computer programming
languages. Adding evoking-hooks to the system EKSG can
realize connections between knowledge-units and existing
external knowledge forms, e.g., pieces of program source code.

The knowledge-units within the EKSG model must be
atomic to build correct prerequisite relations, which is crucial
to define personalized learning paths. This study will be
continued with the aim of defining knowledge-unit atomicity
as well as how learning paths can be efficiently predicted
using assessment results and pedagogical techniques.
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