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Abstract: This paper describes a competence–based approach to adaptive e–learning based on knowledge 
space theory and its competence–performance extension. Assigning to each learning object sets of required 
and taught competencies, one can easily build a course adapting in each step to the learner’s current know-
ledge state. The competence assignments implicitly define a prerequisite structure on the set of competencies. 
At the same time, a decentralised storage of these assignments allows (i) for easy changes of learning objects 
and courses in dynamically changing domains and (ii) for reuse of adaptive material in different courses by 
implementing the competence assignments through slightly extended metadata standards. An example 
implementation will be briefly presented. 
 

Introduction 
In this paper the concept of competence learning struc-
tures based on knowledge space theory is briefly intro-
duced, and its application to adaptive e–learning is 
discussed. A major advantage of this approach is the 
distinction between observable performances and 
underlying competencies (from a psychological point 
of view) which corresponds one–to–one to a distinc-
tion between concrete learning objects and abstract 
concepts from a technological point of view. A central 
aim of this paper is to serve as a link between other 
publications which describe rather isolated aspects of 
this work, i.e. they focus either on the psychological or 
on the technological point of view.  

According to this linkage aim, the main core of 
the paper is divided into two parts, whereas one part 
concerns psychological models for prerequisite struc-
tures and concerns adaptive e–learning systems based 
on prerequisite structures. Finally some conclusions 
will be drawn and open issues will be specified. 

Psychological Models for Prerequisite 
Structures 
While also other psychological models (e.g. the Rasch 
model) offer suitable means for representing prerequi-
site relationships, I will restrict to the non–linear ap-
proach of knowledge space. 

Theoretical background 
Doignon and Falmagne (1985, 1999) have developed 
the theory of knowledge spaces for an efficient, adap-
tive assessment of knowledge. Basically, they model 
prerequisite relationships through quasi orders, 
so–called surmise relations (if a learner solves item a, 
we can surmise that this learner is also capable of sol-
ving item b). Modelling learners, on the other side, 
through their knowledge states, i.e. the subset of items 
the respective learner is capable to solve, they define a 
knowledge space as the set of all possible knowledge 
states in accordance to a given surmise relation. 

Another concept in knowledge space theory that is 
important especially with respect to e–learning, is the 
fringe of a knowledge state, i.e. the set any item by 
which the knowledge state differs from some upper or 

lower direct neighbour in the knowledge space. Items 
in this fringe can either be acquired soon because all 
prerequisites are known or they are likely to have been 
learned rather recently. 

In order to model different solution paths for an 
item, Doignon and Falmagne (1985, 1999) have also 
introduced a more general means for describing 
prerequisite relationships: the surmise mapping. 
Different solution paths may involve different sets of 
prerequisites. Thus, a surmise mapping assigns to each 
item a family of subsets of items called clauses for the 
original item. Each clause contains the items which are 
prerequisites with respect to a certain solution path. 
Similarly to the mathematical concepts of quasi orders, 
Doignon and Falmagne have introduced, among others, 
the properties of extended reflexivity, i.e. from each 
mastered item we can surmise that this very item is 
mastered, and of extended transitivity, i.e. prerequi-
sites of prerequisites of an item are also prerequisites 
for the item itself, for surmise mappings 

The original theory of knowledge spaces as de-
scribed above is behaviour oriented, i.e. it describes 
relations between items and item solving behaviour. 
Especially the group around Albert focused on the 
cognitive structures underlying this observable behav-
iour resulting in various approaches within and beyond 
that group (see, e.g., Albert & Lukas, 1999; Düntsch & 
Gediga, 1995). The work described in the following is 
based on Korossy’s (1997, 1999) compe-
tence–performance approach. He distinguishes be-
tween observable performances, i.e. test item solving 
behaviour, and their underlying competencies. This is 
done by mapping each item to the subset of competen-
cies required for solving this item and, vice versa, by 
mapping each subset of competencies to the subset of 
items which can be solved by a person who has all 
(and only) the competencies of the given subset. From 
these mappings, prerequisite structures on the sets of 
competencies and of performances (i.e. items) can be 
derived through the set inclusion principle: an item a 
is a prerequisite of item b (in the sense of the 
aforementioned surmise relation) if the set of 
competencies assigned to a is a subset of the set as-
signed to b. 
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Figure 1 shows an example of three items A, B, 
and C to which subsets of competencies x, y, and z are 
assigned (denoted by the arrows). The set inclusion 
relation on the competence subsets (denoted by dashed 
lines) induces a surmise relation between the items 
(denoted by straight lines). 

Competence Learning Structures 
A major problem in knowledge space theory lies in the 
development of the prerequisite structures. Original 
approaches on querying experts on prerequisite 
relationships between items (see Doignon & Falmagne, 
1999, for an overview) show quite some weaknesses 
(Held, Schrepp, & Fries, 1995). Improving this situa-
tion was one aim of the investigation of the underlying 
cognitive structures but specifying all competencies 
needed for solving still remains an error–prone task. 

Based on this background, Korossy’s (1997, 1999) 
competence–performance approach was extended to 
the concept of competence learning structures (Hocke-
meyer, 2002) was developed which is summarised 
below. The basic idea is to specify, for each learning 
object, separate subsets of required and taught 
competencies. Given two mappings r and t which as-
sign to each learning object these subsets of competen-
cies one can derive a surmise mapping s L on the set of 
competencies. For each competence c, its set s L (c) of 
clauses contains the sets r(l) ∪ t(l) of all learning ob-
jects l teaching competence c, i.e. all learning objects l 
for which c e t(l) holds. This surmise mapping s L can 
then easily be closed under transitivity etc. using 
well-documented efficient procedures (Dowling & 
Hockemeyer, 1998). Through this surmise mapping s L 
(and its closure) on the set of competencies, a compe-
tence space, i.e. the set of all possible competence 
states, is well–defined. 

The main difference between competence learning 
structures and Korossy’s (1997, 1999) compe-
tence–performance approach lies first of all in the 
separation of taught and required competencies (in the 
case of test items, competencies which are actually to 
be tested by the item  and other required competen-
cies would be separated, instead). The advantage of 
this separation is that authors (or metadata creators) do 
not have to specify those prerequisites which can be 
derived through transitivity. This is especially impor-
tant if the objects are to be used in different contexts 
where different sets of (especially low–level) 

competencies might be used. 
It is important to mention that, although this ap-

proach defines a prerequisite structure for competen-
cies through a surmise mapping, it does not yet cover 
multiple solution paths for test items (as a special type 
of learning objects). In order to achieve also that, we 
would have to replace the mappings r and t by one 
mapping I which assigns to each test item l a set of 
pairs (R,T) where R and T are subsets of competencies 
required or actually tested, respectively, by this item 
within some solution path. 

Realising an adaptive e–learning system 
based on prerequisite structures 
E–learning systems based on traditional know-
ledge space theory 
While knowledge space theory was originally deve-
loped having the adaptive assessment of knowledge in 
mind (Doignon & Falmagne, 1985), this changed soon, 
and until now all practical applications of it are ori-
ented towards e–learning. 

The first systems were (and are) very 
item–centred, i.e. they view a domain of knowledge as 
a set of items. After an initial assessment of the 
learner’s knowledge, teaching is primarily done by 
training, i.e. the learner is given some items for which 
s/he can request explanations as help in solving the 
items. The AdAsTra system (Dowling, Hockemeyer, 
& Ludwig, 1996) selects items from the fringe of the 
learner’s current knowledge state, i.e. items which the 
learner either has acquired rather recently and, there-
fore, should still train in order to deepen that know-
ledge, or which s/he has not yet learned but for which 
s/he fulfils all prerequisites. The ALEKS system deve-
loped by Falmagne and his group 
(http://www.aleks.com/; see also Doignon & Falmagne, 
1999) offers the learner a topic–sorted selection of 
item classes for which s/he fulfils all prerequisites. 
Selecting some of these new topics, i.e. item class, the 
learner can then decide whether s/he wants to see an 
explained example first or whether s/he wants to go 
directly into trying to solve such an item. 

The RATH system (http://wundt.uni-graz.at/rath/; 
see also Hockemeyer, Held, & Albert, 1998) is the first 
knowledge space based system that focuses on teach-
ing lessons. Based on an analysis of cognitive de-
mands posed by test items in the field of knowledge 
(Held, 1993), lessons teaching the skills corresponding 
to the cognitive demands were developed, and a com-
mon prerequisite structure of lessons and test items 
was developed (Albert & Hockemeyer, 2002). On the 
technical side, RATH connects the relationally forma-
lised theory of knowledge spaces with an also relation-
ally formalised model of hypertext link structures and 
with relational database technology. Adaptivity in 
RATH is realised through navigation guidance, more 
concretely through link hiding. While a learner is 
browsing through the learning hypertext, any hyper-
links pointing to documents within the course for 
which some prerequisites are missing are disabled and 

Figure 1: Competence assignment and induced 
prerequisite relationships 



presented as normal text. For any document presented 
to a learner, it is preliminarily assumed that s/he has 
understood the text and acquired the respective know-
ledge. However, the structure of lessons is intermixed 
with test items (see above), and a test item is regarded 
as known only if it has been solved correctly by the 
learner. Thus, it is ensured that learners cannot simply 
click through the course but also have to learn the con-
tents taught in the lessons. Since RATH was imple-
mented as a prototypical system, an initial assessment 
was not included; instead, the system starts with the 
assumption that any new learner is a complete novice 
in the field. 

However, all these systems share a weakness with 
respect to dynamic domains, i.e. domains (in the sense 
of collections of items and other learning objects) that 
change due to changing knowledge in the field or sim-
ply due to ongoing course developments (see Albert & 
Kaluscha, 1997). AdAsTra and ALEKS both work on 
an explicit representation of the complete knowledge 
structure which has to be updated whenever new items 
are added to or existing items are deleted from the 
item pool. RATH does not have this explicit 
representation of the complete structure. However, the 
structure is represented implicitly through prerequisite 
links between the concrete objects which also need to 
be updated whenever new learning objects (lessons or 
test items) are created or existing ones are deleted. 

APeLS — A metadata–driven approach to 
competence–based e–learning  
This section describes the Advanced Personalised 
e–Learning Service (APeLS) system developed at 
Trinity College, Dublin, in co–operation with the 
University of Graz within the EASEL project (Educa-
tor Access to Services in the Electronic Landscape; 
http://www.fdgroup.com/easel). APeLS realises 
adaptivity to the learner’s knowledge through the 
competency learning structures introduced above. We 
call it a metadata–driven approach because, in an 
APeLS course, metadata are used not only for describ-
ing the adaptivity but also for realising it. 

Applying metadata for competence assignments 
Standards for metadata describing learning objects 
have been a major issue in research and development 

on e–learning. Standardised metadata are a necessary 
prerequisite for retrieval and reuse of existing learning 
objects for new courses. However, current metadata 
standards do not support description of adaptivity. One 
central aim of the EASEL project within which APeLS 
was developed was to investigate the applicability of 
metadata standards to adaptive e-learning resources. A 
first major result in this issue was the suggestion of a 
generic adaptivity element extending the educational 
section of current metadata standards like IMS Meta-
data or IEEE LOM (Albert, Hockemeyer, Conlan, & 
Wade, 2001; Conlan, Hockemeyer, Lefrere, Wade, & 
Albert, 2001). 

The generic adaptivity element basically consists 
of an arbitrary number of adaptivitytype entries each 
describing a different aspect of adaptivity (e.g. with 
respect to special needs, learning styles, or involved 
competencies). Two concrete examples for adaptiv-
itytype were competencies.required and competen-
cies.taught which resemble exactly the mappings r and t, 
respectively, of the basic competence learning struc-
ture definition above. While these metadata were 
originally developed aiming merely at the description 
of adaptive learning objects in order to allow respec-
tive searches in a repository, it became clear very soon 
that they could also be used as an instrument by the 
adaptive service for realising the described adaptivity 
as shown in the next section. 

The APeLS system 
The idea of an e–learning system based on compe-
tence learning structures and their specification 
through metadata was implemented at Trinity College, 
Dublin, as an extension of their existing personalised 
e–learning system (Conlan, Hockemeyer, Wade, & 
Albert, in press). Learners in APeLS find themselves 
with set of two frames, a table of contents on the left 
and a content frame on the right (see screenshots in 
Fig. 2). A novice gets a rather small list of contents 
(see left screenshots) but after some time the list of 
available contents gets increasingly larger (see right 
screenshot). During this process, the table of contents 
is rebuilt on demand, i.e. whenever the learner presses 
the “Rebuild TOC” link. Thus, a certain stability of the 
table of contents is guaranteed. APeLS could also 
prove its usability in dynamic domains: A course on 

Figure 2: APeLS screenshots 
 



Newtonian mechanics structured (i.e. enriched with 
adaptive metadata) at University of Graz could easily 
be enriched by additional chapters originating from 
Open University, UK, simply by adding the respective 
metadata information to the database and adding the 
learning objects to the repository. 

Conclusions 
The current paper shows that the psychological 
distinction between observable behaviour and underly-
ing cognitive skills strongly coincides with the techni-
cal distinction of concrete learning objects and abstract 
concepts (or candidates in the terminology of Conlan 
et al., in press). This technological side of the medal 
also ensures an easy maintainability in the case of 
changing domains (or courses). 

However, there remain still numerous issues open 
for further research of which three shall be mentioned 
here. An important topic are investigations on the 
structural properties of competence learning structures, 
especially with respect to the more elaborated version 
allowing for several solution paths for test items. 

Furthermore, there remains the difficult issue of 
correctly differentiating the two types of assigned 
competencies for a test item. While it is rather easy to 
distinguish between taught and required competencies 
for lessons, examples, etc., it is clearly more difficult 
to distinguish for a test item which competencies are 
actually to be tested with this item and which 
competencies are prerequisites. 

Finally, the various procedures for an adaptive as-
sessment of knowledge which were developed within 
knowledge space theory (see, e.g., Doignon & Fal-
magne, 1999) and which are important for an initial 
assessment of new learner’s knowledge all have in 
common that they require an explicit knowledge struc-
ture as a basis for selecting new items to be posed to 
the learner.  
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