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Abstract

This paper suggests the combination of cognitive and structural modelling as a formal framework for intelligent learning systems. It takes up the distinction between declarative (conceptual) and procedural (action) knowledge in the sense of ACT-R. Additionally, prerequisite relations between skills of a domain are captured according to Competence-based Knowledge Space Theory. Benefits, drawbacks, and TEL applications of the outlined modelling approaches are discussed.
1. Introduction

Cognitive and educational psychology provided considerable contributions to foster the development of learning technologies that model and adapt to the knowledge of individuals [1]. Cognitive modelling, such as the ACT-R (Adaptive Character of Thought - Rational) Theory (e.g. [2]), and frameworks for structuring knowledge, such as Knowledge Space Theory (KST, e.g. [3]), have been successfully utilised for realising technology enhanced learning (TEL) systems (e.g. [4]

 REF _Ref157312835 \r \h 
[5]). 
2. Cognitive Modelling: ACT-R Theory 


The ACT-R [2]

 REF _Ref163549886 \r \h 
[6] is a production system theory for specifying how human cognition works. The central assumption is that complex cognition arises from the interplay of declarative (conceptual) and procedural (action) knowledge [6]. Declarative knowledge encodes the (conscious) factual knowledge and is represented in propositional networks. Procedural knowledge is displayed in behaviour and refers to (mostly unconscious) cognitive skills. It is represented in (if – then) production rules that operate on the declarative memory. 

The ACT-R framework has been effectively deployed to create models in domains like learning, memory, and cognitive development [6]. Also TEL systems for teaching cognitive skills have been developed; the most current among them is the Cognitive Tutor for mathematics [4]. At the core of the tutor are cognitive models of the knowledge of an ideal student, represented by production rules. These allow to understand student learning and problem solving. The tutor assesses the prior knowledge of learners and presents learning content tailored to their individual skill levels.
3. Structural Modelling: Knowledge Space Theory

KST [3][7] provides a set-theoretical framework for representing and assessing the knowledge of a learner in a certain domain. The knowledge state of an individual is the set of problems he/she is capable of solving. Due to prerequisite relationships between the problems not all potential states exist. The collection of knowledge states corresponding to those prerequisite relationships is called a knowledge structure. Besides offering personalised learning paths, dependent on the individual’s knowledge state, a knowledge structure can be at the core of an efficient adaptive knowledge assessment [3]. 
The most prominent educational technology that is based on KST is the ALEKS (Assessment and Learning in Knowledge Spaces) system [5]. ALEKS covers assessment and teaching of e.g. arithmetic and algebra. The system exploits prerequisite relationships for adaptively assessing what a learner already knows and what he/she is ready to learn next.

4. A Cognitive Structural Approach
The first step towards a ‘cognitive structural’ approach was taken by Competence-based extensions of KST (CbKST), which assume the existence of a set of cognitive skills that are required for solving problems or that are taught by learning objects (LO) of a domain (e.g. [8]

 REF _Ref163550861 \r \h 
[9]). By identifying prerequisite relationships among the skills a competence structure can be built [10]. Accordingly, a competence state is conceived as the subset of skills that a learner has available. 

The second step for realising the cognitive structural approach has been taken through the skill definition devised and applied in iClass, a current project funded by the European Commission aiming at the development of an intelligent cognitive-based open learning system adapting to the learners’ needs.

4.1. Cognitive Skill Definition
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According to the cognitive structural approach skills are represented by a declarative (concepts) and a procedural (actions) component. Take as an example the skill ‘apply the Pythagorean Theorem’. This skill consists of the concept ‘Pythagorean Theorem’ and the action ‘apply’. The concept indicates the target to which the action part refers. Such a concept is rather global, but can of course be described at a more fine-grained level. The action part of a skill will most likely be rather global, too, compared to the detailed production rules modelled within ACT-R. Actually, such an action will cover a whole chunk of production rules, which can therefore be seen as units of skills. The action part of a skill will likely recur for a range of skills that relate to different concepts. Similarly, there will usually be several skills that refer to the same concept but that cover different actions.
4.2. Structuring Skills

For establishing a competence structure, prerequisite relationships on the sets of concepts and actions have to be identified (see Figure 1). By forming the direct product and considering the order on both sets, a prerequisite structure (see Figure 2) on the skills can be imposed that entails a competence structure [11]

 REF _Ref157339629 \r \h 
[12].



One option for establishing the structures on the concepts and actions is based on the cognitive modelling approach that grounds on a detailed analysis of declarative and procedural knowledge. For concepts, the structural information of the propositional networks of ACT-R can be adopted. For actions, the differentiation of goals and subgoals within production rules impose a strong hierarchical structure on the behaviour [6]. 

Another option for gathering structuring information is to make use of the know-how of educators. For example, in instruction and curriculum planning the basic concepts of a topic and prerequisite relationships among them are available. Regarding procedural knowledge, taxonomies of learning activities can be utilised, such as Bloom’s revised taxonomy [13]. It defines six cumulative categories (remember, understand, apply, analyse, evaluate, create) of cognitive processing. The actions are structured by associating them with these categories. The action of ‘stating’ and ‘applying’ a particular theorem, for example, can be associated with the categories ‘remember’ and ‘apply’, respectively. Since ‘apply’ refers to a superior level of cognitive processing than ‘remember’, the action of ‘stating’ a certain theorem is a prerequisite for ‘applying’ it.
4.3. Benefits and Drawbacks
Cognitive modelling (ACT-R) is a valuable approach for fundamental research and analysis of human cognition, as well as for TEL. It is however questionable, whether the high involved effort is really needed in a TEL context. A structural approach (KST) is more economical, however it involves the drawback of focusing on the observable behaviour without considering underlying cognitions.
Combining both approaches in terms of a cognitive structural approach entails an efficient modelling framework that takes into account cognitive entities underlying the behaviour. For structuring skills and their components pedagogical expertise as well as existing cognitive modellings can be conducted. One drawback of the outlined approach is that until now compared to the ACT-R model it does not incorporate misconceptions. This may however be incorporated by building upon the considerations of Lukas [14]. 
5. TEL Applications

Compared to stand-alone systems and proprietary software, nowadays, service-oriented, distributed, and open systems are favoured, that lead to powerful TEL solutions. A Service Oriented Architecture (SOA) supports flexibility by independent Web services that offer functionalities and data through public interfaces. This enables TEL infrastructures to adapt to changing priorities and goals by combining, configuring, and reusing services. 
The iClass learning environment [15] constitutes an open and service-oriented system (see Figure 3). It features a collection of services for individualised and personalised TEL activities. These services profile the learner’s characteristics and monitor and assess their learning progress and skills. The key services for personalisation provide the learner with information on possible learning activities, their learning progress, their profile etc. and enable them to actively influence their learning experience. By exploiting the cognitive structural modelling of domain knowledge, the iClass system allows for adaptively assessing the skills of a learner and personalising the learning path according to the learner’s goals and preferences. 
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Figure 3: The iClass service-oriented architecture.
6. Conclusion

The outlined approach of combining cognitive modelling and structural modelling is able to take advantage of both approaches, while simultaneously avoiding their drawbacks. The cognitive structural modelling of a knowledge domain offers a sound basis for TEL as for instance realised and demonstrated in iClass. The structural aspect builds the basis for adapting and personalising knowledge assessment and acquisition. The cognitive aspect provides information about the processes and abilities that underlie the observable behaviour.
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Figure 1: Structures defined on (a) the set of concepts {c1, c2, c3, c4} and (b) the set of actions {a1, a2}.





Figure 2: Prerequisite relation on the skills induced by the structures displayed in Figure 1.
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