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Abstract. The paper calls for a consideration of students’ understanding of the 
nature of knowledge and knowing (termed their epistemic cognition) in the design 
of AIED applications in ill-defined domains. The importance of students’ 
epistemic cognition is discussed with reference to both the characteristics of ill-
defined subject matter in general, and to specific domains. It is suggested that, 
although common characteristics can be identified across many domains, the 
nature of knowledge, such as how knowledge is justified, is different in each area 
of study. Hence a domain-specific consideration is also necessary in designing 
effective applications. The paper discusses an interview-based study of 
psychology students’ epistemic cognition in the context of writing a formally 
assessed essay. The findings inform the preliminary phase in the design of a 
representational tool to scaffold student learning. Although current 
representational tools are powerful, they do not scaffold students’ epistemic 
understanding of the subject matter. The present design aims to address these 
issues. 

 
Introduction 
 
The distinction between ill-defined (or ill-structured) and well-defined subject matter 
has, typically, been made in the context of problem-solving [1]. Well-defined problems 
consist of a well-defined statement that presents all elements of the problem to the 
solver, and a finite number of operations that can be applied to reach a solution. A 
solution is unambiguously either correct or incorrect. In contrast, the initial and goal 
states of ill-defined problems are subject to interpretation, there is no formal structure 
to the problem-solving process, and the adequacy of solutions is judged against ill-
defined criteria. This distinction has been taken to the level of domain [2, 3]. Well-
defined domains are defined as those in which many phenomena are described 
consistently across cases by scientific principles and formal models. Examples of such 
domains are chemistry and physics. Ill-defined domains are those in which the 
phenomena under investigation cannot be conceived of within a well-defined 
framework, as the concepts involved cannot be ascribed a well-defined meaning. 
Moreover, the methods of investigation and analysis are subject to the same ill-
definedness. Examples of such domains are psychology, philosophy, art and history. 



 

Kitchener [4] discusses the different processes involved in solving well-defined and ill-
defined problems and argues that solving ill-defined problems is different in that it 
engages a level of processing above cognition and metacognition, which she terms 
epistemic cognition. This level of cognitive processing “is characterised as the 
processes an individual invokes to monitor the epistemic nature of problems and the 
truth value of alternative solutions” (p.225). There is a growing body of research on 
people’s, particularly students’, epistemic cognition under a variety of terms, such as 
epistemological beliefs, personal epistemology and epistemic resources [5-8]. At the 
risk of simplifying a complex concept, it can be said that a sophisticated understanding 
of knowledge and knowing entails an understanding of the complex, socially 
constructed nature of knowledge. Findings strongly suggest that epistemic cognition is 
linked to academic learning, and that the majority of students lack such an 
understanding of knowledge [9]. 

The paper first considers the characteristics of ill-defined domains and the 
difficulties they pose to learning. The concept of epistemic cognition and the 
importance of considering it in the design of AIED applications are then discussed 
within the context of ill-defined domains. More specifically, epistemic cognition is 
discussed in relation to both the general characteristics of ill-defined domains and the 
nature of knowledge and knowing within specific domains. It is argued that there are 
important domain differences in how knowledge is developed and how it is justified. 
Hence, it is suggested that, although ill-defined domains share common characteristics, 
it is necessary to also consider the nature of knowledge in specific areas of study when 
designing AIED applications. The paper then focuses on the domain of psychology and 
discusses preliminary design considerations of a representational tool to scaffold 
student learning. The design is grounded in an interview-based study of psychology 
students in higher education. 

 
1. Ill-defined domains 
 
1.1. Characteristics of ill-defined domains 
 
The notion of ill-definedness has been considered, predominantly, within the context of 
problem-solving, but also at the level of domain [2, 10]. Similar characteristics have 
been identified at both levels of analysis. This section considers two analyses that come 
from an educational perspective. Jonassen [11] defines ill-defined problems by the 
following criteria: (a) they involve unknown elements, (b) there exists no 
unambiguously correct solution, there may be multiple solutions or no solution, (c)  
many paths exist to solving the problem, the validity of which cannot be judged by 
absolute criteria, and (d) solvers are often required to make personal judgements. 
Lynch et al. [10] consider ill-definedness at the level of domain and identify the 
following five characteristics from a review of the literature: (a) the lack of 
unambiguous criteria by which to verify the validity of solutions to problems, (b) that 
the development of formal theories is not compatible with the nature of ill-defined 
domains, (c) that even at a novice level solving problems in ill-defined domains 
involves a process of design and not application of formal theories, (d) the ubiquity of 
concepts that cannot be ascribed an absolute definition, and (e) that problems cannot be 
decomposed into independent subproblems. Both the above analyses consider similar 



 

issues. Ill-defined subject matter is characterised by concepts that cannot be ascribed a 
precise meaning. Hence the issues we are dealing with, how we reason with them, and 
how we evaluate our reasoning, also cannot be defined precisely. 
 
1.2. Learning in ill-defined domains 
 
Even within a constructivist framework, students must be given some form of ‘building 
blocks’ with which to construct. These ‘building blocks’ must be accepted by the 
learner at face value, because they form the domain itself, the questions that are asked 
and the ways in which these are addressed. Learners must comprehend what the 
knowledge constructing enterprise within the given domain is about and what tools are 
used to develop knowledge, before they can go on to develop their personal 
understanding of it. Given the above characteristics of ill-defined domains, these 
‘building blocks’ cannot be defined precisely. The complexity and ambiguity are 
present at the novice level. Understanding knowledge in ill-defined domains and how 
to construct it requires an understanding of how to work with this complexity and 
ambiguity to reach conclusions. In other words, understanding the processes involved 
in justifying knowledge. This relates to one’s understanding of the nature of knowledge 
and knowing (epistemic cognition), which is discussed in the following section. 

 
2. Epistemic cognition 
 
2.1. Defining epistemic cognition and its importance in learning 
 
Epistemic cognition is a slippery concept that is difficult to discuss in concrete terms. It 
is, broadly, defined as people’s ideas about the nature of knowledge and knowing [9]. 
It is, typically, conceived of as deriving from philosophical epistemology, which is 
concerned with the nature of knowledge, its sources and limits [12]. Beginning with 
William Perry’s [8] empirical work on students’ intellectual development, educational 
psychologists became interested in individuals’ understanding of the nature of 
knowledge and knowing. However, the link between philosophical epistemology and 
epistemic cognition is not direct, although this is not clear in the literature. Epistemic 
understanding is conceived of in an educational sense. For example, when considering 
people’s ideas about the source of knowledge, researchers are not referring to their 
beliefs about the fallibility of the senses, but to their understanding of knowledge as 
something that is constructed by the learner, rather than coming from authority. For the 
purpose of illustrating what epistemic cognition refers to (though an 
oversimplification), it can be said that conceptions range from viewing knowledge as a 
direct representation of an objective truth, to understanding that knowledge is relative 
to methods of observation and conceptual analysis with some positions better 
supported than others. 

Several theoretical frameworks have been developed to describe this aspect of 
people’s thinking (e.g. personal epistemology [9], epistemological resources, [5], 
epistemological beliefs [6]). Although there are similarities, in essence, each approach 
reflects a different conceptualisation and each dictates a different methodological 
approach. These differences are fundamental. Is epistemic cognition a trait-like 
characteristic that develops in ‘stages’, a multidimensional system of independent 



 

beliefs, or a set of context-dependent resources? Can it be ‘measured’ independently of 
context by interviews and questionnaires, or only deduced from specific contexts? This 
lack of a coherent theory and methodology has impeded research into this important 
aspect of learning going beyond a narrow audience within educational psychology. 
However, despite this theoretical abstruseness, research to date strongly suggests that it 
plays a significant role in learning. Empirical findings have related epistemic cognition 
to various aspects of learning, such as cognitive processing strategies, conceptual 
change learning and academic achievement (see [9] and [13] for an overview of the 
main frameworks and empirical work). 

The approach adopted in the present research will be described at a general level, 
as it is beyond the scope of this paper to consider theoretical issues in detail. Epistemic 
cognition is defined here as people’s understanding of how knowledge is justified 
(what makes a belief knowledge). In other words, not only a high level idea that some 
positions are better supported than others, but an understanding of why. It is conceived 
of as a context-dependent conception and not a stable belief that guides behaviour. In 
accordance with a sociocultural approach, it is postulated that epistemic cognition is 
formed through the way that knowledge is communicated to learners from experts, 
written materials, and their discussions with peers. The implications of this are that the 
way that we design teaching applications will impact on how learners understand the 
nature of the subject matter. And that, in order to understand how students’ conceptions 
are formed and how we might support a more ‘sophisticated’ understanding, we need 
to study how they engage with subject matter in specific educational contexts. 
 
2.2. Epistemic cognition in relation to ill-defined domain characteristics 
 
A theoretical analysis places epistemic cognition at the centre of learning in ill-defined 
domains. Students’ understanding of how knowledge is justified will determine their 
conception of what domain knowledge is and how to go about understanding it. For 
example, students that conceive of knowledge as a direct representation of reality that 
is justified by direct observation will likely seek the ‘truth’ amongst conflicting 
interpretations and alternative solutions. For example, a history student that views 
knowledge as accurate accounts of past events will likely conceive of knowledge 
constructing as identifying the truth in historians’ interpretations. Even if students 
understand that knowledge is a socially constructed representation that emerges from 
considering empirical evidence and reasoned argument, they may not fully understand 
how empirical evidence is based on theoretical frameworks. For example, a psychology 
student that understands that ‘intelligence’ can be defined in many ways, but lacks an 
understanding of the dependency of empirical evidence on the method by which it was 
collected, is likely to draw unjustified conclusions from it.  

Therefore, in communicating the nature of ill-defined subject matter, we need to 
also communicate to students that concepts can be defined, valid solutions can be 
reached in spite of uncertainty, and that personal judgements need to be justified. There 
is strong evidence that many students view knowledge as ‘discovery’ of reality or an 
utterly subjective enterprise [9]. Thus we need to consider what conception students are 
forming from the educational experiences we design and how we can support them in 
understanding how knowledge is constructed. This should be considered at the level of 
domain. Each domain deals with different areas of experience and so the nature of the 



 

subject matter and, consequently, how knowledge of it is justified are different, as 
discussed in the following section. 
 
2.3. Epistemic cognition in relation to specific domains 
 
Although domains can be classified as well-defined or ill-defined, there are important 
differences between them. For example, the design of a usable interface to an airport 
control system, answering a question on the impact of colonisation on the culture of 
aborigines, critiquing the literary status of a particular novel, diagnosing a medical 
condition, considering the legal justification of a war, and considering the influence of 
the home environment on children’s self-esteem, are all ill-defined subjects. However, 
the nature of knowledge in each is quite different, as is the process of answering them 
and justifying the validity of that answer. For example, what counts as justification in 
philosophy is reasoned argument, what counts as justification in cognitive science is 
empirical evidence derived from a reasoned theoretical framework, and what counts as 
justification in a court of law is reasoned argument based around empirical evidence 
that is of a different nature. 

Knowledge domains have been categorised along other dimensions, such as 
Biglan’s [14] classification along the hard/soft, pure/applied and life/non-life 
dimensions. Each categorisation will necessarily generalise on domain differences. The 
well-/ill-defined dimension is not criticised as irrelevant. Rather, it is argued that if the 
aim of AIED applications is to teach domain knowledge, this distinction is not 
adequate on its own, particularly if we consider what the nature of knowing is in each 
domain. 

 It is a difficult task to consider the nature of knowledge and knowing. This is not 
least because there is no correct way of conceiving of it. Scientists, science educators 
and philosophers of science disagree between and amongst themselves about the nature 
of human knowledge [15]. Moreover, ill-defined domains in particular are 
characterised by the lack of a single paradigmatic approach to knowledge development. 
However, this does not mean we can ignore the issue. In designing educational 
technology we need to consider what conception of knowledge and knowing we are 
communicating to learners. 
 
2.4. The design of AIED applications to support epistemic understanding 
 
Research within the AIED community has considered the impact on learning of many 
learner characteristics, such as motivation and metacognition [16]. Particularly as there 
is an increased interest in designing applications for ill-defined domains, it is timely to 
consider the impact of epistemic cognition on learning. This is not meant to imply that 
epistemic cognition is not relevant to learning within well-defined domains. For 
example, there is substantial research that investigates how to convey the notion of 
“science-in-the-making” as opposed to “science-as-discovery”, particularly within the 
context of collaborative systems [17]. However, it is especially relevant to teaching ill-
defined subject matter, as working with knowledge from a novice level requires an 
understanding of the relative validity of different theoretical ideas and methodological 
tools. 

Computer technology is potentially well-suited to teaching the epistemic nature of 
ill-defined subject matter [2, 18, 19]. For example, non-linearity allows the context-



 

sensitivity of concept definitions to be illustrated by linking multiple definitions of 
concepts to different contexts. The structure of arguments and counterarguments can be 
represented visually. Case studies and evidence for and against a claim can be 
represented in various mediums. The strength of links between claims and arguments 
or evidence can be represented diagrammatically. 

Some research into collaborative systems has considered learners’ epistemic 
understanding [17]. This has focused on issues of representing knowledge to learners. 
For example, Belvedere [20] allows students to link hypotheses to data that support or 
falsify it. SenseMaker [17] uses argument maps to scaffold an understanding of the 
relationship between theory and evidence. However, such systems to date have focused 
on well-defined domains. Mapping representations have been used to represent ill-
defined domains (for example [21, 22]), and although they are complex and powerful, 
their design does not relate to an epistemic understanding of the subject matter. Some 
systems scaffold an understanding of the complexity and structure of the subject matter 
[23], but not an understanding of the validity of claims and how this is assessed. The 
aim of the research described in the following sections is to explore how students’ 
epistemic cognition shapes their approach to constructing knowledge of ill-defined 
subject matter in the domain of psychology. The further aim is from this research to 
develop a representational tool to explore how engaging them in representing material 
in a particular way might challenge their conceptions of the nature of knowledge.  

 
3. A study of students’ epistemic cognition in psychology in higher education 
 
3.1. Study description 
 
3.1.1. Study design 
 

The aim of the study was to explore the impact students’ epistemic cognition may have 
on the way they approach learning in an ill-defined domain. The domain was 
psychology, and the learning context was a formally assessed essay. Essay writing is 
not simply a process of utilising knowledge that has already been constructed (as in an 
exam), but involves a process of research and learning. Thus it allowed the opportunity 
to explore how students’ epistemic cognition might shape the learning process within 
this context. 
 
3.1.2. Participants 
 

Eight participants were recruited from psychology courses at the University of Sussex 
that required them to write an essay as part of their formal assessment. Half were 
undergraduate students in their second year of study (all female with an age range of 20 
to 41) and the other half were taught postgraduate students (3 female and 1 male with 
an age range from 25 to 37). They were paid for their participation in this study. 
 
3.1.3. Data collection 
 

Participants were interviewed twice, once before and once after they had completed 
their essay. Interviews were semi-structured and lasted approximately 45 minutes. 
They were asked to keep any handwritten notes, keep track of literature searches and 



 

also include diary-like comments on anything that stood out during the writing process. 
They were also required to write their essay on a Microsoft Word document that was 
set-up with a macro to save a version of the document every 15mins. 

The first interview focused on the essay writing process and included questions on 
their view of essay writing as a form of formal assessment, their perception of what 
structure an essay should have, commonalities in their writing process from past 
experience, and the tools they use (e.g. paper, mind-maps, word-processing). The 
second interview focused on the way they organise the material and prompted them to 
explain the specific subject of their essay, whether they have formed an opinion on the 
subject, whether they believe it is possible to form an opinion, their assessment of their 
knowledge and how they justify this assessment. 
 
3.1.4. Missing data 
 

Participant G dropped out after the first interview. The data from the Microsoft Word 
logs was incomplete for participants E, F and H, and participant B did not use the 
correct file. 
 
3.2. Study findings and design implications 
 
The data was analysed as separate case studies, as the small number of participants did 
not allow for any aggregation or statistical analyses. The aim was an in-depth analysis 
of individual students’ approach. The analysis is not yet complete, so this section does 
not present the final findings from the study, only a subset. It is also beyond the scope 
of this paper to consider the theoretical aspect of the analysis that relates to the 
definition and study of epistemic cognition. Space limitations do not allow a detailed 
consideration of each case study or even the report of detailed quotes from the 
interviews. However, meaningful themes can be drawn out from the data. A few of 
these are presented together with design implications for a representational tool. 
 
3.2.1. Knowing does not involve having a personal perspective 
 

Participants B, C, D, E, F and H emphasise their lack of expertise that prevents them 
from being able to critique research findings. Participant E says she may sometimes 
disagree with experimental design, but would not have a better idea of how to design 
the study. Participant D reports she has great difficulty in forming her own opinion, as 
there is always conflicting evidence. Moreover, in the way they approach researching 
and writing their essays they do not appear to be trying to form their own opinion of 
the material. The issue is not that they report they cannot claim an opinion. Rather it is 
that, despite this, they mostly rate their knowledge as high. This indicates, that 
knowing for them is equated with knowing of ‘stuff’, of experts’ opinions within the 
field, not of forming their own conception of it. It can of course be argued that, 
although the interview questions emphasised a broader context of knowing outside of 
the given assignment, they were possibly considering knowledge within the limits of 
their student status. However, although they cannot be expected to have such depth of 
understanding, as learners it should be something they strive for and consider part of 
knowing. A representational tool that highlights agency in knowing as a part of a 
knowledge representation may at least probe them to consider a more active role of 
themselves as learners in the knowledge constructing process. One way of achieving 



 

this might be to require students to evaluate their confidence in the certainty of claims 
and the degree to which they understand the links between claims and empirical 
evidence (possibly using a colour coding scheme). For one participant at least, the 
interviews suggest that when asked to elaborate on their knowledge they began to 
question their knowledge (“yeah, quite a lot I don’t know actually”). 
 
3.2.2. Considering the context of knowledge 
 

Some participants indicated they had difficulty understanding the context-dependency 
of ill-defined concepts. For example, participant C does not consider the specific 
definitions of educational practice and culture that are adopted in the research she 
discusses and that this is only a subset of possible definitions. She does discuss the 
relative validity of different studies. However, only in terms of problems with their 
design, not the theoretical framework they are based upon. Participant E discuses that 
there are many factors that could be impacting on the social problem of bullying, but 
does not consider the contextual issues in the study of these factors. A representational 
tool could highlight this context-dependency of concept definitions by prompting 
students to specify how they were defined in a particular study. This could also 
highlight issues in comparing findings across studies and how, in the domain of 
psychology, the conceptual analysis of an issue impacts on what is considered 
important in empirical investigations. 
 
3.2.3. Dealing with an unlimited conceptual space 
 

Unsurprisingly, participants found it hard to narrow down the essay question to a scope 
they could manage. Participant C deals with this difficulty by first deciding what she 
wants to say, according to what argument she thinks is easiest to support, and then 
fitting the evidence to support her argument. She says “when writing your paper you 
can tweak it to make it look more valid, use stuff that supports your point and leave 
stuff that doesn’t”. The scope of her paper is quite limited, though she does not 
consider this an issue, and her self-assessment of her knowledge on the question is very 
high. Participant D talks in some detail about the difficulties she encountered when 
beginning a university course in history, where there was far less structure in the 
material that was given to her. She spent hours reading information, unable to filter 
through what was relevant. She has now consciously adopted the strategy of first 
reading textbooks and deciding what she wants to say and then focussing on specific 
research articles. She gives quite a broad overview of the topic, and indicates she has 
difficulty conceiving of it in a narrow sense. She says that the more she thinks about it 
the more things there were to include. Both participants face difficulty with the lack of 
boundaries in the conceptual analysis of the essay question. One could legitimately 
question how much understanding participant C has gained from the experience, as she 
deals with the difficulty by treating the exercise as a ‘game’. Participant D attempts to 
form a broader picture of the issues, but is overwhelmed and is unable to integrate all 
the information into an understanding of her specific topic. She still, also rates her 
knowledge as quite high.  

Both participants may be assisted by representing the broader picture of the issues, 
not only of the areas they have read about, but also of those that they are aware exist, 
but they have not had the time to study. Also indicating their perceived level of 
understanding in each area might also help to guide their learning. In the case of 



 

participant C, it may help her understand the limited scope of her conceptual analysis 
and possibly prompt her to re-evaluate her assessment of her knowledge. Participant D 
may be aided in visualising what she does know and the adequacy of this for the 
purposes of the given essay, as opposed to fearing that she has not covered enough 
material. She may then be able to integrate and make sense of the material that she has 
covered. 

The issue is that they are novices and, obviously, cannot cope with the full scope 
and complexity of the material. But they also have no conception of what their scope of 
understanding is or any guidance as to what level of consideration is appropriate. 
Knowledge of the specific issue cannot be isolated, it is embedded in the larger picture, 
which D is aware of, but does not know how to cope with, and C does not appear to be 
aware of. There is a need to represent that knowledge cannot emerge from a narrow 
consideration of a topic, but, equally, does not require a consideration of every 
conceivable issue. 
 
3.3. Study limitations and future steps 
 
The small number of participants allowed an in-depth analysis of their experience in 
this specific learning context. It also meant that the extent to which the findings can be 
generalised is limited. However, the results suggest that these students at least were 
facing difficulties in understanding the nature of their subject and that this had an effect 
on the particular learning experience. Given the ubiquity of essay writing as a form of 
formal assessment in higher education, this will not be a problem confined to a handful 
of learning experiences. We need to consider how the way we are representing 
knowledge to students, and the way we are asking them to represent their own 
knowledge, impacts on their thinking and learning. 

The design process of the current tool is still at the early stages. Further research 
will explore what representations may be more effective in communicating a desired 
conception of knowledge and knowing. At the moment it is conceived of as a concept-
mapping tool that students will use during the researching and writing of an essay. It 
will require them to identify aspects of their thinking such as their conceptual analysis 
of the relevant issues, the sources on which they based this and the adequacy of it. It 
will also include a representation of the empirical evidence that they use to support 
claims and how it addresses the issues identified in the conceptual analysis. It will also 
prompt them to rate (and possibly justify) their understanding. The results of an 
evaluation of such a tool will inform whether requiring students to represent their 
knowledge within a particular framework can influence the way they conceive of it. 

 
4. Concluding comments 
 
The aim of this paper was to highlight the importance of epistemic cognition in 
learning in ill-defined domains. Domains differ in the way they justify knowledge 
claims and this is an integral part of developing domain knowledge. There are, of 
course, many factors that affect learning in any given context. Research within the 
AIED community has evolved from its early roots in intelligent tutoring systems to 
designing technology-enhanced learning contexts of increasing complexity, such as 
collaborative learning and augmented reality. It has also expanded into a theoretical 



 

framework of learning that goes beyond the cognitive to include the metacognitive and 
motivational aspects of learning. The present research takes this a step further and calls 
for an exploration of how students’ epistemic cognition impacts on learning and how 
the design of AIED applications can scaffold students understanding of the nature of 
knowledge and knowing. 
 
References 
 
[1] Jonassen, D., Instructional Design Models for Well-Structured and Ill-Structured Problem-Solving 

Learning Outcomes. Educational Technology Research and Development, 1997. 45(1): p. 65-94. 
[2] Spiro, R.J., et al., Cognitive flexibility, constructivism, and hypertext: Random access instruction for 

advanced knowledge acquisition in ill-structured domains. Educational Technology, 1991. 31: p. 24-33. 
[3] Aleven, V., et al. Proceedings of the Workshop on Intelligent Tutoring Systems for Ill-Defined 

Domains. in 8th International Conference on Intelligent Tutoring Systems. 2006. Jhongli (Taiwan): 
National Central University. 

[4] Kitchener, K.S., Cognition, metacognition, and epistemic cognition. Human Development, 1983. 26: p. 
222-232. 

[5] Hammer, D. and A. Elby, On the Form of a Personal Epistemology, in Personal Epistemology: The 
Psychology of Beliefs about Knowledge and Knowing, B.K. Hofer and P.R. Pintrich, Editors. 2002, 
Erlbaum: Mahwah, NJ. p. 169-190. 

[6] Schommer-Aikins, M., Explaining the Epistemological Belief System: Introducing the Embedded 
Systemic Model and Coordinated Research Approach. Educational Psychologist, 2004. 39(1): p. 19-29. 

[7] Baxter Magolda, M.B., Evolution of a Constructivist Conceptualization of Epistemological Reflection. 
Educational Psychologist, 2004. 39(1): p. 31-42. 

[8] Perry, W.G., Forms of intellectual and ethical development in the college years: A scheme. 1970, New 
York: Holt, Rinehart & Winston. 

[9] Hofer, B.K. and P.R. Pintrich, The development of epistemological theories: Beliefs about knowledge 
and knowing and their relation to learning. Review of Educational Research, 1997. 67(1): p. 88-140. 

[10] Lynch, C., et al., eds. Defining Ill-Defined Domains: A Literature Survey. Proceedings of the Workshop 
on Intelligent  Tutoring Systems for Ill-Defined Domains at the 8th International Conference on 
Intelligent Tutoring Systems, ed. V. Aleven, et al. 2006, National Central University: Jhongli (Taiwan). 

[11] Jonassen, D., Towards a Design Theory of Problem Solving. Educational Technology Research and 
Development, 2000. 48(4): p. 63-85. 

[12] Dancy, J., An Introduction to Contemporary Epistemology. 1985, Oxford: Blackwell. 
[13] Hofer, B.K. and P.R. Pintrich, eds. Personal Epistemology: The Psychology of Beliefs about Knowledge 

and Knowing. 2002, Lawrence Erlbaum Associates, Inc.: Mahwah, NJ. 
[14] Biglan, A., Relationships between subject matter characteristics and the structure and output of 

university departments. Journal of Applied Psychology, 1973. 57(3): p. 204-213. 
[15] Alters, B.J., Whose Nature of Science? Journal of Research in Science Teaching, 1997. 34(1): p. 39-55. 
[16] Looi, C.-K., et al., eds. Artificial Intelligence in Education: Supporting Learning Through Intelligence 

and Socially Informed Technology. 2005, IOS Press: Amsterdam. 
[17] Sandoval, W.A., et al., Designing Knowledge Representations for Learning Epistemic Practices of 

Science, in The Annual Meeting of the American Educational Research Association. 2000: New 
Orleans. 

[18] Jacobson, M.J. and R.J. Spiro, Hypertext Learning Environments, Cognitive Flexibility, and the 
Transfer of Complex Knowledge: An Empirical Investigation. Journal of Educational Computing 
Research, 1995. 12(4): p. 301-333. 

[19] Jonassen, D., Using Cognitive Tools to Represent Problems. Journal of Research in Technology and 
Education, 2003. 35(3): p. 362-381. 

[20] Suthers, D.D., Towards a Systematic Study of Representational Guidance for Collaborative Learning 
Discourse. Journal of Universal Computer Science, 2001. 7(3). 

[21] Nicholson, P. and R. Johnson, MetaMaps: Assessing, understanding of large, complex or distributed 
knowledge domains. Education and Information Technologies, 1999. 4(3): p. 297-312. 

[22] McAleese, R., The Knowledge Arena as an Extension to the Concept Map: Reflection in Action. 
Interactive Learning Environments, 1998. 6(3): p. 251-272. 

[23] Pinkwart, N., et al. Towards legal argument instruction with graph grammars and collaborative 
filtering techniques. In M. Ikeda, K.D. Ashley, & T.W. Chan (Eds.) Proceedings of the 8th 
International Conference on Intelligent Tutoring Systems. 2006. Berlin: Springer Verlag. 

 



A Framework for Building Intelligent Learning 
Environments in Ill-defined Domains 

Vu Minh Chieu a, Vanda Luengo b, Lucile Vadcard b, and Dima Mufti-Alchawafa b 
vmchieu@umich.edu, {Vanda.Luengo, Lucile.Vadcard, Dima.Mufti}@imag.fr 

a School of Education – University of Michigan, United States 

b Laboratoire CLIPS – UMR CNRS/UJF/INPG 5524, France 

Abstract. A critical problem of instruction in ill-structured and complex domains has been how to help stu-
dents attain a deep understanding of a complex concept. Solutions for this problem are usually very costly. 
For example, the practical course in medical education often requires one-to-one assistance of the expert-
teacher for the student to be able to account for a great diversity of complex and real clinical situations. Intel-
ligent learning environments could provide significant help for instruction in ill-defined domains. In this pa-
per, we show how to exploit advanced technologies such as temporal Bayesian networks and computer-based 
simulations to help the student in advanced learning of complex concepts such as the sacro-iliac screw fixa-
tion in orthopedic surgery. 

Keywords. Intelligent tutoring systems, student modeling, didactics modeling, medical education, 3D com-
puter-based simulations. 

Introduction 

An ill-structured and complex domain is a domain in which cases or examples are diverse, irregular, and 
complex [18]. Advanced learning in ill-structured and complex domains such as medicine and literature 
gives rise to a difficult problem: What one has to do to attain a deep understanding of a complex concept 
[18]. Deep understanding means that students are prepared to be ready to apply conceptual knowledge in a 
domain where the phenomena occur in irregular patterns, and to use knowledge in a great variety of ways 
that may be required in a rich domain. In France, for example, the training of the sacro-iliac screw fixation in 
orthopedic surgery (Figure 1) is usually organized into two separate courses: (1) a theoretical course in 
which students are engaged in the acquisition of declarative knowledge (e.g., definitions and examples of 
key concepts), (2) an important practical course in which students are engaged in the acquisition of proce-
dural and pragmatic knowledge (obtained by experience) with costly one-to-one assistance of an experi-
enced surgeon-teacher (e.g., the application of concepts in a diversity of real clinical cases). We consider the 
sacro-iliac screw fixation as a concept in an ill-defined and complex domain because there are many differ-
ent solutions and different ways to arrive at the same solution to a given problem, some or which might not 
be in the “mind” of the expert surgeon-teacher, that is, some solutions and/or ways to arrive at solutions are 
not predictable. 

 
Figure 1. Sacro-iliac screw fixation allows posterior lesions of the pelvic ring of the hip bone to be fixed to the body of S1. This may be 
performed percutaneously. The danger is a screw course outside of the bone with risk of injury to the lumbo-sacral trunk (1) and the 
roots of the cauda equina (2). 

In earlier work [19], we have shown the importance of a bridge between the previous two courses: an 
intelligent learning environment as an intermediate phase of learning, which provides an operative dimen-
sion of knowledge before the real situation. Several authors have also claimed that the introduction of com-
puters could provide significant help in medical education [6], but on the condition that real underlying edu-
cational principles are integrated [8], and particularly that individual feedback is stressed [14]. The critical 
question in this paper is how the intelligent tutoring system can provide learners with appropriate feedback 
on their solutions, especially on the ones that are not predictable. 



In this paper, we present a technological framework that could be used to build intelligent learning en-
vironments in ill-defined domains. It is mainly based on an appropriate use of computer-based simulations, 
temporal Bayesian networks, Web semantic, and fine-grained analysis of didactics1. To show the usefulness 
of the framework, we illustrate the development of TELEOS (Technology Enhanced Learning Environment 
for Orthopedic Surgery). 

In the following sections, we first introduce theoretical framework for the design of our learning envi-
ronment. Secondly, we present the main results of our didactical analysis. Thirdly, we show the development 
of a multi-agent platform including a simulation agent, a diagnosis agent, a didactical decision agent, a Web 
course agent, and a clinical cases agent, which are the core of the learning environment. Finally, we discuss 
our framework regarding related work and we show promising directions for future research. 

1. Theoretical Framework 

We take as a fundamental hypothesis for our research that “Errors are not only the effect of ignorance, of 
uncertainty, of chance […], but the effect of a previous piece of knowledge which was interesting and suc-
cessful, but which now is revealed as false or simply not adapted” (Brousseau’s theory of didactical situa-
tions, [3]2, p. 82). In other words, a misconception has a domain of validity, otherwise it would not exist as 
such. Therefore, the key difference between a misconception and a knowing is that for the former there ex-
ists a refutation that is known at least to an observer.  

Brousseau’s theory goes even beyond the fact of recognizing mental constructs source of errors as 
knowings. It states that some of these knowings likely to be falsified are necessary to learning: the student’s 
trajectory may have to pass by the (provisional) construction of erroneous knowings because the awareness 
of the reasons why a knowing is erroneous is necessary to the construction and understanding of a new 
knowing.  

For us, according to the previous theory, the “milieu” for the apprenticeship must be organized to foster 
learning by producing relevant feedback to the learner’s actions. We assume that the system can produce 
relevant feedback for the apprenticeship if it reacts regarding an internal validation of the learner’s solution 
process. In other words, the system feedback is based on local consistency checks of the learner’s actions 
rather than on an expert’s a priori solution [11]. 

For didactical analysis and knowledge representation, we base our work on the cK¢ (conception, 
knowledge, and concept) model that provides a computational framework for didactical research [2]. We 
choose this model because of two main reasons: (1) it is adapted to our working hypothesis concerning the 
essential role of the controls in the action; and (2) it facilitates the analysis of the knowledge to be formal-
ized and implemented in the system. 

The aspect of this model that concerns our work is the conception conceptualization (conception is the 
instantiation of the knowing ascribed to a subject by a situation). It conceptualizes a conception as: a set of 
problems (P); a set of operators (R) involved in solutions of problems from P; a representation system (L) 
allowing the representation of P and R; a control structure (Σ). The first three components are the key fea-
tures identified by Vergnaud ([21], p. 145) in order to characterize a concept. The fourth one is introduced 
for the following reason: Validation is a key aspect of problem solving, so the presence of the control struc-
ture (Σ) in the previous conceptualization aims at making a meta-level explicit, with respect to action. The 
crucial role of control in problem solving has already been pointed out (e.g., [16]): the control elements al-
low the subject to decide whether an action is relevant or not, or to decide that a problem or sub-problem is 
solved. Thus, a problem-solving process can be described as a succession of solving steps: σ(r(p(l))) with 
σ∈Σ, r∈R , p∈P, and l∈L. We illustrate more about our formalization in the following section about didac-
tical analysis. 

2. Didactical Analysis 

The aim of the didactical analysis is to identify the quadruple (P, R, L, Σ) and relationships among its com-
ponents. In the teaching of complex and ill-defined domains such as medical education, didactical analysis 
must be hard because of the complexity of knowledge in those subject domains [19]. For instance, it is not 
easy for the expert surgeon to describe the correct process of sacro-iliac screw fixation completely. To vali-
date a solution in a particular case (e.g., the patient with a very hard bone), the expert surgeon sometimes 
                                                             

1 Didactic mentioned in this paper is an originally francophone term, which designates the study of teaching and knowledge acquisi-
tion in different subjects. Didactic is thus different from pedagogy by the central role of the subject contents and by its epistemological 
dimension (i.e., the nature of knowledge to be taught). 

2 This reference is the most important one in English, which was translated from a French version. The French versions were pub-
lished earlier (1978, 1982, 1988, etc.). 



uses pragmatic knowledge, which has not been described in any theoretical courses. For example, here is the 
expert's explication to the learner about one of the X-rays, taken at the mid-course of the problem-solving 
process: 

So, here you've got the two dense lines, you see, there, but on the other hand it [the pin] is a bit too much behind... 
you see, it is a bit too much behind, it should have been much more by here, but the entry point is ok, we won’t 
modify it, but do not pass over the midline, furthermore he [the patient] has got a very hard bone, so you 
don’t need to have a very well anchored threading. 

The bold-font text in the previous extract shows a part of the expert's professional experience (pragmatic 
knowledge). It should be noted that the previous solution has not been in the “mind” of the expert surgeon-
teacher until he or she encounters this situation in practice. This kind of decision is more or less common in 
complex and ill-defined domains [19], meaning that pragmatic or tacit knowledge plays a key role in those 
domains [24]. Thus, on the one hand it is important to help the student mastering pragmatic knowledge. On 
the other hand, because the student may use this kind of knowledge (correctly or incorrectly) during his or 
her solution validation, it is also critical to take it into account in student diagnosis in order to give relevant 
feedback to the student. 

The approach we used for didactical analysis is based on the framework proposed by Pastré [12] in 
which the author has advocated that, to improve the professional ability of the learners, it is necessary to be 
able to analyze how their action is organized, which knowledge and which strategies they apply, which ob-
stacles they encounter. In other words, it is necessary to be able to make a cognitive analysis of applied 
competences and their development. According to the approach, the analysis process is composed of two 
main consecutive phases: the preparation phase and the observation and interview phase. The aim of the 
preparation phase is to master background knowledge of the subject domain in order to best prepare for the 
observation and interview phase, which in turn helps to collect subject domain knowledge as maximally as 
possible, including declarative, procedural, and especially pragmatic knowledge. At the moment we were 
writing this text, 6 sacro-iliac screw fixation interventions had been videotaped and analyzed. Because pro-
cedural knowledge in sacro-iliac screw fixation is quite simple, we take into account only declarative and 
pragmatic knowledge in this work. Table 1 shows the main results of the analysis. The controls have been 
systematized by our didactical researcher, and almost all of them, especially pragmatic ones, have been vali-
dated with an expert surgeon-teacher. 

Table 1. Problems, operators, controls, and representation system in sacro-iliac screw fixation 

Problems In sacro-iliac screw fixation, the validation of a solution depends on the characteristics of the problem, for 
instance, the type of the pelvis fracture, the bone quality of the patient. We name those characteristics "di-
dactical variables" [3]. In our point of view, taking into account the didactical variables is useful for creating 
the set of problems, which can be used to devise learning situations for the student. Examples of problems 
include “validate a predefined trajectory for a sacrum fracture with normal-density bone”, “define a 
trajectory for a pure disjunction with normal-density bone”.  

Operators The didactical analysis allows the detailed description of the process of sacro-iliac screw fixation, which can 
be summarized as follows. The surgeon first inserts a guide pin in the bone through the skin (percutaneously, 
i.e., without incision). He makes the pin progressing in the bone, taking several X-rays to validate the pin 
course at different steps of the progression. During this phase (pin insertion), several attempts can be made 
by the surgeon. Once the pin’s trajectory gives satisfaction, the screw fixation phase will be performed: a 
screw is inserted along the pin, which will make the right bones’ compression for the treatment of the frac-
ture. Last, the pin is retired and one suture point is made to close the pin’s entry point. Concerning the teach-
ing and learning of this kind of intervention, we determine that the most crucial phase is the pin insertion. 
So, the operators we identified are: introduce an entry point, orientate the pin, advance the pin, take an 
inlet view, take an outlet view, take a lateral view, take a face view, restore (i.e., put the pin back to the 
previous chosen entry point and direction), and validate the pin course. Note that the combination of the 
four views helps the surgeon examine the surgical situation as completely as possible.  

Controls Presently, we have identified about 100 controls organized into two groups, according to their epistemologi-
cal dimension, for example, “if the pin is well positioned, then it is up the anterior cortical bone of the 
iliac wing on the inlet view” (Σ8, declarative control), “if the pin touches the anterior cortex of the pars 
lateralis sacri on the inlet view then it is too ventral on the body of the patient” (Σ14, pragmatic control). 

Representations These are also important, but we have not studied them yet for the time being. 

Note that the main difference between the surgeon-teacher (an expert) and the surgeon-learner (a nov-
ice) is that the teacher has almost all of the controls in her "mind", and for each control she knows how and 
when to use it correctly for her decision, whereas the learner may not have some controls in his "mind", and 
sometimes he uses a control incorrectly for his decision: out of its validity domain. For instance, after per-
ceiving that the pin comes too near from one precise anatomic part of the pelvis bone (e.g., its anterior cor-
tex) on the inlet view, meaning that the pin is “too low” on the inlet view, the expert with Σ14 (if the pin 
touches the anterior cortex of the pars lateralis sacri on the inlet view then it is too ventral on the body of the 
patient) in the mind decides to restart and corrects the entry point downwards (which is valid in the context 
of sacro-iliac screw fixation), whereas the novice may not have that control in the mind (and thus not correct 
the pin course) or may have correct understanding of that control (and act as does the expert) or may have 
incorrect understanding of that control in the mentioned context (and therefore correct the entry point up-



wards). Also note that to decide which control(s) to be used in a given situation, the surgeon (learner or 
teacher) needs to examine the situation (principally the X-rays) to determine its characteristics regarding the 
domain constraints. We use the term "situations variables" (SV) to describe the characteristics of a given 
problem-solving situation. The value of a SV can only be observed by the surgeon when he or she does a 
relevant action, for instance, "take an inlet view" to know about the value of SV1 “the pin touches the ante-
rior cortex of the pars lateralis sacri on the inlet view”. 

3. TELEOS as an Intelligent Learning Environment 

Figure 2 shows a simulation-based, multi-agent architecture of our learning environment.  A new character-
istic of this architecture in comparison with traditional ones has been that we separate the diagnosis from the 
didactical decision to be able to study and validate them separately. The condition for them to work together 
is in the core of the model: the diagnosis must be able to identify the controls that intervened during the 
problem-solving activity; the didactical decision has to be made according to the diagnosed controls. In other 
words, besides the “standard” feedback provided by the simulation component (e.g., the pin’s trajectory: 
intra-osseous or extra-osseous) to the learner, the didactical decision component gives him or her pedagogi-
cal feedback: another problem to solve, a redirection to a precise part of the online associated course, or a 
clinical case to consult. Those kinds of feedback must be produced in such a way that fosters learning, that 
is, helping the learner understand when and why a control is used correctly.  

Thus, the main feature of this environment is that we do not evaluate the learner’s behavior by compar-
ing his or her actions with an a priori expert solution. We interact with the student according to the rele-
vance of his or her actions in relation with the problem-solving situation. This model allows us to proceed to 
an internal validation of the learner’s activity, taking into account his or her problem-solving process. To 
illustrate how TELEOS might help the student in the problem-solving process, in the following sub-sections 
we go into details the functionality of the main agents of TELEOS by considering a scenario presented in 
Table 2 as an example. 

 
Figure 2. Global architecture of TELEOS 

Table 2. A scenario in sacro-iliac screw fixation 

Action ID Description 
1 Introduce an entry point for the pin course 
2 Orientate the pin 
3 Advance the pin 
4 Take an inlet view: the pin comes too near from the anterior cortex of the pars lateralis sacri on the inlet view, meaning 

that the pin is too low on the inlet view 
5 Take an outlet view: the position of the pin is correct on the outlet view 
6 Restore the pin 
7 Introduce another entry point for the pin course 
8 Orientate the pin 
9 Advance the pin 
10 Take an inlet view: although the pin comes a little far from the anterior cortex of the pars lateralis sacri on the inlet 

view, the position of the pin is still incorrect 
11 Take an outlet view: the position of the pin is correct on the outlet view 
12 Validate the pin course 



3.1. Simulation Agent 

On the basis of the results of our didactical analysis presented in Table 1, especially the set of problems and 
the set of operators, we have been able to build a 3D simulation (Figure 3). The student is shown a 3D pelvis 
representation, with skin and landmarks (see the object at the top of Figure 3), he or she can turn this 3D 
object to see the bone structure (see the object at the bottom of Figure 3). The student has to position a pin 
(see the stick at the top of Figure 3) and to advance it in the simulated body. His or her actions are free, that 
is, the allowed movements are continuous and he or she can restart the activity at any time (remove the pin, 
change its entry point, etc.). The user, as the expert in real situation, can ask for X-ray controls during the 
activity. Note that the 3D pelvis representation and X-rays have been constructed from bones of real pa-
tients. 

Once the validation is done, by clicking a “Confirm” button (Figure 3), the environment provides the 
student with various feedback: a "transparency" view that makes the skin disappear, and thus allows the 
visualization of the validated pin course; the number of attempts, the number of extra-osseous trajectories 
validated, the number of X-rays taken; and pedagogical feedback. 

Figure 3. Java-3D simulation interface for sacro-iliac screw fixation 

Regarding pedagogical feedback, the aim of the simulation agent is to provide the diagnosis agent (see 
Figure 2) with the learning traces produced by the student, that is, the course of actions (e.g., take an inlet 
view) and the evolution of the pin course (e.g., regarding Σ14: if the pin touches the anterior cortex of the 
pars lateralis sacri on the inlet view then it is too ventral on the body of the patient, the simulator needs to 
identify the distance between the pin and the anterior cortex of the pars lateralis sacri on the inlet view). On 
the basis of those learning traces, the diagnosis agent will be able to diagnose the cognitive state (i.e., the use 
of controls) of the learner. The next sub-section explains more about this diagnosis. 



3.2. Student Diagnosis Agent 

Diagnosing the learner's understanding about a certain control exactly could be hard. For example, in the 
scenario shown in Table 2, after the learner does Action 4 (take an inlet view: the pin comes too near from 
the anterior cortex of the pars lateralis sacri on the inlet view, meaning that the pin is too low on the inlet 
view), it could be difficult to diagnose his or her understanding about the related controls (e.g., Σ14: if the 
pin touches the anterior cortex of the pars lateralis sacri on the inlet view then it is too ventral on the body of 
the patient): the student may not have these controls in the mind and make such a pin course randomly, or 
the student may have correct understanding of these controls but make an incorrect pin course because of the 
lack of experience (even an expert sometimes must make several tries to arrive at a correct pin course), or 
the student may have incorrect understanding of these controls and therefore make such an incorrect pin 
course. That is why researchers in the field often use an intuitive approach (e.g., Bayesian networks) for stu-
dent diagnosis (i.e., cognitive diagnosis) in this case [7, 9]. 

In automated cognitive diagnosis, the temporal dimension has been taken into account [9] to make diag-
nosis result more accurately. For instance, in the previous scenario, after the student makes an incorrect solu-
tion in the first course of actions (Action1 - Action 5) and then he or she makes a good correction in the sec-
ond course of actions (Action 6 – Action 11), we may confirm that the student has a correct understanding 
about Σ14, with high probability. Temporal Bayesian networks [15] have been exploited to model such tem-
poral dimension in student diagnosis. In the next sub-sections, we show how to exploit temporal Bayesian 
networks to implement the diagnosis agent. 

3.2.1. Temporal Bayesian Networks 

A Bayesian network is a directed, acyclic graph with the following properties:  
• Each vertex in the graph represents a random variable. 
• There is an edge from X to Y ≠ X, whenever Y is dependent on X. 
• Each vertex is labeled with a conditional probability table (CPT) that quantifies the effect of its par-

ents. The out-neighbors of a vertex are called children, the in-neighbors are called parents. A vertex 
without out-neighbors is called root. 

Figure 4 shows an example of Bayesian networks, considering the dependence of “Rain” on “Cloudy”. 
Figure 5 shows an instance of temporal Bayesian networks (in which stochastic processes are modeled), 
taking into account the fact that if it rains today it will probably rain tomorrow. 

Figure 4. A simple Bayesian network 

Figure 5. A simple temporal Bayesian network 

3.2.2. Student Modeling 

The diagnosis component aims at detecting the student's use of controls during his or her problem-solving 
process. For each control we consider the following three states: 

• BPV: This state stands for "brought into play in a valid manner". It means that the student has the 
control in his or her "mind" and his or her understanding about the control is correct, so he or she 
may know when and how to use it correctly. 



• BPI: This state stands for "brought into play in an invalid manner". It means that the student has a 
misunderstanding about the control in a specific context (he or she may have correct understanding 
about the control in another context). 

• NBP: This state stands for "not brought into play". It means that the student does not have the con-
trol in his or her "mind". 

Because there is no evidence about student's knowledge at the beginning of the learning session, the 
probability is equally initialized for the three states BPV, BPI, and NBP (see also Table 3 in Section 3.2.3). 
We consider three cognitive states because we believe that they are helpful enough for our didactical deci-
sion component. One can surely add more states to obtain more fine-grained diagnosis results. 

3.2.3. Student Diagnosis 

The main task for the development of the diagnosis agent is to build a temporal Bayesian network. Figure 6 
shows a model consistent with the cK¢ framework described in Section 1. The sub-model “operators” con-
tains nodes representing operators, “evolution_variables” contains nodes representing the evolution of the 
student’s pin course, “correction_variables” is used to model the student’s correction of the pin course, and 
“controls” is used to model control nodes. Figure 7 illustrates the modeling of Σ14 (if the pin touches the 
anterior cortex of the pars lateralis sacri on the inlet view then it is too ventral on the body of the patient), as 
an example. The approach for modeling every control is the same, and can be summarized, as follows: 

• Identify the situation variable(s) related to the control. For instance for Σ14, the situation variable 
is “the distance between the student’s pin and the anterior cortex of the pars lateralis sacri on the in-
let view”. The value of this variable is calculated by the simulation agent (see Section 3.1). 

• Create the intermediate variables that model the temporal dimension. The scenario shown in Table 
2 indicates that it is useful to consider the values of the same situation variables at different time in 
order to model the temporal dimension. Taking into account this, Figure 7 shows three intermediate 
variables for Σ14. The two “evolution” variables (deterministic nodes) are used to partly describe 
the learner’s solution at present and that at the most previous point in time (each point in time cor-
responds to an action performed by the learner). The “correction” variable (also a deterministic 
node) is used to describe the student’s correction behavior. It has three parents: two “evolution” 
variables and one operator variable related to the control being modeled (e.g., “take_inlet” in Figure 
7 for Σ14). We consider that the learner can only be aware of a situation (e.g., an error) when he or 
she does an appropriate operation (e.g., taking an inlet view to know the distance between the pin 
and the anterior cortex of the pars lateralis sacri). The main point here is the “correction” node, 
which can take the following values: (1) correct (e.g., the distance is correct, according to do-
main constrains identified in didactical analysis); (2) no_correction (e.g., the distance is the 
same at present and at the previous time); (3) good_way (e.g., although the distance is incorrect, 
the correction is in a good direction, see Actions 4 and 10 in Table 2); (4) bad_way (similar to 
good_way but the correction is in a bad direction); and (5) no_information (a value by de-
fault, which is useful at the beginning of the problem-solving process). The calculation of the “cor-
rection” variable value is mainly based on the values of the “evolution” variables, which in turn are 
computed from a set of IF-THEN rules identified in didactical analysis. The didactical variables 
(e.g., the bone quality, see Table 1), that is, the contexts of problems, are also modeled in those IF-
THEN rules. Because of limited space, we could not go into details those rules. 

• Create the control nodes. Figure 7 shows two chance nodes (sigma14_0, sigma14_1) in the 
case of Σ14. sigma14_1 represents the diagnosis result at the present and has three parents: 
sigma14_0, validate_pin_course, and the “correction” node. sigma14_0 is used to 
model the learner’s cognitive behavior before and at the most previous point in time. vali-
date_pin_course is considered because in our point of view validating an incorrect solution is 
different from making an incorrect pin course and restarting and correcting the error(s). We have 
subjectively filled the CPT for sigma14_1; the CPT is the same for every control in the same 
group (e.g., declarative or pragmatic, see Table 1). In the future we shall apply machine-learning 
techniques [17] to fill those CPTs. 

Table 3 shows a part of the diagnosis result for the scenario presented in Table 2. It can be interpreted, 
as follows: After Action 4, because the learner makes an incorrect distance between the pin and the anterior 
cortex, the outcome NBP (not brought into play) of Σ14 (if the pin touches the anterior cortex of the pars 
lateralis sacri on the inlet view then it is too ventral on the body of the patient) is increased. After Action 10, 
because it seems that the learner corrects the pin course in a good way, the outcome BPV (brought into play 
in a valid manner) of Σ14 is increased. After Action 12, however, because the learner validates an incorrect 
solution, the outcome BPI (brought into play in an invalid manner) of Σ14 is increased. A preliminary sub-
jective evaluation of our researchers toward the diagnosis results of a number of scenarios is positive. 



 
Figure 6. A model of temporal Bayesian network for student diagnosis 

 
Figure 7. A part of the temporal Bayesian network for modeling the diagnosis of Σ14 (sigma14) 

Table 3. Diagnosis result for Σ14 

(BPV = brought into play in a valid manner, BPI = brought into play in an invalid manner, NBP = not brought into play) 

Action ID Action Learning Traces Diagnosis Result 
1 entry point none BPV=0.33, BPI=0.33, NBP= 0.34 
2 orientate none BPV=0.33, BPI=0.33, NBP= 0.34 
3 advance none BPV=0.33, BPI=0.33, NBP= 0.34 
4 take inlet distance_pin_and_anterior_cortex_on_inlet=1 BPV=0.20, BPI=0.20, NBP= 0.60 
5 take outlet distance_pin_and_sacral_foramen_on_outlet=6 BPV=0.20, BPI=0.20, NBP= 0.60 
6 restore none BPV=0.20, BPI=0.20, NBP= 0.60 
7 entry point none BPV=0.20, BPI=0.20, NBP= 0.60 
8 orientate none BPV=0.20, BPI=0.20, NBP= 0.60 
9 advance none BPV=0.20, BPI=0.20, NBP= 0.60 
10 take inlet distance_pin_and_anterior_cortex_on_inlet=3 BPV=0.44, BPI=0.24, NBP= 0.32 
11 take outlet distance_pin_and_sacral_foramen_on_outlet=5 BPV=0.44, BPI=0.24, NBP= 0.32 

12 validate distance_pin_and_anterior_cortex_on_inlet=3 
distance_pin_and_sacral_foramen_on_outlet=5 

BPV=0.23, BPI=0.57, NBP= 0.20 

3.3. Didactical Decision Agent 

On the basis of the result calculated by the diagnosis agent, the decision agent will be able to provide rele-
vant feedback to the student, as follows: Firstly, it determines the control(s) as the target of feedback (e.g., 
Σ14: if the pin touches the anterior cortex of the pars lateralis sacri on the inlet view then it is too ventral on 
the body of the patient). Secondly, it identifies the apprenticeship objective of feedback for the chosen target 
(e.g., help the student explore a concept further or help the student understand a misconception). Thirdly, 
according to the target and the objective, the agent chooses the most relevant form of feedback from a num-
ber of predefined forms in the learning environment (another problem to solve, a Web content to read, or a 
clinical case to examine). Finally, according to the form, the agent formulates the content of the form. 

Figure 8. An influence diagram for the target decision of feedback 



We use influence diagrams [15] to determine the target control(s) for the feedback. In Figure 8, there are 
control nodes from the Bayesian network described previously, an apprenticeship utility node (the hexagonal 
one), and a target decision node (the rectangular one). In order to apply the inference in the diagram, we de-
fined the apprenticeship utility function (see more details in [10]). 

3.4. Web Course Agent and Clinical Cases Agent 

Presently, the didactical decision agent provides three types of feedback (see also Figure 2): (1) asking the 
learner to solve another problem with the simulation agent in order to refine the diagnostic result and to help 
him or her examine a diversity of real situations, (2) insisting the learner to revise an appropriate part of the 
theoretical course provided by the Web course agent (by appropriate we mean, e.g., an explanation of a con-
cept related to the target controls identified by the didactical decision agent), and (3) exhorting the learner to 
examine a clinical case (provided by the clinical cases agent), which illustrates the post-consequences of a 
given pin course more or less similar to his or hers. 

The Web course and clinical cases agents are based on the Virtual Observatory described in the VOEU 
project [23]. The development of the clinical cases agent is mainly grounded on a patient cases database 
provided by a supporting clinic. The development of the Web course agent is mainly grounded in a Web-
based theoretical course and Web semantic techniques [20]. For example, the Web semantic component re-
ceives, from the didactical decision agent, the error(s) that must be considered. The error(s) is (are) analyzed in 
order to produce a webpage (see the left illustration of Figure 9) containing a set of hyperlinks to particular con-
tents of the online course, which are closely related to the error(s) (see the right illustration of Figure 9). 

 

 

Figure 9. Production of dynamic feedback in relation to the error “pin progression” 

4. Discussion and Conclusion 

A number of cognitive approaches, for example, overlay [5], buggy [4], model tracing [1], conception [22], 
have been used to build intelligent learning environments. Very few researches, to the best of our knowledge 
however, have concentrated on complex and ill-structured domains in which particular kinds of knowledge 
such as pragmatic one play a key role. In many researches, the authors are versed in the subject knowledge 
and this knowledge is well documented in many textbooks. In complex and ill-defined subjects such as 
medical education, however, knowledge used in problem solving is very complex and not completely re-
ported in standard materials such as textbooks. That is why we have argued for a didactical analysis to un-
derstand the nature of knowledge being used in problem solving as completely as possible. Indeed, this fine-
grained analysis of didactics could provide significant help in implementing a robust domain component for 
student diagnosis. Of course, this work is domain-dependent and time-consuming.  

Regarding the use of diagnosis result for supporting students, existing approaches and ours have offered 
more or less similar features such as suggesting students to explore appropriate learning contents or case 
studies in order to “fill the gap” or to solve problems that are adapted to the student’s current knowledge 
state. A key difference of our approach from others has been that because the diagnosis result is “fine-



grained” (i.e., at level of controls), the feedback to the student is “fine-grained”. For example, the system can 
suggest the student to explore a particular content page (units of the learning content) instead of a chapter or 
a section, or at a given time during the student’s problem-solving process the system can select a problem 
that could be used to refine the diagnosis result as rapidly as possible. Another difference is that we give 
feedback to the student only at the moment after he or she validates his or her solution to a given problem. 
We believe that this strategy is helpful (even necessary) in the education of complex domains because even 
experts in such a domain often need to make several tries before arriving at a correct solution. 

Our main affirmation in this paper is that an appropriate use of computer-based simulations, Web se-
mantic, temporal Bayesian networks, fine-grained analysis of didactics based on a robust theoretical frame-
work, that is, the theory of didactical situations [3] and the cK¢ model [2], could be an effective way to build 
intelligent learning environments, especially in ill-defined domains. Indeed, in this paper we have presented 
a technological framework (i.e., a multi-agent architecture, an operational approach for student diagnosis 
and didactical decision, a Web-semantic-based platform for theoretical course) that could be reused for 
building intelligent learning environments for complex concepts. Constraint-based modeling [11] could also 
be another technique for developing similar intelligent tutoring systems. 

For the time being, we have developed all of the agents separately and we have integrated most of them 
together, except for the didactical decision one. In the future, after the whole learning environment is avail-
able, we shall carry out empirical studies by using both quantitative and qualitative methods [13] in order to 
know the impact of our intelligent feedback on learning. We shall also look at the usefulness and the effec-
tiveness of the didactical results (the assumption is that the didactical analysis may need to be reinvestigated 
in order to improve, e.g., the effectiveness of student diagnosis and didactical decision). 
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