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Abstract. We present a project with the goal of developing a general model of 
explanation support, which could be used in both well- and ill-defined 
instructional tasks. We have previously studied how students interacted with an 
existing intelligent tutoring system teaching database design, while getting 
additional help from a human tutor through a chat interface. Analysis of 
interactions provided by the human tutors indicates that they have helped the 
students to improve their understanding of database design. We then developed 
an explanation model, which we present in this paper. 

1 Introduction  

Intelligent tutoring systems (ITS) are computer-based educational programs that 
help students to learn by providing adaptive pedagogical assistance. Several empirical 
studies have shown significant learning gains when interacting with an ITS [4,6]. 
However, some studies indicate that students acquire shallow knowledge even in the 
most effective ITSs [1]. As a result students gain sufficient knowledge to obtain a 
passing grade on tests, but have difficulty in transferring knowledge into novel 
situations. Therefore cognitive scientists and educationists have been interested in 
finding methods that can be used to overcome the shallow learning problem. Self-
explanation is described as an “activity of explaining to one-self in an attempt to make 
sense of new information, either presented in a text or in some other medium”[2], and 
has been shown to facilitate the acquisition of deep knowledge by students.   

The long-term goal of this PhD project is to develop a general model of 
explanation which will provide adaptive support to learners across domains. The main 
objective of this model is to assist students to develop their self-explanation skills 
while being prompted to explain their mistakes to the tutor. Since we previously 
implemented explanation support for the database design tutor [8], the initial work on 
this project started with the same tutor. As the first step, we conducted an 
observational study [7] focusing on how students interacted with EER-Tutor [6], 
while getting additional help from a human tutor through a chat interface. From the 
results of this study, we developed a prototype of the explanation model, which we 
present in this paper. This model addresses three basic decisions: when to prompt for 
explanations, what to explain and how to obtain explanations from learners.  



 

The background section reviews Intelligent Tutoring Systems, and Constraint-
based Modelling (CBM), a popular student modelling technique used to develop ITSs. 
The explanation model is presented in Section 3 followed by directions for future 
work.  

2. Background 

We discuss the different components of a typical ITS in the following section. The 
remaining sections focus on constraint-based modeling and self-explanation, as they 
are important aspects of this research. 

2.1 Intelligent tutoring systems 

The architecture of a typical ITS consists of four main components: a domain 
module, a student modeller, a pedagogical module and an interface. The student 
interacts with the ITS through the interface. Depending on the implementation, the 
system waits for a student’s request to evaluate his/her solution or provides immediate 
feedback after tracing a student’s behaviour. Evaluating a solution may result in a 
number of actions within the system. The student modeller compares the student’s 
solution against the system’s solution using the domain module. The student modeller 
then updates the student model to reflect the student’s new knowledge. The 
pedagogical module then provides feedback or selects a new problem based on the 
student’s performance. 

2.2 Constraint-based modelling  

Constraint based modelling introduced by Ohlsson, is based on his theory of 
learning from performance errors [6]. The key assumption in CBM is that the 
diagnostic information is in the problem state at which the student arrives and not in 
the sequence of his/her actions. This assumption is supported by the fact that a correct 
solution cannot exist for a problem that traverses a problem state violating 
fundamental ideas or concepts of the domain.  

The unit of knowledge in CBM is called a state constraint. Each constraint is an 
ordered pair <Cr,Cs>, where Cr is the relevance condition and Cs is the satisfaction 
condition. The first specifies when this piece of declarative knowledge is relevant, 
and the second describes the state whereby the piece of knowledge has been correctly 
applied. In other words,  

IF <relevance condition> is true 
 THEN <satisfaction condition> will also be true 
Initially, the student solution is matched against Cr. The satisfaction condition is 

evaluated only if the student solution satisfies Cr; otherwise the constraint is ignored. 
The constraint is considered satisfied if the student solution satisfies the Cs, else the 
constraint is violated.  



 

CBM is computationally simple because student modelling is reduced to pattern 
matching [6]. During the evaluation of a problem state, all relevance patterns are 
matched against the problem state. In a case where the problem state matches the 
relevance pattern, it is then checked against the satisfaction condition. If the 
satisfaction condition is not met, then the constraint is violated, which indicates an 
error. Constraint based tutors have been developed for several domains such as 
database querying, database modeling and data normalization [6].  

2.3 Tutoring systems facilitating SE 

Self-explanation has been facilitated in several ITSs to enhance learning. These 
systems are discussed in this section. 

Self-explanation with SE-Coach. SE-Coach supports self-explanation by prompting 
students to explain solved examples [3]. It is implemented within ANDES, a tutoring 
system that teaches Newtonian Physics. The first level of scaffolding in the SE-
Coach’s interface is provided by a masking mechanism that covers different parts of 
the example with grey boxes, each corresponding to a unit of information. When the 
student moves the mouse over a box, it disappears, revealing the content underneath. 
The second level of scaffolding produces specific prompts to self-explain. Students 
are prompted to self-explain only when the tutor decides it is beneficial. To determine 
when to intervene, SE-Coach relies on a probabilistic student model, that monitors 
how well the student understands the domain by capturing both implicit self-
explanations and self-explanations generated through the interface. The results of the 
empirical evaluation of SE-Coach reveal that the structured scaffolding of self-
explanation can be more beneficial in early learning stages.  

PACT Geometry Tutor. Aleven and Koedigner investigated self-explanation in the 
PACT Geometry Tutor [1]. The students in the experimental group were expected to 
provide correct explanations for solution steps by citing definitions and theorems 
used. A glossary of knowledge in the form of definitions and theorems was provided 
in order to help students to explain the solution steps. The study revealed that 
explaining reasoning steps results in improved problem solving skills.  

NORMIT. NORMIT [6] is designed for university level students and provides a 
problem-solving environment for data normalization. Students are expected to self-
explain while solving problems. In contrast to other ITSs that support self-
explanation, NORMIT requires an explanation when an action is performed for the 
first time. For the subsequent actions of the same type, explanation is required only if 
the action is performed incorrectly. Similar to other systems, NORMIT supports self-
explanation by prompting the student to explain by selecting one of the offered 
options. An evaluation study indicated that the students’ performance increased when 
interacting with NORMIT. 

These systems use different approaches to facilitate self-explanation, depending on 
the domain and the target student group. However, all the models that have been used 



 

are domain specific. The goal of our research is to develop a general model of 
explanation that can be used across domains which facilitate self-explanation.  

3. Prototype of the Explanation Model 

The explanation model will be used to decide when to prompt for explanations, what 
to explain and how to obtain explanations from learners. The model consists of three 
parts: error hierarchy, tutorial dialogues and rules for adapting them. Each component 
is now described in turn. Error hierarchy and the dialogues are used to determine 
timing and content of the explanations respectively. Learners will be able to provide 
explanations by selecting the correct one from a list provided by the tutor. 

3.1 Error Hierarchy  

The domain model of constraint-based tutors is represented as a set of constraints 
[6]. Violations of constraints indicate mistakes in students’ solutions. In previous 
work, we developed a hierarchy of students’ errors in the Entity-Relationship (ER) 
domain [8], which categorizes errors as being syntactic or semantic in nature. A high-
level view of the hierarchy is given in Figure 1, with nodes ordered from basic 
domain principles to more complicated ones. Violated constraints for each type of 
error are represented as leaves of the hierarchy. Syntax errors are simple, each 
requiring only one feedback message to be given to the student; for that reason, every 
syntactic error corresponds to a particular constraint being violated. For example, 
constraint 8 is violated when the student creates an attribute which does not belong to 
an entity/relationship type. The hierarchy for semantic errors is deeper, with error 
types further divided into sub-errors.  

The ER error hierarchy was developed for that particular domain, so we were 
interested whether it can be reused in other domains. With that goal, we tried to fit the 
errors from a different domain, ER-to-relational mapping, into this structure. This 
domain involves mapping an ER schema to a relational schema using the 7-step 
mapping algorithm [5]. The task is well-defined, due to the deterministic algorithm 
used. However, both domains (ER modelling and ER-to-relational mapping) involve 
mapping as the major activity. Due to this similarity, we decided to explore additional 
domains of different nature, such as data normalization and fraction addition. Data 
normalization is the process of refining a relational database schema in order to 
ensure that all relations are of high quality.  

During this investigation, we identified situations when it was not enough to 
present a single feedback message for some violated syntax constraints – instead, a 
dialogue was required. Therefore, we modified the structure of the error hierarchy to 
divide all error types into two main categories: Basic Syntax Errors and Errors 
dealing with the main problem-solving activity. Under the new node Basic Syntax 
errors, we included simple syntax errors, such as checking whether the student has 
filled the required fields, the components used to fill the required fields are valid etc. 
Hence it is sufficient to discuss such errors using a single message. The other category 
requires a dialogue to be conducted. 



 

Another observation was that different clusters of syntax errors were needed in 
these newly examined domains, as opposed to the flat structure of the syntax error 
sub-hierarchy in Figure 1. For example, in data normalization, several constraints 
check whether the student is using valid attribute names in different steps of the 
algorithm, all of which can be categorized into a single node (Check validity of 
attributes), specified as a child node of Basic Syntax Rules. 

Another refinement required was to combine the two nodes Connecting an 
attribute to an incorrect construct and Errors dealing with cardinalities and 
participation, which deal with associations between solution components, into a new 

parent node Associations. This new node will have different domain-specific child 
nodes.  

The last refinement is based on an observation from the previous study [7]: some 
students seem to be reacting to feedback on errors by making suggested changes 
without reflecting on other changes that need to be carried out. In ER modelling, if a 
regular entity with a key attribute is changed to a weak entity, then a partial key 
should be specified instead of the key attribute. This behaviour may lead to frustration 
due to the number of attempts that the student has to go through to arrive at the 
correct solution. A new node Failure to complete related changes was added to the 
existing error hierarchy, which reminds the student to check whether other changes 

ALL ERRORS 
Syntax errors 

1- More than one construct is used to model a word of the      
    problem 
2- Database does not have any entities 
3- A connector is not connected to two entities 
4- A connector used to connect attributes is not a single line with 
no cardinality 
5- An attribute is connected to more than one other attribute 
6- An attribute is connected to an entity and another construct 

101-An attribute is connected to a relationship and another   
construct 

7- An entity is directly connected to another entity 
8- An attribute is not connected to any other construct 
9- A relationship is connected to another relationship 

                      10- Names of entities and relationships are not unique  
                      21- A relationship is not connected to two entities 

Semantic errors  
  Using an incorrect construct type 

Extra constructs 
   Missing constructs 
   Connecting an attribute to an incorrect construct 

  Errors dealing with cardinalities and participation 

Fig.  1.  Overall view of the error hierarchy 



 

are necessary. In such cases, the student will be prompted to reflect on other related 
changes before submitting the solution. 

The highest level of the refined error hierarchy has two nodes: Basic syntax errors 
and Errors dealing with the main problem solving activity. The second node is now 
further categorized into five nodes: (i) Using an incorrect construct type (ii) Extra 
constructs (iii) Missing constructs (iv) Associations and (v) Failure to complete 
related changes. The subsequent levels deal with domain-specific concepts. We also 
tested the refined error hierarchy in the domain of fraction addition. Even though this 
domain is very simple, it is quite different from the domains that we have investigated 
previously. All the error types in the fractions domain could be specified using the 
error hierarchy. The common feature in all these tasks is that the syntactic and 
semantic accuracy of a solution can be completely evaluated by the components of the 
solution and its associations. However, there are exceptions. For instance, in reading 
and comprehension, where learners are asked to answer questions based on a 
paragraph, the accuracy of an answer cannot be evaluated by checking only for the 
correct words according to the grammatical rules. We also need to understand the 
implicit semantic meaning of the sentence. Therefore, our error hierarchy is not useful 
in such cases. In summary, we have been able to use this hierarchy in four different 
types of tasks: thus we believe it would be sufficiently general to be used for different 
types of instructional tasks only when the solution can be completely evaluated by the 
components of the solution and its associations.  

3.2 Tutorial Dialogues 

In our model, explanation is facilitated through tutorial dialogues. For each error 
type (i.e. each leaf node in the hierarchy), we designed a dialogue consisting of four 
stages. In the first stage, the dialogue informs the student about the concept that s/he 
is having difficulty with. The purpose of the second stage is to assist the student in 
understanding why the performed action is incorrect. The third stage prompts the 
student to specify how to correct the mistake. In the fourth stage, the student can 
review the domain concept learned.  

An example tutorial dialogue is given in Figure 2. Initially, the system identifies 
the domain concept the student has problems with, and asks the student to explain it 
(EERTutor1). A list of possible answers is provided from which the correct one needs 
to be selected. If the student fails to provide the correct answer (Student1), s/he will 
be asked a more specific question that provides a further opportunity to understand 
the fundamental principle that is violated (EERTutor2). However, if s/he fails to 
correct the mistake even after going through a series of detailed questions, as the last 
resort the tutor will provide an explanation on how to the correct the mistake together 
with a brief description about the fundamental principle that needs to be learnt 
(EERTutor4-5). The dialogues use simple questions (EERtutor1), fill-in-a-blank 
(EERTutor7), or true-false questions, to motivate the student to explain. When a 
certain mistake is repeated, the model informs the student of its observations (“You 
seem to be having some difficulty with regular entities.” in EERTutor1), thereby 
providing an opportunity to reflect on his/her domain knowledge. As all dialogues 
facilitate explanation by pointing out errors (EERtutor3), students are given 



 

opportunities to reflect on their problem solving procedure, which is another 
important meta-cognitive skill. Although the prompts are domain-specific, the 
structure of the dialogues is domain-independent. We are currently investigating the 
applicability of the dialogue structure to various domains. 

3.3 Rules for adapting dialogues  

 These rules enable individualization of the dialogues. For each student, the rules 
decide on the entry point into the dialogue, and/or the timing of the dialogue. 
Currently there are eight rules and they are based on the observations from the study 
[7]. For example, rule 4, dealing with customizing the entry point to the dialogue, is 
initiated when the same error is made in the last n attempts. In that case, a dialogue 
corresponding to the mistake is initiated, but the dialogue starts from the problem-
independent question (EERTutor1). If the error was made less than n attempts, then 
the dialogue will start from the error within the current context. Hence the dialogues 
are adapted to the student’s knowledge and explanations.  

Rule 1 (dealing with timing of dialogues) checks whether the student made any 
attempts at the current problem, and has been inactive for a specified period of time 
(such as 1.5 minutes, the time period we observed in the study [7]). This rule will 
initiate an evaluation of the student’s solution even though it has not been submitted 
yet, and start a dialogue to discuss the most suitable error (depending on the error 
hierarchy and the student solution). Individualization of the chosen dialogue will be 

EERTutor1: You seem to be having some difficulty with regular entities. Let’s look at 
regular entities in detail. Can you tell me the general rule to decide whether something is a 
regular entity?  
Student1: I don’t know 
EERTutor2: Ok! Let’s try a simple thing. What is used to uniquely identify instances of a 
regular entity? 
Student2: The key attribute 
EERTutor3: Now tell me what is unique about CHAPTER regular entity?  
Student3: I’m not sure  
EERTutor4: Let me help you a bit. Check carefully whether any of the attributes of 
Chapter can uniquely identify the instances of Chapter? 

{After sometime} Please tell me whether you managed to find any attributes. 
Student4: No 
EERTutor5: Fine. It doesn’t have any attributes that can uniquely identify instances of 
Chapter. So now can you tell me why modeling Chapter as a regular entity is incorrect? 
Student5 : Because it doesn’t have a key attribute. 
EERTutor6: Great! Now tell me the best way to model CHAPTER? 
Student6: A weak entity  
EERTutor7: Well Done! Now select the correct pair of words to fill in the blanks so that 
you’ll remember what you learnt. 

A  ….. is used to uniquely identify instances of a  …….. entity.  
Student7: key attribute ,regular 
EERTutor8: Excellent, Go ahead and make the changes. Submit the solution when 
you’re done. 

Fig. 2. A sample tutorial dialogue 



 

based on the rule 4 discussed above.  As these rules do not depend on domain specific 
details to individualise dialogues, the rules can be used across domains. 

4. Future Work 

The explanation model will be implemented in different domains to evaluate the 
effectiveness of the model. We have chosen ER modelling as the ill-defined task, and 
data normalization as the well-defined.  ER modelling is ill-defined because the final 
result, the ER model, can be defined in abstract terms, but there is no algorithm to 
find it. Data normalization is well-defined due to the deterministic algorithm used. 
EER-Tutor and NORMIT which helps students to learn ER modelling and data 
normalization respectively are two existing tutoring systems developed by our 
research group at University of Canterbury [6]. The explanation model will be 
incorporated into these systems to facilitate self-explanation. The effectiveness of the 
enhanced systems will later be evaluated in authentic class room environments. 
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