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Abstract. This paper presents the design and implementation of Java-ITS, a 
constraint-based intelligent tutoring system for teaching the Java programming 
language. In order to learn programming, a student must acquire new cognitive 
skills, which when coupled with having to also learn the syntax of a particular 
programming language (necessary to apply a practical context to this skill), can 
make the process overwhelming. Even if a student can understand program-
ming at a micro-level, to be a better programmer they must be aware of the 
overall design and context of a program, a useful skill that is often an after-
thought. The goal of our project is to make the process of gaining programming 
skill both accessible through smoothing the learning curve, and relevant (from a 
practical perspective), such that transfer problems are reduced. 

1  Introduction 

Acquisition of computer programming skill is a core component of the Computer Sci-
ence curriculum, a fact reflected in the many first-year tertiary prescriptions that re-
quire a student to undertake some kind of programming course. There are many as-
pects to programming theory, such as program control-flow and scope, and this 
variety can make it difficult for students already lacking a suitable information tech-
nology background [1]. It is generally accepted that the best way to introduce these 
ideas is through the teaching of a specific language. The Java programming language 
provides an appropriate introductory programming syllabus. Due to its low-level ab-
stractions and system-independent nature, the student is able to concentrate more on 
the general programming concepts rather than system idiosyncrasies. 

Although programming courses tend to have material taught in lectures, most of 
the learning reinforcement takes place in laboratories, where practical tasks are car-
ried out. An increasingly popular and effective way of improving student learning is 
through Intelligent Tutoring Systems (ITSs), which enhance learning by providing 
feedback personalised to a student. These have been shown to be effective for many 
different disciplines and areas, including mathematics [2], physics [3] and database 
design [4]. The Java-ITS system, which is part of a master’s of science project, is our 
attempt to teach the Java language to students, through a tutor that utilizes the con-
straint-based modelling (CBM) methodology [5]. Section 2 presents related work, fol-



  

lowed by the discussion of architecture and design decisions behind the system in 
Section 3. We conclude the paper by presenting future work in the final section. 

2  Related Work 

2.1  Intelligent Tutoring Systems 

Personal tutoring is one of the most effective ways of enhancing learning. Due to 
growing populations and the complexities of some fields, personal tutors are not al-
ways readily available, whereas computers are becoming more and more common-
place. From the early days of computing Computer-Aided Instruction (CAI) has been 
a prominent field for research into how to achieve the same effectiveness as a per-
sonal human tutor. The first systems were primitive in terms of how they reacted to 
the students' behaviour; there was little or no adaptation to the student's progress, and 
they generally just followed a linear script. This changed with the advent of ITSs, 
which calculated the proficiency of students in various concepts related to the field of 
the tutor, and used this information to personalise the tutoring. This skill-tracking is 
known as student modelling. An interdisciplinary field, ITS theory draws from psy-
chology and education as well as computer science, as we try to model and under-
stand the cognitive process.  

2.2  Constraint-Based Modeling 

CBM handles student modelling by representing all domain knowledge in the form of 
state constraints. Each constraint is an ordered pair made up of a relevance condition 
and a satisfaction condition. For a given solution any relevant constraints (i.e. con-
straints whose relevance conditions are met by the students solution) must be satisfied 
to have the solution be evaluated as correct. Any constraint violations indicate an er-
ror in the solution; this in turn indicates the student has an incorrect understanding of 
the domain knowledge of each violated constraint. 

2.3  Intelligent Programming Tutors 

Very few ITSs teach general programming skills through free-form coding. Several 
ITSs focus on a single skill and tailor the interface to the particular skill; e.g Kumar's 
set of C++ and Java tutors [6], which teach, each in a separate system, expression 
evaluation, for loops, and C++ pointers, amongst other topics. 

In terms of programming as a ‘coding’ activity, one of the most popular ITSs has 
been the Carnegie-Mellon LISP tutor [7]; it was also one of the first programming 
ITSs. A model-tracing tutor, it has provided a good starting point for other program-
ming-tutor research. An evaluation of the system showed that its effectiveness ap-
proached that of a human tutor; on average, students covered the entire course cur-
riculum in 15 hours, which was only 3.6 hours worse than the average time taken for 



the students to complete the material with a human tutor (11.4), and 11.5 hours better 
than learning without either (26.5). Covering the material in a classroom setting takes 
over 40 hours. 

The Java Intelligent Tutoring System (JITS) [8] is another Java tutor to allow free-
form coding, albeit with no design section. The system is built around the core of the 
“intent-recognition algorithm” [9]. Several strategies are implemented to attempt to 
predict what the student was intending to accomplish with the code. One such strat-
egy, the “Syntax Error Correction Strategy”, finds unrecognisable tokens in a stu-
dent’s submission, and reverses possible error transformations such as the replace-
ment of a symbol by another symbol, or the insertion of an extraneous symbol, to 
attempt to correct to code; if a more meaningful code chunk is obtained, the system 
assumes that a syntax error is present, and that the corrected code chunk represents 
the true intent of the student. JITS will then initiate a dialogue with the student, which 
includes questions about sections of the code; for example, the system may ask “I see 
‘intt’. Do you mean the keyword ‘int’?” The dialogue continues until the code is com-
pletely correct. 

3  The Java-ITS System 

Java-ITS is an intelligent tutoring system where students can form solutions to vari-
ous Java programming problems, and receive feedback on their solutions. The cur-
riculum the system supports is a subset of the Java programming language; as the 
complete Java domain is vast, incorporating all the domain knowledge into a single 
tutor, while not impossible, would require an immense amount of effort to validate 
that everything was correctly implemented. By working with a subset, we are able to 
still give an appropriate learning experience, yet maintain validity of the concepts 
taught. If there is a need to extend the tutor in the future to cover more of the domain, 
more concepts can be incrementally added and validated by extending the domain 
model and problem set. As the target audience of the tutor is novice programmers, the 
curriculum begins with the most elementary of concepts and follows a typical tertiary 
course progression. By working through all the problems in the system, the student 
should gain a good understanding of all programming concepts up to and including 
loops. 

3.1  Architecture 

The system architecture of Java-ITS adheres closely to the architecture of other con-
straint-based tutors, as illustrated in Figure 1. All information and interaction is pre-
sented to the student through a web interface, which can be viewed in any mainstream 
web-browser. The session manager handles any requests from the web-server. It 
works as a hub, and interacts with most other parts of the system at some point. Peda-
gogical decisions and operations take place in the pedagogical module (PM). This re-
ceives the interactions (via the web-server and the session-manager) from the student, 
such as problem selection and solution submission.  



  

 

Figure 1: The Architecture of Java-ITS 

The constraint store is the knowledge base of the system, and contains all the con-
straints that make up the domain model. The constraints can be divided into three 
categories: ones that examine syntactic properties, ones that examine semantic proper-
ties of a solution, and ones that examine style – although there are many ways to write 
a program, it is better to encourage good practice. Each constraint contains three 
parts: a relevance condition, a satisfaction condition, and a feedback message. The 
relevance and satisfaction conditions are examined during evaluation, and the feed-
back message is shown to the student if that constraint is violated. 

In terms of the problem set, with many tutors the goal of each problem within the 
tutor will be similar, with a general template being used to generate further problems 
in the same goal set. With programming, the area is so broad that different skills are 
required by programming solutions to problems with vastly different outcomes that 
are hard to generalise; therefore, in a programming tutor, it is difficult to keep to just 
one form without restricting learning. To solve this issue in Java-ITS, the tutor’s prob-
lems have been broken into groups, with each group containing problems of a certain 
type. For example, here is an example of a problem of an ‘iteration’ type: 

 
"Bob has two cats, Fluffy and Whiskers. Fluffy needs to be given milk every day, 

but Whiskers only needs to be given milk every second day. Complete the following 
method, feedCats, such that it iterates over given number of days, and milk is only 
given to each cat on the appropriate days.” 

 
Each problem is presented with its own context. The context is a code fragment 

that frames a problem, and is displayed inside the solution workspace, so that the stu-
dent has existing properties to work with. For example, the context could be a ‘for’ 
loop beginning and end, or a method outline (signature and braces). Often there will 
be variables and other methods that the student can reference in their own code, such 
as arguments to methods; in fact, often these variables will be mentioned directly in 
the problem text itself, and therefore the student will be expected to use them in some 
way. The context for the previous feedCats problem is as follows: 



Cat whiskers; 

Cat fluffy; 

public void feedCats (int days) { 

} 

Each problem has a corresponding ideal-solution, which is used by the semantic 
constraints during evaluation to semantically validate the student’s solution. It de-
scribes an abstract version of what is required from the submission, i.e. rather than 
explicitly specifying what design concepts and code fragments should occur in the 
submitted solution, it only notes the general requirements of the given problem that 
must manifest in the solution for the problem’s tasks to be considered satisfied, such 
as “the solution must return this variable” or “must loop up to this value”. It is essen-
tially a formal specification of the problem statement. 

The Student Modeller (SM) is responsible for maintaining the student models. It 
receives the list of violated and satisfied constraints from the solution evaluation, and 
appends this information to a student’s model. The SM can also provide details relat-
ing to a model, such as how well a student knows a particular constraint; this informa-
tion will be used by the pedagogical module to make problem-selection decisions. 

Via the web-based interface, the student is able to perform all necessary interac-
tions. These include operations such as problem selection, problem solving, and sub-
mitting a solution. The problem solving interface, illustrated in Figure 2, is where the 
student will spend most of their time. The screen is split into several panes, with four 
main panes being related to tutoring activities. The top pane presents the problem text 
to the student, while the large middle pane is the solution workspace and allows the 
student to form a solution to the given problem. The bottom pane contains compo-
nents (tiles) to be used in solution formation, and the rightmost pane presents feed-
back on a student’s solution. 

 

 

Figure 2: Problem Solving Interface (Coding Stage) 



  

3.2  Problem-Solving Stages 

The interface (and the general layout of the task) has been designed such that the stu-
dent is better able to handle the complexity of a program, by first presenting the stu-
dent with generic programming constructs in the form of tiles. Problem solving is 
done in two phases: the student firstly designs the program in terms of generalised so-
lutions using tiles, followed by a coding stage, where he/she enters actual code frag-
ments into the tiles. 

A typical tutoring session progresses as such: The student selects a problem, and 
they are presented with the problem-solving interface, set to the design stage, popu-
lated with any information necessary to the task (problem text, context, solution tiles). 
The student then designs the solution using the tiles, and submits the solution when 
he/she believes they have a correct solution, or is unable to continue. The system then 
returns feedback to the student, revealing any errors that may exist in the solution. 
The student can use this feedback to try and correct the solution, and submit again. 
This submit/feedback loop will continue until the student correctly forms a solution, 
at which point the feedback will indicate that the solution is indeed correct, and the 
student can then move on to the coding stage. A similar process as with the design 
stage then takes place, albeit with code fragments instead. Once the student submits a 
correct solution to the coding stage, then they can move on to the next problem. 

The design stage is characterised by the use of tiles. Each tile, housed in the tile 
pane below the solution workspace, represents a different abstract programming con-
struct, such as a loop or a variable declaration. Tiles can be categorised into two 
groups: statement tiles, which are equivalent to a line of code in Java, and block tiles, 
which also act as containers for other tiles (a method is an example of a block tile). 

To design solutions, students drag-and-drop tiles from the tile pane and place them 
inside the solution workspace input areas, and possibly inside other tiles. Using the 
tile pane is a ‘cloning’ action - the tiles will not disappear from the tile pane once 
used, and the student is free to make as many copies as needed. Tiles in the solution 
workspace can be deleted if necessary, and once placed inside the solution, they can 
still be moved to other parts of the solution. 

The coding stage is built upon the solution the student generated previously in the 
design stage. Upon entering the coding stage, the student is presented with the tile-
based solution developed in the design stage, but text-entry boxes have now been in-
serted inside each tile (two for block tiles), and the tiles themselves are now immov-
able (the ability to add new tiles to the solution has also been taken away). The stu-
dent must now complete these text entry boxes by entering Java code. The result of 
this is that the solution, once completed, will resemble a real-life code listing. 

The two-stage principle is a product of the main goals of the system. The first goal 
was to provide accessible tutoring - as programming is a complex activity, the system 
would benefit the student's learning by providing a way for the student to handle that 
complexity, therefore it is mandatory for the student to design the solution first using 
tiles. By making the design task explicit, the student will have to consider the struc-
ture. The second goal was to reduce the transfer problems between the tutoring sys-
tem and a real-life coding situation; therefore the system was designed such that the 
student would be at some stage entering code themselves, similar to using a text editor 
during normal programming tasks. There is evidence that suggests that although stu-



dents tend to retain more information for a purely text-entering approach, they enjoy 
using the system less than symbolic approaches [10]. By combining symbolic and 
partial free-form text, we hope to receive the benefits of both approaches. Having the 
symbolic approach first reduces the memory load during the coding stage, and also 
smoothes out the learning curve. 

The two-stage approach also aids the server-side solution evaluation; by reducing 
the ambiguity of the student's completed solution, the amount of reasoning required 
by the system is reduced, which in turn simplifies the system implementation. If we 
were to evaluate a solution composed of only free-form text, then we would run into 
the same problems as a compiler would; compiler messages are often misleading due 
to fact that common errors include missing semicolons or braces, meaning it can be 
difficult to tell where a method really ends, or the boundaries of a statement. Also, the 
intent of the student is not always clear inside free-form text. If a student were to cre-
ate a line of code that was completely syntactically incorrect, we may not be able to 
tell if it they were trying to write a conditional or simply make a method call; in situa-
tions like this feedback would be limited and general, and possibly inaccurate. By 
forcing the student to enter their code inside the tiles, we are able to decipher the in-
tent of a statement by the tile type, and can provide more specific feedback. 

3.3  Solution Evaluation 

The student modeller module handles solution evaluation. Once a submission is re-
ceived from the student, all constraints are evaluated over the solution in two stages. 
The relevance conditions are initially evaluated to deduce which constraints are rele-
vant to the current problem and/or solution. The ones that are considered relevant then 
have their satisfaction conditions evaluated – any relevant constraints not passing this 
stage will be considered violated, which means the student has not learnt the domain 
concept the constraint represents, otherwise they will be considered satisfied, indicat-
ing the student does understand the concept. 

The process is executed by propagating the solution through a constraint network, 
which is loosely based on a Rete network, in order to optimise the potentially inten-
sive procedure. Each node in the network references part or all of a condition, and 
specifies which constraints the condition came from, such that the system knows 
which constraints to apply to the result of evaluating the node’s condition. 

4  Future Work 

Java-ITS has not yet been evaluated as to its effectiveness as a tutoring tool. A full 
evaluation is planned for early 2007, to be taken with an introductory Java program-
ming class. 

Although supporting the entire Java domain is beyond the immediate scope of this 
project, the system can be incrementally improved through developing more con-
straints, therefore extending the domain coverage. In addition, the problem set can 
also be increased, by either working inside a template to develop more complex prob-
lems (for example increasing the number of clauses), or developing new templates 



  

that focus on different problem goals. If any new design concepts are introduced 
through new constraints and problems, then new tiles will need to be introduced into 
the interface. More research must be made into ‘good practice’ coding style in order 
to generate more style constraints.  

The system can also be extended to support problem and feedback-level selection. 
Currently, the student manually selects the problem they wish to work on, but the sys-
tem can be adapted to provide suggestions or making problems mandatory, depending 
on how well a student understands a concept; if a student is unfamiliar with the loop 
construct, we can suggest problems which deal lightly with loops at first, then move 
them on to more complex problems. With feedback-level selection, with can give 
varying degrees of hints, to allow the student to think more about the problem them-
selves before receiving more specific feedback. 
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