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Abstract 

Learning object-oriented design and programming is a challenging task for 

many beginning students.  In recent years, this has motivated the development of new 

curricula and tools to support their pedagogies. However, student achievement in 

first-semester courses, as well as enrollment and retention rates (especially for women 

and minorities), remains a concern. New tools and techniques are needed to engage 

students and enable more of them to be successful in a CS1 course. This need inspired 

two avenues of research for this dissertation: a new ñdesign firstò curriculum that 

uses elements of Unified Modeling Language (UML) to teach students problem-

solving and design skills before procedural code, and an intelligent tutoring system 

(ITS) that observes students as they create UML class diagrams and offers customized 

assistance when they need it. 

An ITS must be able to solve the problems that are presented to the student, or 

at least evaluate the studentôs work. Several models exist for accomplishing this task, 

but all are limited in the number of different solutions they accept as correct. This is 

not a problem in many domains, but it is in object-oriented design. For any given 

problem, there are often many different solutions that are acceptable. While 

scaffolding is desirable to guide novices through a new procedure, students who 

follow a different but fruitful path should not be deterred. The goal of this research is 

to build an expert module for an ITS for object-oriented design that can generate its 

own solutions, and also recognize and accept a variety of valid solutions. A working 

expert module of an ITS for object-oriented design was built. A tool to assist teachers 

in the creation of student exercises and valid solution models was also produced.
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                                          I. Introduction 

The increasing importance of object-oriented design in modern software 

development has made it a crucial skill for computer science students to learn. Yet it is 

a complex activity, both for beginners who are learning to create small, standalone 

programs and for professional developers who work on large, interconnected systems. 

Data collected from CS1 courses in numerous studies (McKracken et al, 2001), 

(Ratcliffe & Thomas, 2002) have shown that many students have difficulty 

understanding object concepts and applying these concepts to solve problems. One 

approach to addressing this problem is through the curriculum. A variety of curricula 

have been developed (Bruce 2004), with varying degrees of success. The foci of these 

curricula range from teaching procedural coding skills before introducing objects, to 

teaching object concepts first. Many tools to support these curricula have also been 

developed, such as specialized integrated development environments (IDEs) that 

simplify the coding and testing processes and help students visualize concepts and 

experiment with code.  

Both anecdotal and experimental evidence supports the hypothesis that the 

ñobjects firstò approach is effective in teaching Java programming (Kºlling & 

Rosenberg, 2001), (Decker, 2003), (Blank et al, 2003). However, this approach still 

emphasizes coding and syntax rather than problem solving. When presented with a 

problem, many students donôt know where to begin. They need guidance on how to 

analyze a problem and develop a plan for solving it. This idea led to the development 

of a ñDesign Firstò curriculum for Java (Moritz & Blank, 2005), (Moritz et al, 2005), 

which was taught and evaluated over two semesters at an inner-city high school. 
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Students learned to use elements of UML (use cases and class diagrams) to design a 

solution to a problem before writing code. Objects were still introduced early, and 

object concepts were emphasized throughout the semester. The students also used an 

IDE with a component that allowed entry of class diagrams and generated code stubs 

from them. The curriculum and its evaluation are described in detail in a later section.  

Teaching standard design practices such as UML presents the appropriate 

skills, but adds yet more content to an already challenging curriculum. The high 

school students in the Design First with Java classes did well, but they benefited from 

a low student-teacher ratio (two teachers for 13 students). This is not typical in high 

school or college settings. Also, students often work on assignments outside of the 

classroom and at times when instructors, teaching assistants and other students are not 

available. Tools like the UML interface used in the high school classes simplify entry 

of a design and hide some syntax complexities by generating code stubs, but they do 

not give advice, guide a student to a good design, nor evaluate a studentôs work. 

Adding such capabilities could make a difference to a student who is struggling, help 

one progress even when a teacher or other students are not available, and provide a 

critical resource for distance learners. These are the primary goals of an intelligent 

tutoring system, or ITS.  

 

Intelligent Tutoring Systems 

An ITS is educational software with one or more intelligent components. Most 

ITS possess expert knowledge of the instructional domain, and the ability to apply that 

knowledge to solve the problems assigned to the student. That knowledge is also used 
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to analyze the studentôs solution, identify the studentôs reasoning, and determine from 

the studentôs errors what it is he misunderstands. This information is then used to 

provide customized feedback to the student. An ITS also keeps a history of student 

performance so that the studentôs progress can be monitored, and subject matter that 

the student does not understand can be reviewed or presented again in different ways. 

Research on ITS has been ongoing since the 1970s, and successful systems 

have been developed in areas such as high school algebra and geometry, college 

physics, and programming languages. Evaluations of such systems have shown that 

while still not as effective as a human tutor, ITS can result in much quicker and deeper 

learning than using only traditional methods such as workbooks, lectures, and standard 

computer aided instruction. Advances in artificial intelligence, as well as faster and 

cheaper hardware, have enabled the development of more sophisticated systems, and 

have lowered their cost, making them more feasible for use in public schools as well 

as other educational institutions. ITS have been most successful in domains which are 

well defined and finite in scope. But they have also proven beneficial in complex 

problem-solving domains. For example, the Andes tutor has been demonstrated to 

improve test scores in college-level introductory physics, especially for humanities 

majors with less prior experience than science or engineering majors in the same 

course (Gertner & VanLehn, 2000). 

A number of successful ITS have been built in the domain of computer 

programming. These include ELM (Weber & Schult, 1998) and LISPITS (Corbett & 

Anderson, 1992) for LISP; MENO-II for Pascal (Soloway et al, 1981); and tutors for 

concepts in C++ (Kumar 2002) and (Kostadivov & Kumar, 2003). A few tutors for 
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Java have recently been built or are under development, including an expression 

evaluation tutor (Kumar, 2005) and JITS (Sykes & Franek, 2004). All of these tutors, 

including those for C++ and Java, teach procedural concepts; none addresses object-

oriented design.  

This research discovered only one ITS that teaches object-oriented design: 

Collect-UML (Baghaei & Mitrovic, 2005).  Collect-UML provides an interface in 

which students enter a class diagram as a design for a given problem. Feedback 

ranging from a simple statement about a designôs correctness to hints about all errors 

in the solution is displayed after the student submits her work for evaluation. A student 

may also request to see the full correct solution at any time. Collect-UML is a 

standalone system; it does not link to an IDE to tie design to code. It does not support 

multiple solutions (student solutions are compared to a set of constraints that define an 

ideal solution). It also provides a high degree of scaffolding. For example, component 

names must be selected from words or phrases in the problem description; free-form 

entry is not permitted.  

Most ITS have three required components: an expert system which can solve 

the problems presented to the student; a student model which tracks the studentôs 

knowledge; and a pedagogical module, which carries out the teaching strategies of the 

system (Shute & Psokta, 1996). (A fourth module, the user interface, is also required 

for a complete system.) Another type of ITS, constraint-based tutors, do not have a 

distinct expert model. Instead, student work is evaluated by applying a set of 

constraints that must be met for a solution to be correct. The constraints that are 

violated comprise a partial student model that focuses on the concepts which the 
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student has not applied correctly. The main advantage is efficiency: a complete student 

model which attempts to identify both the knowledge mastered by the student and the 

gaps is computationally complex and potentially intractable (Mitrovic et al, 2001). 

Proponents of constraint-based modeling, or CBM, argue that good human tutoring 

focuses on correcting student errors, rather than explaining misconceptions or 

understanding all aspects of a studentôs mental state. They also acknowledge that 

lacking an expert module limits the pedagogical advice that can be offered. For 

example, the system cannot recommend a next step to a student who is lost, nor can it 

offer advice as a student works. Collect-UML is a constraint-based tutor and thus does 

not have these capabilities. Recent work has attempted to mitigate these shortcomings 

for procedural domains by evaluating student work at predetermined steps in the 

problem-solving process (Mitrovic, Martin & Suraweera,  2007). Collect-UML does 

not use this technique. 

The functionality available in a constraint-based tutor is just one variation in a 

vast array of behaviors and perspectives offered by different ITS, even for the same 

domain. The degree of scaffolding, the type and frequency of feedback presented and 

the manner of presentation are all aspects which vary widely based on the pedagogical 

philosophy and goals of the system. The ITS built in conjunction with this research is 

designed to fit into the ñDesign Firstò curriculum, and its pedagogy is targeted to 

beginners who may need guidance in the early steps of solving a problem to avoid 

becoming frustrated and discouraged with the subject. Thus, the ability to analyze the 

studentôs steps and recommend next steps is required. These are the jobs of an expert 

module. More specifically, the expert module in the domain of object-oriented design 
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must be able to analyze the same problems presented to the student and generate its 

own solutions; it must interpret a studentôs actions as he builds a design, and evaluate 

each step for correctness; and it must identify and diagnose errors. It must also possess 

a high degree of flexibility to accommodate different terms used by students for the 

same meaning, and different complete solutions, all of which may be acceptable.   

Expert Module Designs 

Prior research has measured the effectiveness of various types of expert 

modules in the tutoring process.
1
 A ñblack boxò expert module creates a solution 

without revealing its own reasoning to the student or to other parts of the system; thus 

it cannot suggest strategies that the pedagogical module could include in its advice to 

the student. Early ITS which used existing expert systems as the expert module often 

faced this problem. These ITS had to employ tutoring strategies that were independent 

of the problem-solving strategy. ñIssue-basedò tutoring is one such strategy, in which 

a student who executes an incorrect step is counseled on broad issues about the step, 

such as why the correct step can be a good choice in general. One ITS that uses issue-

based tutoring is WEST (1982), which is based on the board game ñHow the West was 

Won.ò In the game, students use basic arithmetic to combine three random numbers to 

result in a move that advances them toward the end of the board. They compete with 

the computer to reach the end first. If a student lands on an occupied square, he can 

ñbumpò his opponent backwards. Using WEST, a student who moves ahead in a 

situation where bumping would be better would receive an explanation of why 

                                                 
1
 The following summary of various types of expert modules in ITS over time is based on (Anderson 

1988). 
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bumping can generally be a useful strategy (but not how it applies in the specific 

situation).  

Expert systems sometimes function as ñglass boxò systems (they do not hide 

their logic), but unless an expert system is built with tutoring in mind as a possible 

use, it would not model a studentôs problem-solving process. An example is MYCIN, 

an expert system for diagnosing bacterial infections. MYCIN was incorporated into an 

ITS called GUIDON, but only after GUIDONôs developer added ñt-rulesò: rules that 

applied to the tutoring process. The t-rules did not replace MYCINôs expert rules; in 

fact, they played no part in MYCINôs problem solving, and the expert rules played no 

part in developing advice for the student. The t-rules were designed specifically to 

model the human problem solving process, and to construct advice appropriate to steps 

in the studentôs thought process. 

The next step in the evolution of the expert module is the use of cognitive 

models that attempt to imitate human problem solving processes. One technique for 

building cognitive models in domains which require procedural problem solving is 

model tracing. In model tracing tutors, the problem-solving domain is described by a 

set of production rules and a repository of declarative knowledge. Each production 

rule specifies an action to be taken when a given condition is met. More than one 

production rule may apply to a condition. Thus, when the rules are applied to solve a 

specific problem, more than one complete solution can be generated. Rather than 

creating solutions up front, model tracing tutors follow each step a student takes in 

solving a problem. The tutor attempts to match the studentôs action to a production 

rule by matching the studentôs result to the result obtained by the system as it applies 
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each rule. Common student errors are modeled in ñbuggyò production rules. If the 

studentôs action matches a buggy rule, the tutor advises the student by addressing the 

misconception modeled in the rule (Anderson, Corbett, Koedinger & Pelletier, 1995).  

Model tracing tutors provide a structured process for the student to follow, and 

depend on scaffolding in which the student shows each step in his work. This can 

work very well for domains in which a well-defined procedure or set of rules are used. 

However, it can also lock students into following the process that is modeled, 

inhibiting creativity and holding back students who may be ready to use more 

sophisticated problem-solving strategies.  

The importance of matching the cognitive model used by the expert module to 

the strategies being taught is illustrated by a comparison of two geometry tutors 

developed at Carnegie-Mellon University in (Koedinger & Anderson, 1993). The first 

model implemented for the geometry tutor did an exhaustive search of all possible 

combinations of the 27 rules (definitions, postulates, and theorems) available for use. 

Even with some heuristics to eliminate impossible combinations, it was slow. A new 

expert module was built with a library of partial proofs. Patterns in a given problem 

were then matched to the partial solutions, from which a complete proof was 

assembled. The student interface and tutoring strategy were also revised to emphasize 

matching the givens with an applicable pattern. Not only was performance much 

faster, but the tutor was now able to teach a useful strategy rather than merely point 

out errors and give hints. Students using the latter version did better than students 

using the initial version at choosing a successful proof strategy. 
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This result suggests an important criterion for the expert module of an ITS for 

object-oriented design: it should employ the same strategies that the student is 

expected to use to solve a problem. This requirement steered the search for a strategy 

for the Expert Evaluator to software engineering research. 

 
Software Engineering 

 

 Students tasked with creating a program to solve a given problem face the 

same challenges as experienced developers: they must identify and understand the 

requirements of the problem and determine the objects within the scenarios to be 

handled. They must also identify the attributes and behaviors of all objects and the 

interactions between objects. Unified Modeling Language (UML) was developed as a 

structured process for accomplishing these tasks and many others, from gathering and 

documenting requirements through analysis and design (Booch, Jacobson & 

Rumbaugh, 1997).  UML consists of many elements focused on individual steps in the 

process, and each one can be used independently of the others (although connections 

between elements make using them together beneficial). Rather than using specialized 

languages or complex techniques, components of UML are relatively straightforward; 

those that deal with requirements gathering and documentation are non-technical 

enough for end users who are not software engineers to understand. This makes these 

techniques accessible to beginning students. UML gives students direction on how to 

get started when presented with a problem, and techniques that they can continue to 

use throughout their computer science education and as professional developers. 
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 This research concentrates on creating an object model from a problem 

description. In UML, the object model is represented by a class diagram. Class 

diagrams come from OMT, or Object Modeling Technique. OMT is an object-oriented 

analysis methodology developed prior to and later incorporated into UML. (UML is 

the combination and extension of three methodologies that were developed separately: 

Booch, OMT and Objectory. The end result is a comprehensive set of techniques and 

notations for the requirements gathering, analysis, and design phases of system 

development.)  OMT is fully described in (Rumbaugh, Blaha, Premerlani, Eddy & 

Lorensen, 1991); the process described below is taken from the book. 

 OMTôs process for determining the object classes in a system is to identify all 

possible candidate classes. These candidate classes are nouns in the problem 

description. The list is narrowed down by eliminating any that fall into these 

categories: 

 Redundant classes ï words that are synonyms for the same concept should be 

grouped together under one term. 

 Vague classes ï words or phrases that donôt match a tangible object or well-

defined idea in the problem.  

 Attributes ï words that are commonly ways of describing something, like 

name or color. 

 Operations ï words that define a task or procedure. 

 Roles ï words that define a personôs or thingôs behavior in a situation, like 

customer or manager. These might be actors (people or things that interact with the 

system). 
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 Irrelevant classes ï items that are not directly related to the problem. 

 After narrowing down the list of classes, the next step is to identify 

relationships, called associations, between classes. Candidates are identified as verbs 

or verb phrases that associate two or occasionally three classes. Again, some 

candidates are eliminated based on criteria such as whether they are irrelevant to the 

problem, able to be derived from another association, or represent an action that an 

object can execute.  

 Finally, attributes are identified from nouns that were eliminated as classes in 

the first step, from adjectives that refer to specific attribute values, or from nouns that 

precede possessive phrases (as in ñthe price of a movie ticketò). 

 Notice that OMTôs strategy is very dependent on identifying parts of speech. 

This idea was not new; in a 1986 paper, Booch suggested that parts of speech, such as 

nouns and verbs, were often good candidates for design elements such as objects and 

methods (Booch, 1986). The ultimate extension of this analysis of natural language is 

generating complete programs from English. This dream goes far back in the history 

of programming languages and software development. In the 1960s, one of the goals 

in the design of COBOL was to make it English-like and thus intuitive to use. (That is 

not to imply that COBOL actually met this goal!) In 1977, Halstead proposed a 

technique to identify operators and operands from English prose, based on a 

categorization of words developed by Miller, Newman, and Friedman in 1958 

(Halstead, 1977); (Miller, Newman & Friedman, 1958). 

 In 1983, Abbott defined a model for identifying parts of speech in a problem 

specification and using them to derive the components of an Ada program. His model 
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is based on object-oriented paradigms from Smalltalk76 and Simula67 and is very 

close to Boochôs and Rumbaughôs models. Abbott identifies data types (classes) from 

common nouns, objects (instances) from proper or direct reference nouns, and 

operators (methods) from verbs, attributes, predicates or descriptive expressions 

(Abbott, 1983). He presents his technique as a process for software developers rather 

than an algorithm for an automated process, and acknowledges that assumed 

ñcommon knowledgeò about the domain that is not explicitly stated in a problem 

definition is a significant challenge to automation.  

 Abbottôs work inspired Booch, Rumbaugh, and others who designed processes 

to define and standardize software development. As the field of natural language 

processing advanced, it also inspired researchers to build automated tools to aid in the 

analysis and design phases.  Examples of such tools include Circe (Ambriola & 

Gervasi, 1997) and LIDA (Overmyer, Lavoie & Rambow, 2001). Both of these tools 

use parts of speech tagging to identify candidate classes, attributes and methods, but 

they depend heavily on a human analyst to verify and refine the results. The greatest 

challenge to further automation is in semantic analysis for the meaning of terms, and 

the application of background knowledge. These are needed to make decisions to 

remove unsuitable candidates. LIDA acknowledges this but does not attempt to use 

either to refine its choices; all refinement must be done manually. Circe does some 

refinement based on a domain-dependent data dictionary that must be entered by an 

analyst; this requires a significant amount of up-front work for each domain. Manual 

review and revision is still required to generate an acceptable design.  
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Metafor (Liu & Lieberman, 2005) is the most ambitious tool so far of all 

attempts to automate the design process. In Metafor, the user enters a ñstoryò 

describing what the program should do. Metafor displays code segments (such as class 

definitions) as the story is entered. The user can modify or add to the story to resolve 

ambiguous statements and revise the code. Metafor fills in the background knowledge 

assumed in the story by accessing a repository of ñcommonsenseò knowledge to refine 

its results. The system has produced encouraging results when applied to small 

problems similar in scope to those assigned to beginning computer science students. It 

is, however, still intended as an interactive tool whose results are verified and refined 

by a human analyst. Metafor is being evaluated as a brainstorming tool for 

intermediate-level programmers and non-programmers.  

One of the benefits of Metafor and the earlier tools is that they aid in the 

identification of missing information in the requirements specification. This allows 

analysts to go back and update the requirements to make them more complete. The 

entire process promotes a better match between the original natural language 

requirements and the system design. In a classroom environment, this can help 

teachers create more complete and precise problem descriptions for their students. 

Indeed, explicit problem statements are essential for beginning students, who do not 

have the prior experience from which to draw knowledge of implicit or assumed 

functionality. 

The process of identifying design components from the problem text can also 

provide useful information about shortcomings in a studentôs design. Has the student 

taken a word or phrase that represents an object in the design and made it an attribute? 
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If so, this information provides clues to the studentôs understanding of both class and 

attribute, and can help the ITSô pedagogical module more accurately tailor its 

feedback to the studentôs needs. 

In addition to interpreting the problem description entered by the teacher, the 

ITS built in conjunction with this research must also interpret the studentôs actions. 

The expert module must be capable of two types of flexibility. First, it must be able to 

recognize different terms for the same concept, since students are allowed to enter 

their own names for components. Related terms must be matched to the studentôs 

intended meaning; misspellings must also be recognized. A lexical database such as 

WordNet (Fellbaum, 1998) can be used to resolve the former, and a spell checker can 

be employed for the latter.  Second, even very simple problems can have multiple 

valid solutions. Multiple solutions must be generated and recognized as valid. 

Variations among components within a solution, not just complete distinct solutions, 

must also be allowed. 

 

Hypotheses 

Software engineering standards and practices such as UML have helped 

developers build systems that are more complete and accurate implementations of 

their requirements than in the past. These practices can also help novice students learn 

object-oriented programming by giving them procedures they can use to analyze a 

problem description, identify design elements, and logically divide functionality into 

manageable pieces. 
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Some of these same software engineering processes are being automated to 

generate program designs as a starting point or brainstorming tool for experienced 

developers and their clients. Teachers can also benefit by using such a tool to verify 

and refine project descriptions, to gain insight into alternate solutions, and to expand 

their own knowledge of object-oriented design. The generated solutions can be used 

by an ITS to evaluate student work while allowing for multiple variations, and 

complete analyses of each component within a problem description can provide 

diagnoses for student errors.  

 

Research Questions 

1. Can learning how to create use cases and class diagrams help novices learn 

object-oriented design and programming? 

 

2. Can the automation of software engineering processes and principles be 

applied to solve simple problems of the type generally assigned to beginning 

computer science students? Specifically, can it: 

 

a. generate multiple solutions for a given problem? 

 

b. provide flexibility in identifying and evaluating novel but correct 

solutions created by students? 

 

c. interpret the steps a student applies in solving a problem,  

 

d. provide a diagnosis for student errors and 

 

e. recommend next steps when the student is stuck? 

 
 

Experimental Design and Evaluation 
 

 The first research question is addressed by the development of the ñDesign 

Firstò for Java curriculum and its evaluation over three semesters at Dieruff High 
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School in Allentown, PA. The curriculum developed includes everything needed to 

teach the course: lesson plans, student projects, practice exercises, assessment 

instruments and an IDE specifically chosen to support the processes being taught. At 

the end of each semester, student performance on exams and projects was analyzed to 

determine how well students grasped specific categories of concepts, including 

problem solving, objects and related terminology, program design and procedural 

code. Improvements based on those evaluations were made after each semester, but 

the basic structure of the course did not change: the same topics continued to be 

covered in their original order. Changes that were made included the addition of more 

practice exercises and quizzes, and the assignment of different projects.  

All three groups of students performed well on object concepts and design. The 

first group was weak in procedural code; the emphasis on the object and design 

concepts may have not allowed enough time for practice using procedural statements. 

Additional time was allocated to review and practice procedural concepts in the 

second semester; as a result, this group of students performed better on procedural 

coding, and still did well on object and design concepts. Further improvements were 

seen in the third group of students. The complete results for all students will be 

included in Section IV of this dissertation. 

The second research question (and its related sub-questions) are addressed by 

the development of an expert module that generates design solutions for a problem, 

evaluates a studentôs solution, and provides diagnoses for student errors. This expert 

module evolved into two components: an Instructor Tool that generates solutions 

interactively with the instructor, and an Expert Evaluator that matches student actions 
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with components in the generated solutions. The Instructor Tool aids the teacher in 

creating clear and concise problem descriptions. It also allows her to revise the 

solution based on her preferences, and to add her own voice to the ITS by entering 

comments and explanations to be used as feedback to the student. The Instructor Tool 

was evaluated by instructors using it to create actual assignments, and assessing the 

quality of the solutions it generated. The Expert Evaluator served as part of CIMEL-

ITS (later renamed DesignFirst-ITS), which assists students as they enter a class 

diagram representing the design of a program to solve a problem. Actual student work 

within the tool was used to measure the Expert Evaluatorôs accuracy. 

The IDE chosen for the ITS is Eclipse
2
, an open-source, freely available IDE 

supported by the Eclipse Foundation (a non-profit corporation whose directors include 

IBM, HP, Intel and other major technology companies). Eclipse is widely used in both 

academia and industry. Built initially as a development environment for Java, Eclipse 

is based on an extendible architecture that supports the integration of plug-ins, or 

modules that add functionality to the system. Plug-ins have been created for many 

functions, including C++ development, data modeling (entity-relationship diagrams), 

and UML. This allowed Eclipse to be customized for the curriculum. Thus, two plug-

ins were added: a UML editor for entry of class diagrams (originally, a commercial 

plug-in called Omondo was used; it was later replaced by a UML plug-in developed at 

Lehigh); and DrJava, a beginnerôs tool that allows for interactive execution of single 

lines of code (Allen et al, 2002); (Reis & Cartwright, 2004). With DrJava, students can 

quickly see what a line of code does, or test a method without creating a main method 

                                                 
2
 www.eclipse.org 
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to run it. The UML plug-in supports the process of creating a class diagram first. It 

generates code stubs from the diagram, using default values for options such as public, 

private, and static. Thus students donôt need to learn the complexities of syntax or the 

meaning of various keywords until later, when they are better prepared to understand 

them. 

At Dieruff High School, students worked on their project assignments in class, 

where two teachers were present to answer questions and help students who got stuck. 

Observation of students working in Eclipse yielded a wealth of information on the 

types of difficulties students encountered and the advice which was effective in 

helping them move forward. This information was useful in making the decision to 

focus the ITS on creating class diagrams in the UML editor of Eclipse, and in defining 

the ITSô requirements. 

One of the desired functions of the ITS is to refer the student to other sources 

of information for review of concepts with which he or she needs help. An earlier 

project at Lehigh, CIMEL
3
, had created multimedia courseware covering a breadth of 

topics for a CS0 or CS1 course (Blank et al, 2003). Some of CIMELôs content on 

objects and classes was used in the high school; as an online resource, it is easily 

available to students for individual study outside the classroom. CIMEL also contains 

interactive exercises and quizzes, which offer additional information on the studentôs 

knowledge of concepts. Thus CIMEL can provide to the ITS both instructional content 

and input on the studentôs knowledge level. Additionally, an intelligent tutoring 

system seemed a logical successor to a project that offered diverse media and 

                                                 
3
 Constructive, collaborative Inquiry-based Multimedia E-Learning. 
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interactive tools, but did not solve problems with the student or adapt to individual 

student knowledge levels or learning styles.  Thus, the project to build the ITS was 

originally named CIMEL-ITS. 

The DesignFirst-ITS architecture (shown in Figure 1) is based on the 

traditional ITS model with four components: expert module, student model, 

pedagogical model, and user interface. A Curriculum Information Network was added 

to store the concepts that comprise the tutoring domain. This dissertationôs research 

focuses on the expert module, called the Expert Evaluator, or EE. Two other 

dissertations focus on the development of the student model (Wei, 2007) and 

pedagogical model (referred to as ñPedagogical Advisorò in DesignFirst-ITS) (Parvez, 

2008). 

The Expert Evaluator observes and analyzes each action the student enters in 

the Eclipse UML editor and then creates a packet of data about the step. The data 

packet identifies the step as correct or incorrect, and the concept applied in the step. If 

incorrect, the packet also contains the type of error committed, and a recommended 

alternative to the incorrect action. This information is available to the student model 

and pedagogical advisor components of the ITS. A separate interface is provided for 

the entry of new problem descriptions by instructors. The Instructor Tool works 

through this interface to analyze a problem description and present potential solutions 

to the instructor, who may revise and annotate the solutions before saving them in a 

problem database, or modify the description and regenerate solutions. 

 



 21 

Figure 1: DesignFirst-ITS Architecture  
 

 

Research question 2a deals specifically with the Instructor Toolôs ability to 

generate solutions to problems specified in English prose. Three independent 

evaluators (two Java instructors and a software engineer) used the tool to analyze their 

own problems. They completed a questionnaire on the correctness and completeness 

of the solutions, and the ease of use of the interface. Six problems suitable for a CS1 

course (including actual assignments used in the participating classes) were input into 

the tool.  

Questions 2b, c, d and e all pertain to evaluating student work. Thus, actual 

student solutions and data on studentsô intermediate work are required to measure the 

Expert Evaluatorôs effectiveness. Nine students in CSE12 at Lehigh during the Fall 

2005 semester used the ITS to design a solution to one problem (an automated teller 

machine). Each step entered into the UML editor was recorded and processed by the 
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EE; the results were analyzed and used to improve the EE. In Spring 2006, additional 

data was collected from five Lehigh students in CSE432 using the ITS, which 

provided input that led to further refinement of the EE. In the Fall of 2006, students in 

a first-semester computer science course at Lehigh (CSE15) participated in an optional 

workshop in which they used the ITS; data collected from these students were used in 

answering questions 2b, c, d and e. 

Question 2b deals with the EEôs accuracy in identifying multiple novel correct 

solutions. This was measured by observing the number of solution variations reflected 

in the solution templates generated by the Instructor Tool on at least three problems. 

Another way to measure this aspect of the tool is to count the number of correct 

solution variations in a group of student solutions that were mistakenly marked in 

error by the EE. Such an analysis of student data is also useful in answering questions 

2c, d and e, which all pertain to the EEôs accuracy in interpreting a studentôs intent for 

each action taken. As students used the ITS to complete an assignment, every action 

was recorded in a database. The EE analyzed each action and recorded its diagnosis in 

the database. From this data entire student problem-solving episodes were recreated, 

and the diagnosis of each step was evaluated by a human expert. Specifically, the 

expert made his own determination of correctness, and for errors, decided on the 

concept applied and the recommended action to replace the error. The percentage of 

actions for which the expert agrees with the EEôs diagnosis is a measure of the EEôs 

accuracy. In summary, the analysis determines: 

 How many errors were present in the solutions; of those, how many 

were identified by the EE; 

 How many correct actions were incorrectly flagged as errors; 
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 How many different good solutions were represented in the group. 

 

Although the participating students used  the ITS and received pedagogical 

advice from it, measuring the efficacy of the advice is not necessary to determine the 

EEôs accuracy and is beyond the scope of this dissertation. Also, these experiments are 

not testing the effect on student performance of using the ITS, or of using the 

Eclipse/UML IDE alone. Thus, a control group of students who do not use the ITS is 

not necessary.   

 

Contributions 
 

This research contributes to several domains. First, the Design First with Java 

curriculum is an innovative approach to teaching a first programming course. The 

curriculum has been disseminated within the Computer Science Education community 

through a journal article (Moritz & Blank, 2005), conference presentation (Moritz et 

al, 2005), and workshop (Blank et al, 2005).  Chad Neff, the teacher at Dieruff High 

School who partnered with Sally Moritz in teaching the Java course, presented the 

curriculum to other high school teachers at the National Academy Foundationôs annual 

conference in July 2005. The curriculum and supporting materials are posted on the 

Lehigh Valley Partnership for STEM Education website at 

www.lehigh.edu/stem/teams/dieruff/. 

Automated design and code generation is in an early stage of development. A 

few systems have attempted to automate the extraction of design elements from plain 

text requirements, but all depend on a significant amount of user intervention to refine 

http://www.lehigh.edu/stem/teams/dieruff/
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their results. Most are intended as assistants to experienced developers, or as 

brainstorming tools to help end users identify all requirements of a desired system.  

Despite these shortcomings, early code generation systems have provided 

results that are useful examples of the design process. Yet educational use of these 

systems has been infrequent and limited to illustrating the process of identifying 

design components. By tailoring the techniques to the domain of small beginner 

problems and applying the processes that students are taught to follow, automated 

code generation can be used to validate designs generated by students and provide 

pedagogically useful diagnoses of errors. Successful use of these techniques in an ITS 

and as a general learning tool is innovative and would demonstrate their value beyond 

their current applications.  Its educational use is not limited to students using the ITS. 

Several evaluators suggested the Instructor Tool as a learning aid for the teacher, when 

the tool generated design components they hadnôt considered. The tool expanded their 

own understanding of object-oriented design, as well as coached them toward crafting 

better problem descriptions for students.  

A third domain to which this research contributes is intelligent tutoring 

systems. An effective ITS for object-oriented design would be a valuable resource for 

computer science students. DesignFirst-ITS provides a relatively unstructured 

environment that allows students freedom to build their designs. Students who do well 

are unencumbered by scaffolding they donôt need; students who have difficulties are 

provided with assistance as they need it. Students are also not locked into a single 

solution; multiple solutions that adhere to the rules of design and are represented in the 

problem description are recognized. Feedback on student errors is relevant to the 
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design process, since recommended actions are based on the Solution Generatorôs 

analysis. Finally, the Expert Evaluator is useful as a grading tool. A teacher could use 

its evaluation as a first pass in grading student solutions, and review the results to 

verify them. 

In summary, the contributions of this research are: 

 A novel use of automated code generation techniques, which provides 

additional evidence supporting the value of these techniques and 

encouraging their continued development and use in new software 

engineering applications. 

 

 A unique expert module for an intelligent tutoring system that overcomes 

the limitations of a constraint-based tutor through a rich analysis of the 

problem to be solved. The EE allows for creativity in a complex domain by 

recognizing multiple solutions, and it provides error diagnoses that can be 

used to recommend next steps and customize advice when a student is 

stuck. 

 

 The application of software engineering principles and UML to help 

beginners learn problem solving and object-oriented design. 

 

 An innovative curriculum for teaching object-oriented design and 

programming to beginners, complete with lesson plans, student materials, 

and an IDE to support it, which has been evaluated in a high school setting. 

 

 A tool to assist teachers in creating complete, clear problem descriptions, in 

increasing their understanding of those problems and object-oriented 

design in general, and in evaluating student work.  
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II. Related Research 

The prior work related to this research falls into 3 categories: Computer 

Science Education (specifically teaching a first programming course); Intelligent 

Tutoring Systems and the development of the expert module; and Object-Oriented 

Software Engineering methodologies and automated code generation. Each is covered 

in its own subsection within this chapter. 

 
Computer Science Education: The First Programming 

Course 
 

This section will briefly cover the challenges of teaching an object-oriented 

programming language such as C++ and especially Java; the ñObjects Firstò approach 

and the tools developed to support it; and the problems students still encounter with 

this approach. First, a history of pedagogies in Computer Science Education is 

warranted. 

Beginning in 1968, the Association of Computing Machinery (ACM) has 

published recommendations for the undergraduate course of studies in Computer 

Science. Updated curricula were published in 1978, 1991 and 2001; the last two were 

developed jointly with the IEEE-Computer Society. The curricula include 

identification of the knowledge and skills a student should possess at the completion 

of the undergraduate program; the core subject areas that should be required; 

additional subject areas recommended as electives; and the basic skills required of 

every beginning student. Each Computing Curricula was developed by a committee 

with input from educators, subject matter experts and researchers. The 
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recommendations reflect the state of Computer Science at each point in time. The 

ACM continues to review computing curricula, and is developing recommendations 

for related domains, including Information Technology, Information Systems and 

Software Engineering. Details on work in progress may be found at 

http://www.acm.org/education/curricula.html.  

The goals of the undergraduate course of study as stated in CCô68 and CCô78 

were similar. Both focused first on programming: students should be able to ñwrite 

programs in a reasonable amount of time that work correctly, are well documented, 

and are readableò (Austing et al, CC ô78). Secondary goals were to understand basic 

computer architectures, and prepare for further education or specialization. Thus, the 

CS1 course focused on algorithms to solve problems, and the syntax and semantics of 

a programming language. In the 1970ôs, structured programming was the prevailing 

methodology for software engineering; CC ô78 recommends that structured 

programming techniques be incorporated throughout the curriculum, including CS1. 

But it does not provide any details on which aspects of structured programming should 

be emphasized, nor how they should be applied in CS1. Neither CC ô68 nor ô78 

recommend a specific programming language for CS1 (CC ô78 specifies only a ñhigh-

levelò language). The dominant languages of the day were procedural; while object-

oriented programming was developing in the 1960s (Simula) and 1970s (Smalltalk), it 

remained within the domains of research and a few specialized applications. 

Meanwhile, Niklaus Wirth developed Pascal to implement and enforce important 

principles of structured programming. Pascal quickly became one of the most popular 

languages for undergraduate CS courses. 

http://www.acm.org/education/curricula.html
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Structured programming continued as the predominant methodology for 

software analysis and design through the 1980s, although object-orientation gained 

more attention during this time. As software systems grew in size and complexity, 

structured programming became less effective in managing their development and 

maintenance. Building objects that combined the data and behaviors of components, 

protected their inner parts through encapsulation, and promoted code reuse offered 

greater promise in controlling software complexity and improving quality.  A number 

of object-oriented languages were developed during this time. ObjectiveC, an object-

oriented superset of C, was created by Brad Cox at StepStone Corporation. Bertrand 

Meyer, a prominent researcher in software engineering, developed Eiffel as a simple, 

robust language that strictly adhered to the object methodology defined in his 1988 

book Object-Oriented Software Construction. Modula-3 was developed at DECôs 

Systems Research Center and found some use as a teaching language in academia. 

Many other lesser-known languages based on object-oriented concepts were 

developed as research projects at universities.
4
 It took the clout of Bell Labs (later 

AT&T Research Systems) to give one object-oriented language ï C++ ï 

predominance, and bring object-oriented design and development to mainstream 

business and industry.   

Bjarne Stroustrup developed C++ at Bell Labs in the early 1980s. Stroustrup 

found that the object-oriented features of Simula made it an excellent language for 

large systems development, but it suffered from slow performance. So Stroustrup 

started with C ï a very fast, general-purpose language also developed at Bell Labs ï 

                                                 
4
 See www.wikipedia.org for a summary of each of these programming languages. 

http://www.wikipedia.org/



