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Abstract

Learning objecioriented 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
t wo avenues of research for this dissert a
uses elments of Unified Modeling Language (UML) to teach students preblem
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 theneed it.

An ITS must be able to solve the problems that are presented to the student, or
at | east evaluate the studentdos wor k. Sev.
but all are limited in the number of different solutions they accept asatoifhis is
not a problem in many domains, but it is in objegented 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 objectented 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 objemtiented 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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[. Introduction

The increasing importance afbjectoriented 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 develagp@aho work on large, interconnected systems.

Data collected from CS1 courses in numerous studies (McKracken 20Gi),
(Ratcliffe & Thomas 2002) have shown that many students have difficulty
understanding object concepts and applying these conceptdvi® problems. One
approach to addressing this problem is through the curriculum. A variety of curricula
have been developed (Bruce 2004), with varying degrees césscThe fooof these
curricula range from teaching procedural coding skills beforedating 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 visuatizepts and
experiment with code.

Both anecdotal and experimental evidence supports the hypothesis that the
Aobj ects firsto approach I s effec&ive i n
Rosenberg2007), (Decker 2003, (Blank et aJ 2003. However, thisapproach still
emphasizes coding and syntax rather than problem solving. When presented with a
probl em, many students dondét know where t
analyze a problem and develop a plan for solving it. This idea led to the deealopm
of a fADesign First o &Blank2008,uNMoutmet & 2005),J av a (

which was taught and evaluated over two semesters at ancityndrigh 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 evaluatiamne 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 theesign First with Java classes did well, but they benefited from
a low studenteacher 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 aimhes 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 gui de a student to a good design
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 dr 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 donaaid the ability to apply that

knowledge to solve the problems assigned to the student. That knowledge is also used



to analyze the studentds solution, ident i1
the studentos error s Wik aformatidn isithen used tomi s u n
provide customized feedback to the student. An ITS also keeps a history of student
performance so that the studentds progres
the student does not understand can be reviewed seresl 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 hawetshd
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 agellaster 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 domaéah are
well defined and finite in scope. But they have also proven beneficial in complex
problemsolving domains. For example, the Andes tutor has been demonstrated to
improve test scores in collegevel introductory physics, especially for humarstie
majors with less prior experience than science or engineering majors in the same
course (Gertne& VanLehn 2000).

A number of successful ITS have been built in the domain of computer
programming. These include ELRWeber& Schult 1998)and LISPITS(Corbett &

Anderson 1992)for LISP; MENOII for Pascal (Soloway et a1981); and ttors for
concepts in C++ (Kuma2002 and (Kostadivov & Kumar, 2003). A few tutors for
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Java have recently been built or are under development, including an expression
evaluaton tutor (Kumay 2005) and JITS (Syke& 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 atjecited design:
CollectUML (Baghaei & Mitrovic, 2005). CollectUML 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
in the solutionis displayed after the student submits her work for evaluation. A student
may also request to see the full correct solution at any time. CGblMttis a
standalone system; it does not link to an IDE to tie design to code. It does not support
multiple solitions (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 descriptidarnree
entry isnot permitted.

Most ITS have three required componets:expert system which can solve
the problems presented to the student;
knowledge; and a pedagogical module, which carries out the teaching strategees of t
system (Shut& Psokta 1996). (A fourth module, the user interface, is also required
for a complete system.) Another type of ITS, constrbaded tutors, do not have a
distinct expert model. Instead, student work is evaluated by applying a set of
congdraints 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 ,e2G01).
Proponents otonstraintbased modeling, o€BM, argue that good human tutoring
focuses on coecting student errors, rather than explaining misconceptions or
understanding al/|l aspects of a studentos
lacking an expert module limits the pedagogical advice that can be offered. For
example, the system cannot@eanend a next step to a student who is lost, nor can it
offer advice as a student worlollectUML is a constrainbased tutor and thus does
not have these capabilitiRecent wok has attempted to mitigate saeshortcoming
for procedural domains byveluating student work at predetermined steps in the
problemsolving processMitrovic, Martin & Suraweera 2007). CollectUML does
not use this technique.

The functionality available in a constraimésed tutor is just one variation in a
vast array of beaviors 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 gals of the system. The ITS built in conjunction with this research is
designed to fit into the #fADesign Firsto
beginners who may need guidance in the early steps of solving a problem to avoid
becoming frustratednal discouraged with the subject. Thus, the ability to analyze the
studentds steps and recommend next steps
module. More specifically, the expert module in the domain of clojeented design
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must be able to ahae the same problems presented to the student and generate its

own solutions; It must interpret a studeni
each step for correctness; and it must identify and diagnose errors. It must also possess

a high degre 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 processA fibl ack box o exper't modul
without revealing its owmeasoning to the student or to other parts of the systers
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 problems 0l vi ng stbhaseddy .t Witlesrsiureg i s one su
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 be
Won6 I n the game, students use basic arith
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
A b u mhsocopponent backwards. Using WEST, a student who moves ahead in a

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

! The following summary of various types of expert modules in ITS over time is based on (Anderson
1988).
v



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

Expert systems soet i mes function as fAglass boxo
their logic), but unless an expert system is built with tutoring in mind as a possible
use, It would not -solvidgeplocess. An exardpe stMFGIN, pr o b |
an expert system for diagnagibacterial infections. MYCIN was incorporated into an
| TS called GUI DON, but onl y -radfltes 0 :GUrl uDlOeNsH
applied to the tutoring proceshetr ul es di d not replace MYCI
fact, they played no partin MYBI6 s p r o b |, amchtheseapervrulas glayed no
part in developing advice for the studelhe trules were designed specifically to
model the human problem solving process, and to consitlvate appropriate to steps
inthe studentds thought process.

The next step in the evolution of the expert module is the use of cognitive
models that attempt to imitate humproblem solving processe®ne technique for
building cognitive modelsn domains which require procedural problem solving is
model tracing.n model tracing tutors, the problesolving 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 ggy 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. Thetatr attempts to match the stude
rule by matching the studentds result to
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each rul e. Common student errors ar e mo d €

student 6s a cuggy nle, themttbradivises theastubbent by addressing the
misconception modeled in the rule (Anderson, Corbett, Koed&adgezlletier, 1995).

Model tracing tutors provide a structured process for the student to follow, and
depend on scaffolding in whicthe student shows each step in his work. This can
work very well for domains in which a wetllefined procedure or set of rules are used.
However, it can also lock students into following the process that is modeled,
inhibiting creativity and holding backtiglents who may be ready to use more
sophisticated problersolving 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 Carigge-Mellon University in (Koedinge& 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 heutiss 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 interfas®l 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. Studentsing the latter version did better than students

using the initial version at choosing a successful proof strategy.



This result suggests an important criterion for the expert module of an ITS for
objectoriented design: it should employ the same stratetfias 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 prdiesnthe
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, Jacdébson
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 complerdthnigues, components of UML are relatively straightforward,;
those that deal with requirements gathering and documentation afrechoical
enough for end users who are not software engineers to understand. This makes these
techniques accessible to begmmstudents. 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 creatarg 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 ebjeatted
analysis methodology developed prior to and later incorporatedUNiL. (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 phasgsterh
development.) OMT is fully described in (Rumbaugh, Blaha, Premerlani, &ddy
Lorensen1991); the process described below is taken from the book.

OMTO6s process for determining the obj et
possible candidate asses. These candidate classes are nouns in the problem
description. The list is narrowed down by eliminating any that fall into these
categories:

Redundant classéswords that are synonyms for the same concept should be
grouped together under one term.

Vague classeewor ds or phrases that dorO6t mat
defined idea in the problem.

Attributes T words that are commonly ways of describing something, like
name or color.

Operationg words that define a task or procedure.

Rolesi wor ds t hat define a personds or th
customer or manager. These might be actors (people or things that interact with the
system).

11



Irrelevant classek items that are not directly related to the problem.

After narrowing @wn 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 dtena 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,fom adjectives that refer to specific attribute values, or from nouns that
precede possessive phrases (as in Athe pri

Notice that OMTO6s strategy is very dep
This idea was not new; in a 1986 pgp@ooch suggested that parts of speech, such as
nouns and verbs, were often good candidates for design elements such as objects and
methods (Boochl986). The ultimate extension of this analysis of natural language is
generating complete programs from Esig 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 Engligte and thus intuitive to use. (That is
not to imply that COBOL actually met thigoal!) 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
(Halstead1977); (Miller, Newmané& Friedman, 1958).

In 1983, Abbottdefined a model fordentifying parts of speech in a problem
specification and using them to derive the components of an Ada program. His model

12



is based on objedriented paradigms from Smalltalk76 and Simula67 and is very

cl ose t o Booc h inedela Abbhott Rlentifibsata typesd(slasses) 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 techniqueaagrocess for software developers rather

than an algorithm for an automated process, and acknowledges that assumed
Acommon knowledgeo about the domain that
definition is a significant challenge to automation.

Abbotb s wor k i nspired Booch, Rumbaugh, an
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 desigphases. Examples of such tools include Circe (Amb®ola
Gervasj 1997) and LIDA (Overmyer, Lavoi& Rambow, 2001). Both of these tools
use parts of speech tagging to identify candidate classes, attributes and methods, but
they depend heavily on a humanalyst 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. LID#&knowledges 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 domalapendent data dictionary that must be entered by an
analyst; this requires a significant amoonhtup-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 anteri st or y o
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 backidtoawledge
assumed in the story by accessing a reposi
its results. The system has produced encouraging results when applied to small
problems similar in scope to those assigned to beginning computer sciencesstiident
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
intermediatdevel programmers and ngrogrammers.

One of the benefits of Metafomd 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 betwien 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 begistinggnts, 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 i nformati on &lHasthe stadendbr t c om
taken a word or phrase that represents an object in the design and made it an attribute?

14



Il f so, this information provides clues to
attribute, and can medule more raeoratdlyTt&l6r itsp e d a g 0 ¢
feedback to the studentds needs.

In addition to interpreting the problem description entered by the teacher, the
| TS built i n conjunction with this resear
The expert module must be capablaved 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 component s. Rel ated t
intended meaning; misspellings must aerecognized. A lexical database such as
WordNet (Fellbaum1998) 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 musbe genested and recognized as valid.

Variations among components within a solutiont justcomplete distinct solutions,

must also be allowed.

Hypotheses

Software engineering standards and practices such as UML have helped
developers build systems that are moomplete and accurate implementations of
their requirements than in the past. These practices can also help novice students learn
objectoriented programming by giving them procedures they can use to analyze a
problem description, identify design elemerdad 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. Teacheas also benefit by using such a tool to verify
and refine project descriptionts gain insight into alternate solutions, and to expand
their own knowledge of objedriented design. fle generated solutions can be used
by an ITS to evaluate student workhile allowing for multiple variationsand
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
objectoriented 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 solutiorfer 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 whae student is stuck?

Experimental Design and Evaluation

The first research question is address

Firsto f or Java curriculum and i ts eval uc:
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School in Allentown, PA. The curricutol 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 performanexams 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 madeadtesemester, 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 differestproj

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 thd group of students. The complete results for all students will be
included in Section IV of this dissertation.

The second research question (and its relatedjsabtions)yareaddressed by
the development of an expert module that generates design ssltdioa problem,
evaluates a studentods solutionThisexpedt pr ovi
module evolved into two components: an Instructor Tool that generates solutions
interactively with the instructor, and an Expert Evaluator that mastheent actions

17



with components in the generated solutions. Thé&dao®r Tool aids the teacher in

creating clear and concise problem descriptidhsalso allows her to revise the

solution based on her preferences, smddd her own voice to the ITS lntering

comments and explanations to be used as feedback to the siudehtstructor Tool

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

quality of the solutions it generated. The Expert Evaluator served asfaivMEL-

ITS (later renamed DesignFirbES), 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 EHX
The IDE cheen forthe ITS is Eclipsé, an opersource, freely available IDE

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

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

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

is based on an extendible architecture that supports the integration ehglug

modules that add functionality to the system. Rhgyhave been created for many

functions, including €+ development, data modeling (entilationship diagrams),

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

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

plug-in called Omondo was udgit was later replaced by a UML phig developed at

Lehigh); and DrJava, a beginnerds tool t h

lines of code (Allen et aP002); (Reis& Cartwright 2004). With DrJava, students can

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

2 .
www.eclipse.org
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to run it. The UML plugin 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.fus students dono6t need to | earn
meaning of various keywords until later, when they are better prepared to understand
them.

At Dieruff High Schoo| students worked on their project assignments in class,
where two teachensere 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 forwardlhis 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 1 TS6 requirements.

One of the desired functions of the ITS is to refer the student to other sources
of informaion for review of concepts with which he or she needs help. An earlier
project at Lehigh, CIMEE, had created multimedia courseware covering a breadth of
topics for a CSO or CS1 course (Blank etZal0 0 3 ) . Some of Cl MEL G s
objects and classes wased 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, whi ch
knowledge of concept3 hus CIMEL can provide to the ITS both instructional content
and input on the studentodés knowledge | ev

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

3 Constructive, collaborative Inquityased Multimedia HE.earning.
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interactive tools, but did not k@ problems with the student or adapt to individual
student knowledge levels or learning styles. Thus, the project to build the ITS was
originally named CIMELITS.

The DesignFirstITS architecture (shown in Figure 1) is based on the
traditional ITS modelwith four components: expert module, student model,
pedagogical model, and user interface. A Curriculum Information Network was added
to store the concepts that comprise the t
focuses on the expert module, cdll¢ghe Expert Evaluator, or EE. Two other
dissertatios focus on the development of the student mo@#ki, 2007) and
pedagogicamodel( r e f er r eddjogicadAda s sfoP 0 | ATSHRAvezgn Fi r st
2008)

The Expert Evaluator observes and analyzes aatthn the student enters in
the Eclipse UML editorand 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 ofrezoonmitted, and a recommended
alternative to the incorrect action. This information is available to the student model
and pedagogicaldwisor components of the ITS. A separate interface is provided for
the entry of newproblem descriptions by instructor$he 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 regengotutions.
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Figure 1: DesignFirstITS Architecture

Research question 2a deals specifically with Ithetructor Toob s abi | ity |
generate solutions to problems specified in English prd$eee independent
evaluators (two Java instructors and a safenengineer) 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 interfaiggproblems suitable for a CS1
course (including actual assignments usethe participating esses) were input into
the pol.

Questions 2b, ¢, d and e all pertain to evaluating student work. Thus, actual
student solutions and data on studentso i
Expert Eval uat one&tadenssfinf GSE1R atv_ehigle dusng theNFall
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 usennfarove 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 EEthe Fall of 2006, students in
a firstsemester computer science course atdlefCSE15) participated in an optional
workshop in which they usdtie ITS; data ollected from these students werged in
answering questions 2b, c, d and e.

Question2ld eal s wi t h t he EEOmultiencovel coarecty 1 n i
solutions. Thisvas measured by observing the number of solution variations reflected
in the solution templates generated by lin&ructor Toolon at least three problems.
Another way to measure this aspect of the tool is to count the number of correct
solution variatios in a group of student solutions that were mistakenly marked in
error by the EESuch an analysis of student data is also useful in answering questions
2c, d and e, which al/l pertain to the EEO:
each actiortaken. As students us¢he ITS to complete an assignment, every action
wasrecorded in a database. The EE analyzach action and recardits diagnosis in
the database. From this data entire student prebtdwing episodesvere recreated,
and the diagosis of each stegvas evaluated by a human expert. Specifically, the
expertmack his own determination of correctness, and for errors, dkadethe
concept applied and the recommended action to replace the error. The percentage of
actions for whichthexepert agrees witslh meaeasHEés ofli & =
accuracy. In summary, the analysis determine

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

were identified by the EE;
¢ How many correct actions were incorrectly flaggedrasrs;

22



¢ How many different good solutions were represented in the group.

Although the participating studentssed the ITS and receivkpedagogical
advice from it, measuring the efficacy of the advice is not necessary to determine the
EEO6 s ac c ubeywmdyhe scopd 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 contribigeo 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
througha journal article (Moritz& Blank, 2005), conference presentation (Moritz et
al, 2005), and workshop (Blank et, &005). Chad Neff, the teacher at Dieruff High
School who partnered with Sally Moritz in teaching the Java course, presented the
curriculumt o ot her high school teachers at t
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 digant amount of user intervention to refine
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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 geéinerasystems 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 domwifaismall 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 err@sccessful use of these techragun an ITS
and as a general learning tool is innovative and would demonstrate their value beyond
their current applicationslts educational use is notiited to students using the ITS.
Several evaluatorsuggested the Instructor Taad a learning aitbr the teachenyvhen
the tool gener at ed deasidgredThe toolgxpandedittieis t hey
own understanding of objeotiented designas well as coached them toward craft
better problem descriptisrior students.

A third domain to wich this research contributes is intelligent tutoring
systems. An effective ITS for objeatiented design would be a valuable resource for
computer science student®esignFirstiTS provides a relatively unstructured
environment that allows students freedto build their designsStudents who do well
are unencumbered by scaffolding they donbo
provided with assistance as they need it. Students arenaislocked into a single
solution; multiple solutions that adteeto the rules of design and are represented in the
problem description are recognizdeeedback on student errors is relevemtthe
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design process, since recommended actionsoages ed on t he Sol utii

analysis.Finally, the Expert Evaluator isuseful 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,hwiravides
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 limitationsof a constrairbased tutoithrough 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 customizecadvhen a student is
stuck.

The application of software engineering principles and UML to help
beginners learn problem solving and objecented design.

An innovative curriculum for teaching objeatiented design and
programming to beginners, complet&h 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 descrjptions

increasing their understanding of those problems and ehjecstted
design in generaind in evaluating student work.
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[l. Related Research

The prior work related to this research falls into 3 categories: Computer
Science Education (specifically teaching a first programming course); Intelligent
Tutoring Sysems and the development of the expert module; and CDjeemted
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 sction will briefly cover the challenges of teaching an objented
programming | anguage such as C++ and espec¢
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 psbed in 1978, 1991 and 2001; the last two were
developed jointly with the IEEEomputer Society. The curricula include
identification of the knowledge and skills a student should possess at the completion
of the undergraduate program; the core subjeedsarthat 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 researchEne
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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 Hgineering. Details on work in progress may be found at

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

The goals of the undergraduate course
were similar. Bddh f ocused first on programming: st
programs in a reasonable amount of time that work correctly, are well documented,
and are readableo (Austing et al, CC 0678)
computer architectureand prepare for further education or specialization. Thus, the
CS1 course focused on algorithms to solve problems, and the syntax and semantics of
a programming | anguage. In the 19700s, st
methodology for software engneer i ng; ccC 078 recommend
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 appliedd CS1. Neit her CC o
recommend a specific programming | anguage
l evel 06 I anguage). The domi nant | anguages
oriented programming was developing in the 1960s (Simulal@nids (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 mokirpopu
languages for undergraduate CS courses.
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Structured programming continued as the predominant methodology for
software analysis and design through the 1980s, although -oloiectation gained
more attention during this time. As software systems grewize 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 codeoffeued
greater promise in controlling software complexity and improving quality. A number
of objectoriented languages were developed during this time. ObjectiveC, an-object
oriented superset of C, was created by Brad Cox at StepStone Corporaticamdertr
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 ObjectOriented Software ConstructiotModula3 was devel oped

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

Many other lesseknown languages based on objedgented concepts were
developed as research projects at universitiegook the clout of Bell Labs (later
AT&T Research Systems)ot give one objeebriented languagei C++ 1
predominance, and bring objemtented design and development to mainstream
business and industry.

Bjarne Stroustrup developed C++ at Bell Labs in the early 1980s. Stroustrup
found that the objeatriented fetures of Simula made it an excellent language for
large systems development, but it suffered from slow performance. So Stroustrup

started with O a very fast, genergdurpose language also developed at Bell Liabs

4 Seewww.wikipedia.orgfor a summary of each of these programming languages.
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