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Abstract

Many computer science educators note that understanding and analyzing algo-
rithms is difficult. During the last twenty years several systems have been created
that use computerized visualizations of algorithms in order to help student un-
derstanding. While some positive results can be seen, several questions remain
unsolved. One of these is how to ensure that the student correctly understands
the visualization that was just viewed. Using artificial intelligence in computer
aided education has been presented as an option, but its traditional uses are far
from usable. | argue that the use of agent-based engineering can help solve the
problem of combining artificial intelligence and computer aided instruction in or-
der to answer the question of ensuring student understanding of algorithms. As
proof of the concept | present a prototypical environment for algorithm animation
called Seal. It is a student-driven algorithm animation environment with an in-
structor agent for student guidance. As a part of Seal’s development a DTD has
been developed for use in representing algorithms in XML.

The ACM Computing Classification System (1998 version): K.3.2,1.2.11, H.5.1

Keywords: Software Visualizations, Algorithm Animation, Computer Aided In-
struction, Intelligent Agents, Agent-Based Engineering
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I was initially guided into the world of software visualizations by Marja Kuittinen
who was the advisor of my Bachelor’s thesis. In it | looked at how algorithm ani-
mations can be used in computer science education. Professor Erkki Sutinen took
me deeper by suggesting that | study how agents could be utilized in algorithm
animations. Here we are; my sincere thanks to both of them.

The participants of the first Program Visualization Workshop provided many valu-
able comments on the initial design of Seal and gave me valuable ideas and re-
sources, as can be seen in the bibliography of this thesis. Thanks to all of you.

And my family: my parents remembered to keep asking about my thesis during
the years that it took to complete. Special thanks to my mother who acted as
editor.
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1 Introduction

As scientific disciplines go, computer science (CS) is relatively young. One of
its core paradigms has its roots in mathematics (Denning et al., 1989), but other
scientific disciplines — primarily engineering — had an impact on the develop-
ment of computer science early in its development. CS curriculums and Com-
puter Science Education (CSE) concentrate heavily on teaching algorithms. This
stems from the definition that the discipline of computer science “is the systematic
study of algorithmic processes that describe and transform information...” (Den-
ning et al., 1989). As algorithms form one of the nine subareas that cover the
whole discipline and lie at the core of computer science, teaching understanding
and analyzing algorithms is an important part of CSE.

CSE curriculums have always used laboratory work and experimental executions
of algorithms as a way of visualizing and understanding each of the steps that
are taken during the execution of an algorithm. An important part of forming an
understanding of an algortihm, at least in my studies, has been the step-by-step
execution of an algorithm using paper and a pencil. While this approach was easy
to use in the simpler algorithms in which the result of the algorithm with the given
input was easily discernible, the more complicated algorithms that students face
in the latter part of their studies are not quite so easily visualized.

One of the fields of research that combines computer science with other disci-
plines is Computer Aided Instruction/Learning (CAI/CAL). While CAI has been
utlized in various domains and learning situations, its use in distance education
offers great potential if effective tools are used (Domingue & Mulholland, 1997).
Especially in CSE the use of distance education needs serious consideration as
students often begin to work early on in their studies and are unable to attend all
laboratory sessions and lectures.

As one solution to the difficulty of teaching algorithms several research efforts
have been undertaken in which computerized visualizations are used to graphi-



cally show the steps of the algorithm and their effects on the given input data (see
e.g. Sutinen, 2001 and Stasko, Domingue, Brown, & Price, 1998). Most of the
visualization systems created so far have either a collection of algorithms built
in or the user can input the algorithm in some programming language so that the
system will then animate its execution. The amount of interaction and user control
and numerous other features vary from system to system, but in essence the basic
principle behind them all is the same.

From a fairly early stage of CAI research the artificial intelligence community and
educationalists joined forces to create systems that combined the use of comput-
ers with current pedagogical views (Shute & Psotka, 1995). Artificial Intelligence
(Al) is a branch of computer science that is interested in intelligent thought or ra-
tional behavior. It has a strong background in philosophy, mathematics, psychol-
ogy, computer engineering and linguistics. While intelligence itself is extremely
difficult to define, Al research has divided into two viewpoints: one viewpoint
is concerned with modeling human thought or action whereas the other tries to
create systems that either think or act rationally (Russell & Norvig, 1995). A new
trend, agent-based engineering, in Al research strives to create rational software
systems.

The use of Al in CAI remains relevant because the system needs to be able to un-
derstand when the user, typically a student, really understands the subject matter.
Especially with visualizations the problem exists that the student does not cor-
rectly understand the visualization (Eisenstadt, Price, & Domingue, 1993), which
leads to a flawed mental model of an algorithm’s execution. Unfortunately the
experiences of using intelligent tutoring systems in CAI has been disappointing
as most intelligent tutors concentrate on toy examples (Schank, 1991) and ignore
some of the fundamental ways that especially expert programmers use (Eisenstadt
etal., 1993).

Unrealistic expectations are often placed on the use of CAl — and especially on
intelligence in CAI. A good example can be seen in a recent issue of Newsweek
(Newsweek, 2001). In the article various people from technology and education
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were asked for their opinions on what a classroom would look like in 2025. Un-
fortunately an educator presented the view that computers will enable students to
become competent writers, scientist, etc. while the teacher takes a less active role.
The use of CAl in educational settings can help learning by obtaining and possi-
bly filtering out irrelevant information, even visualizing it. However, the ability to
process the information into knowledge and output it to others either by writing or
by discussing is not something that a computer can teach in the foreseeable future
(Schank, 1991). Various scenarios of future education and the use of computers
in education can also be found in (Shute & Psotka, 1995).

While technological progress with wireless networks and ubiquitous computing
will provide the means for better access to information, the ability to process the
information does not come automatically with the information. While agents can
help in filtering the information and creating links between relevant information
and guiding a student in the right direction, they cannot, in light of present day
knowledge, become educators in their own right. This point is emphasized by
any who feel that intelligence, and therefore the ability to educate, requires the
ability to learn (Schank, 1991). While agents can prove to be powerful tools in
educational settings they have yet to prove their place in CAl, especially since an
agent that truly learns is still something of the future.

Because the use of software visualizations has some benefits in an educational set-
ting (Kehoe, Stasko, & Taylor, 1999), the effort expended to create visualization
is often justified. Our discussion on the benefits of visualization techniques will
concentrate on the use of algorithm animations in CSE.

While traditional artificial intelligence methodology is not viable in most modern
real-world applications, the use of agents provides a way of integrating rationality
into complex software systems. The rationality and emergent behavior of agents
provides a new approach that can lead to beneficial uses of artificial intelligence
in real-world applications.

As a testbed of the use of agents in software visualizations this thesis will concen-



trate on showing that:

Because software visualizations are acompanied by the threat that the
student does not understand the visualization that is being demon-
strated, we need to find a way in which student understanding can be
ensured. We will study how the use of social agents and a new ap-
proach to visualizations can provide an additional amount of guidance
and visual data so that the student will notice his own misconceptions.

If we want to utilize computer aided instruction in education and especially in
computer science education we need to discuss its worth as an educational tool.
In this thesis | will concentrate on covering the uses of CAI software visualiza-
tions (2) in the teaching of data structures and algorithms. We will first discuss the
different uses of (software) visualizations as learning tools (2.1) and take a look at
some examples of systems created for animating algorithms and visualizing data
(2.2). Since we are also looking into creating new systems for software visualiza-
tions we will cover some of the experiences that have already been obtained by
other researchers while implementing visualization environments (2.3).

In order to circumvent some of the problems presented by intelligent tutoring
systems and traditional artificial intelligence in CAIl a new trend in Al research,
agent-based engineering, will be examined and introduced (3). As agents are a
relatively new field of research already loaded with marketing hype, we will delve
deeper to uncover some of the definitions of agenthood (3.1.1). The theoretical
background which agents are built upon (3.1.2) needs to be covered before we can
study some of the different types of agents that can be created (3.1.3). Once we
have covered the background of what comprises an agent we can begin consider-
ing different aspects of designing and implementing them (3.2).

Since our goal is to find a way into which Al can be re-introduced in CAI we will
need to discuss how agents can be integrated into computer aided instruction (3.3).
As a case study of how agents can be utilized in software visualizations | have
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worked on developing a prototype system for agent-based algorithm animations.
The system is called Seal (4).

My personal motivation to work on Seal began after a course on algorithm de-
sign and analysis. During the laboratory work we were given an assignment
in which we were supposed show the paper-and-pencil execution of the Knuth-
Morris-Pratt-pattern matching algorithm with the given input strings. Naturally
the example input was such that the result — the given pattern was found in the
main string — was obvious, but listing the states of each variable at every step of
the algorithm’s execution was far from simple. Even with small input strings, the
KMP-algorithm required several loops that became tedious to list by hand, espe-
cially when | repeatedly had to backtrack in the execution of the algorithm when
I noticed some errors in my understanding. Unfortunately, to date I still do not
know if I correctly executed the algorithm since | was unable to go to the labo-
ratory session in which the assignment was inspected. So when | was given the
chance develop an application depicting the integration of CAl and agent-based
engineering, | knew this was my target area.



2 SoftwareVisualizations

Variations of animated Software Visualizations (SV) have been used in CSE since
the beginning of the 1980s, following Baecker’s classic movie Sorting out Sorting.
Numerous applications for the use of visualizations have been created since then
with work under way for many more. However, in the beginning of the 1990s only
a small number of instructors used computerized visualizations in their teaching
(Badre, Beranek, Morris, & Stasko, 1991).

By software visualization we mean a small subset of all forms of visualizations
— a subset that is, however, very important in CSE. The term offers a visual rep-
resentation of a program’s execution and the state of the data that the program
handles at any given time. Bergin et al. (1996) divide software visualizations
into three separate subgroups that often overlap: program visualization or visual
debugging, algorithm animation, and data visualization. As with all definitions,
these are not set in stone and some researchers often also use program visualiza-
tion to denote the whole group.

The term program visualization is used when we consider visualization of a pro-
grams execution. Special attention is paid to showing the data structures and vari-
ables stored in memory at runtime and their changes as execution progresses. An
integral part of the visualization is showing which line of code is being executed.
Many traditional debuggers give a textual representation of the data that is used
to form the program visualization (Bergin et al., 1996). Another type of program
visualizations includes the various models that are made of a program’s execution
during the design and technical documentation phases of software projects. As
these are typically static representations, we will not discuss them further in this

paper.

Program visualizations should not be confused with visual programming which
includes the methods and tools for creating programs by manipulating graphical
objects (FOLDOC - Computing Dictionary, 2001). Graphically manipulating ob-



jects and creating programs by ordering different functional units might be a good
learning tool for novice programmers, especially children. But its value in teach-
ing how algorithms function is questionable. A good example of a visual program-
ming environment can be found with Lego®) kits that provide a programmable
interface.

When the visualization system concentrates on showing “...dynamic and interac-
tive graphical displays of a program’s fundamental operations. ..” (Brown, 1988)
we talk about algorithm animations. Thus by algorithm animation environments
we mean environments in which the visualization is concerned with the funda-
mental operations of a program instead of all of the operations of a program. This
often leads to the animation of pseudo-code algorithms instead of real program
code. Pseudo-code hides the low-level details that often accompany real code
(Bergin et al., 1996).

Programs which concentrate on the visualization of a program’s or algorithm’s
data belong to the third and final group: data visualization. Data visualization
is also a fundamental part of the two aforementioned groups which is probably
why programs for data visualization alone are (virtually) non-existent. Data vi-
sualizations are used in typical manual drawings in teaching situations so they do
deserve their own subgroup when considering SV as a whole. Data visualization
is often concerned with the visualization of all of the program’s memory resident
data such as memory stacks, variable values, and execution stacks in addition to
showing the data in immediate use as is often the case in software visualizations
and algorithm animations.

We will now go on to consider 1) when to use visualizations as a part of the
learning process, 2) an overview of research on the effect of visualizations on
learning, 3) a deeper investigation into different types of algorithm animation and
data visualization with examples of different applications, and 4) take a look at
some issues that need to be addressed when designing visualization environments
especially for CSE.



2.1 Using visualizations as a learning tool

Visualizations — especially those of algorithms and data structures — have been
used since the dawn of CSE. Even animated visualizations have been used for a
fairly long time considering the age of the domain. Unfortunately, research on the
impact that visualizations have in the learning process is still lacking even though
some benefits can be discerned (Ben-Bassat Levy, Ben-Ari, & Uronen, 2001, and
Kehoe et al., 1999).

In this section we will cover reasons why visualizations can be used in learning
situations and some of the research that has taken place on the effects that visu-
alizations have in learning. Because of our previous research and our work with
Seal (see section 4) we will concentrate principally on the use of visualizations
in learning algorithm design and analysis plus data structures at the expense of
software visualizations and learning how to program in general. Data structures
and algorithms have been given a vital role in what is considered the core educa-
tion that all students should receive in CS (Denning et al., 1989). And we must
not forget that “there is something difficult about understanding and analyzing
algorithms...” (Kehoe et al., 1999).

2.1.1 Why use Visualizations?

Since understanding and analyzing algorithms is difficult (Kehoe et al., 1999) we
need to find ways to make the task easier. To ease the students in their learning,
most instructors of computer science use visualizations of some sort in their teach-
ing. Even if the visualizations are present on the blackboard, overhead projector
or other static media an attempt exists to visualize the execution of algorithms.
What is interesting to note is that in the early 1990s only a small proportion of
instructors used anything other than static visualizations (Badre et al., 1991). The
situation has hopefully changed as more visualization environments have become
available and computers can be easily used to project dynamic and changing im-



ages to larger audiences.

Bergin et al. (1996) have collected a number of reasons why visualizations should
be used as a part of CSE. They argue that describing abstract and complicated
concepts without any visualizations requires a level of formalism that is often
threatening to students. Visualizations provide an external image that the students
can connect to the description of the concept. This image is then easier to re-
trieve in subsequent use (Kehoe et al., 1999). One of the reasons for the use of
visualizations provided by Bergin et al. (1996) supports this thought. They feel
that all students learn some concept better by visualizing them, i.e. by creating
their own mental models or internal images of them. Often when visualizations
and verbal descriptions are used, the mental model that is formed has connections
between the visual and verbal modes of mental representations (Mayer & Sims,
1994). Considering the argument that students do not understand algorithms be-
cause they do not have an effective model of a computer to begin with (Ben-Ari,
1998), we can conclude that a visualization should help in learning the subject
matter being visualized. Whether or not this is the case will be evaluated in the
next subsection.

The motivational aspects of visualizations, especially when they are presented in
a visually attractive way, should not be underestimated (Kehoe et al., 1999 and
Lattu, Tarhio, & Meisalo, 2000). This adds weight to the claim of Bergin et al.
(1996) that visualization tools used in lecturing situations can be used to focus the
students’ attention on what the lecturer is speaking about.

Visualization tools used in lectures also speed up the presentation of demonstra-
tions and examples used in lectures. The use of automated tools also helps avoid
errors as the inevitable errors that occur while drawing illustrations are avoided
(Bergin et al., 1996). Mayer and Sims (1994) note that using verbal and visual
presentation concurrently is more effective than using them sequentially. While
drawing illustrations in a presentation media, lecturers rarely have the possibility
of effectively explaining what the illustration means. Therefore there is some level
of sequence to the presentation which would lead to less effective results. There
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is still the concurrency of the illustrations still being visible in the background,
but students will have tried to understand the illustration while being drawn and
before it is explained.

Anecdotal evidence suggests that interactive visualizations can increase students
understanding (Bergin et al., 1996). Interactivity enables feedback on algorithm
correctness by enabling the use of the same “design/edit/run/debug cycle” (Eisen-
stadt et al., 1993) that is used by software developers. Interactivity and hands-on
experience can also help alleviate the fears caused by the heavy theoretical as-
pects of CS (Bergin et al., 1996 and Ben-Ari, 1998). This enables the instructor
to spend more time with weaker students while the more advanced students can
explore the problem further. Abernethy, Gabbert, and Treu (1998) present some
experiences obtained by using inquiry-based learning in which students take an
active role of their learning process. The benefits of using interactive visualiza-
tion tools in laboratory sessions has also been presented by Meisalo, Rautama,
Sutinen, and Tarhio (1997).

Many examples exist of researchers expressing at least an intuitive thought that
software visualizations would have a beneficial effect on learning (e.g. Eisen-
stadt et al., 1993, Lawrence, Badre, & Stasko, 1994, and Byrne, Catrambone, &
Stasko, 1996). It is after all quite natural to suspect that a symbolic represen-
tation of abstract and non-tangible events with additional dynamic presentation
that a computerized software visualization gives would have a beneficial effect
on learning. In the following section we will take a look at the results and new
questions that research on the topic has uncovered.

2.1.2 Visualizations and learning

The results that have been obtained on the effect of visualizations on learning
are not especially encouraging. As we have already noted, many researchers and
educators share the feeling that visualizations should have a positive effect on
learning. Some even go so far to point out that “all students learn certain concepts
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better by thinking visually about them” (Bergin et al., 1996). While visualizations
often have some positive effect on the learning outcome (see e.g. the results sited
in Kehoe et al., 1999 on visualization research in other domains), it is still unclear
whether or not visualizations really help in learning CS concepts.

The research led by Stasko in the early 1990s is the first attempt at real evalu-
ation of the benefits of visualizations in learning. Their results showed that the
differences between an animation and non-animation group were not significant
in post-tests (Byrne et al., 1996). However earlier research had shown some sig-
nificant benefits between the two types of groups (Lawrence et al., 1994). The
main difference between the two studies is that in the first the animation group
was able to interact with the animation whereas in the second study the animation
group watched pre-prepared animations. The value of interaction has also been
confirmed in many other sources (e.g. Bergin et al., 1996 and Kehoe et al., 1999).

While viewing animations did not generally improve performance in a post-test,
Byrne et al. (1996) noted that the animation group appeared to understand the
algorithms better and were more able to use what they had learned in novel situa-
tions. Having students use the animation environments in laboratory sessions and
measuring their learning based on that has also shown fairly positive benefits of
using visualizations (Kehoe et al., 1999). It is important to note that in most cases
students have felt that they have understood the algorithm much better once they
have used visualizations, especially if they have also had the possibility to interact
with the visualization and apply it to their own data sets (Stasko, 1997).

Although we can conclude that it is beneficial to use algorithm animations in
learning situations we still need to figure out why students feel that they under-
stand better once they have used visualizations. Earlier we have cited sources
which discuss the relationship between visual and verbal representations and how
connections can be made between them. It seems clear that enabling visual think-
ing does help in learning CS concepts as well as concepts in other domains
(Bergin et al., 1996 and Kehoe et al., 1999).
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One solution to the question of why visualizations — especially when the possi-
bility to interact with the visualization exists — help learning is that they increase
student motivation (Lattu et al., 2000). Increasing student motivation is after all an
important factor although it often cannot be measured quantitatively (Kehoe et al.,
1999). Interacting with the visualizations has also often caused students to spend
more time with the algorithm, which also has positive benefits when considering
learning (Stasko, 1997). While the results obtained so far have not been espe-
cially encouraging, most institutions that have begun using visualizations have
continued their use (see e.g. Markkanen, Saariluoma, Sutinen, & Tarhio, 1998
and Kehoe et al., 1999).

2.2 Animating Algorithms and Data Visualizations

We will now take a brief look at some systems developed mainly for algorithm
animations. Some of the experiences of the systems use comes from my own
experience in using or instructing others in the use of the systems covered. We
will mainly concentrate on systems that aim at understanding the algorithm as a
recipe or the relationship of the algorithm to the code that implements it. These
two types fulfill the levels I and Il in the algorithm understanding scale presented
in Anderson and Naps (2001). We will also classify the systems according to the
instructional design scale presented in the same paper.

2.2.1 Jeliot and Jeliot 2000

Jeliot is an animation environment that has been developed by the Computer Sci-
ence Department of the University of Helsinki (Haajanen et al., 1997). It takes
a piece of code written in a limited subset of Java and then verifies the code and
adds drawing primitives before running the code in an applet window. As such
the system requirements for using Jeliot are fairly small, especially considering
modern environments.
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Jeliot’s strength lies in the fact that it enables the users to write their own code
and control which aspects of the animation are important by choosing the repre-
sentation of each variable used. Unfortunately, the use of Java instead of an ab-
stract pseudo-code limits the use of Jeliot in teaching situations to environments in
which Java is used as the teaching language. A laboratory session in which several
M.Sc.-level CS students where asked to modify the visualization of the provided
Binary Search -algorithm to show an array pointing to the border values of the al-
gorithm took much longer than expected since the students where unaccustomed
to Java.

Jeliot’s user interface, while lacking in eye-candy, is quite functional and enables
many different representations of the variable values. A later research project
was conducted in which Jeliot was modified to be simpler and more user friendly
(Ben-Bassat Levy et al., 2001). The amount of eye-candy was increased but at
the same time some of the versatility of Jeliot suffered. The screenshot in figure 1
shows the animation stage of the traditional Jeliot.

Java Applet window

2s] -- [u]

NOT!

irocessorl ?rocessorz ?rocessori«i

jobhs
l45]10]32]40]z4]18]50]a1]15]

arrivals
[1o]1a]21] 7 [28]z6]15]29] 2 |

Satup Help Close

Figure 1: A view of processor loads while scheduling tasks

In actual teaching situations in which Jeliot or Jeliot 2000 have been used, sig-
nificant improvements in learning have not been found — as is the case in other
similar research endeavors. However, the students using Jeliot 2000 exhibited an
enhanced vocabulary when describing the concepts that they had learned with the
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assistance of computerized visualizations (Ben-Bassat Levy et al., 2001). Placing
Jeliot on the Instructional Design Scale presented in (Anderson & Naps, 2001)
proves difficult. While Jeliot provides a high level of interaction to the user by
forcing the user to write the code that will be executed, no further action is re-
quired by the student and no steps are taken to ensure that the student understands
the code being executed. As a system for debugging code it can serve quite well
providing that the student knows what the algorithm’s visualization should look
like based on a paper-and-pencil implementation of the pseudo-code’s execution
with the same data set. Jeliot’s functioning is also hampered by the fact that back-
tracking is not possible in any sensible fashion making it hard for students to
return to a certain point in the execution of the code.

2.2.2 The GNU Data Display Debugger

The GNU Data Display Debugger (DDD) is primarily a graphical user interface
for various debuggers such as the GNU Debugger (gdb). In this sense it does not
differ very much from Jeliot which can also be seen as a tool for debugging code
instead of an instructional visualization environment. However, DDD provides
all of the power of many powerful debuggers in a fairly easily understandable
graphical interface. The graphical interface means that DDD can visualize the
data that a program manipulates, which leads to automatic program visualizations
(Zeller, 2001).

While especially useful for students as a debugging tool for their own program-
ming projects it can also be used by instructors as it provides unlimited undo/redo
functionality and a visual representation of an algorithm without any extra work.
Figure 2 shows the visualization of a simple list in DDD.

When evaluating DDD with the scales presented in (Anderson & Naps, 2001) we
can easily place it in level Il of the algorithm understanding scale as it provides a
ready link between the algorithm and its implementation in code. A well devel-
oped library that enables the writing of an algorithm in nearly pseudo-code will
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Figure 2: A list as shown in DDD

escpecially help in formulating the mapping between an algorithm in its pseudo-
code representation and its implementation in actual code.

On the instructional design scale DDD can also be placed in several different lev-
els. The first level is not fulfilled as the user must interact with the system in order
to produce a visualization. The second and fourth levels are also unattainable as
it does not provide any hooks for presenting additional textual material. The only
material DDD uses is the program code and its possible inputs. Levels three, five,
and seven are easily fulfilled as the student is often required to write the code that
will be visualized, without the need to write additional visualization hooks. The
student must also provide the input data for the algorithm in one way or another
and has to choose which elements s/he wants to view in the visualization. The ful-
fillment of the eighth level depends on the course materials. In itself DDD does
not provide any correspondence to any given course materials.
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2.2.3 Introduction to Algorithms

Cormen, Leiserson, and Rivest (1989) is a classic of data structures and algorithms
education. Its later editions come with a CD that has some visualizations of the
data structures and algorithms presented in the book. While the visualizations
might have been revolutionary in the early 1990s their graphic look and use of
GUI components leave much to be desired. The fact that they only work in MacOS
also severely limits their use in modern educational settings.

However, the CD is not wholly without merit as it is closely linked with the book
itself and therefore any course that primarily relies on the book fulfills level eight
of the instructional design scale presented in (Anderson & Naps, 2001). On the
algorithm understanding scale it only reaches level one as all of the examples are
presented in pseudo-code or formal English. Unfortunately the fulfillment of the
other levels of the instructional design scale is severely lacking as the user has
almost no control of the algorithm executions and, without the book, explanatory
text is often unavailable. While the CD is unsuitable for use on its own, it would
be interesting to know if additional value can be found of its use when using the
book as primary study material.

2.3 Somenoteson application design

Systems for software visualizations come in many different forms, even though
we only looked at a few different applications in the examples presented above.
Although different programs are developed for use in different kinds of environ-
ments some guidelines for the design for software visualization applications can
be found. While many of the guidelines also refer to other application domains
as well, we will only cover issues that need to be kept in mind when designing
software visualization applications.

Khuri’s (2001) paper gives a good introduction to issues that need to be consid-
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ered when creating an application for program visualization. The first step of
the design process should be an analysis of the environment in which the appli-
cation will be used. The needs that the application should address differ, based
on the intended use. An application that is used to demonstrate an algorithm’s
(or program’s) function in a guided laboratory session or lecture can depend on
the instructor giving the explanation, whereas an application used in independent
work; e.g. assignments, self-study, or distance learning; needs lots of explanatory
text to insure understanding. The designers and implementors of a visualization
environment must, however, remember that a given visualization will never be
beneficial to all users (Khuri, 2001).

The issues that need consideration when designing a program visualization ap-
plication are the same as in any other software project. Naturally the problem
domain needs to be considered and studied. Luckily in most cases the designers
include someone with experience both in software development and CSE. In ad-
dition to knowledge of the problem domain and an analysis of the itches that the
application should scratch the designers need to consider how much interactivity
and guidance the user will be given, how the user interface will be designed, and
how sound will be used (Khuri, 2001).

All of the research published today on the use of program visualizations in learn-
ing environments addresses the importance of interactivity in the program visual-
izations (see e.g. Khuri, 2001, Kehoe et al., 1999, and Anderson & Naps, 2001).
Users want interaction (Kehoe et al., 1999) and letting the users provide their
own data sets for the application is often required for understanding the algorithm
(Anderson & Naps, 2001). Interaction by providing supplementary text or ques-
tions at various points of an algorithm’s (or program’s) execution is also beneficial
(Anderson & Naps, 2001). Free exploration of an algorithm’s function with the
provided interactivity (such as backtracking, providing one’s own data sets etc.)
increases user motivation and as such helps learning. A good list of all of the
issues that need considering when implementing interaction is presented in (Bor-
sook & Higginbotham-Wheat, 1991).
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What is often left without consideration in program visualization applications is
the benefit of the “design/edit/run/debug-cycle” (Eisenstadt et al., 1993) that pro-
grammers use continuously. In most applications the cycle cannot be implemented
since algorithms come in a predefined form. However, many applications, e.g. Je-
liot, let the user freely enter program code and visualize its execution. In these
applications supporting and guiding the cycle is beneficial and can help prevent
the fact that most visualizations present an expert’s view and do not relate to a
student’s model (Kehoe et al., 1999 and Ben-Bassat Levy et al., 2001).

Designing the user interface in a way that it is easily understood and provides all
of the necessary functionality is an extremely difficult task that has merited its
own field of research. We will attempt to cover some of the key points that need
to be considered in creating a program visualization application. The layout of the
display needs to be designed so that it is divided into areas with a clear functional
purpose and the screen does not become unnecessarily cluttered (Khuri, 2001).
User interaction by enabling the user to choose what they feel is important for
their use helps in providing an uncluttered display. It is also important to only
show data that is relevant for the understanding of the algorithm in a scale that
is useful (Bergin et al., 1996). The use of colors is important as they help in
remembering what is shown (Khuri, 2001). When using colors, restraint should
be used, as too many colors or bad color combinations will lessen user experience
(Nielsen, 1999).
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3 Agents

Intelligent Agents or agent-based computing is an offshoot of artificial intelli-
gence research which some say provides a new theoretical model of computation
as opposed to Turing Machines (Wegner, 1997). In many papers agent-oriented
software development or agents have been touted as “the new revolution in soft-
ware” (Guilfoyle & Warner, 1994) or as being “pervasive in every market by the
year 2000” (Janca, 1995). Unfortunately the hype that has surrounded agents has
been quite extensive and some feel that a backlash will be experienced (Jennings,
Sycara, & Woolridge, 1998).

In the following we will 1) discuss the various definitions that have been provided
for what an agent is, 2) cover some of the theories that govern agents, and 3) take
a look at different types of classifications that have been provided. Once we have
covered what an agent is, which is no simple task in itself considering the amount
of disagreement that exists in the definition of agenthood, we will concentrate on
paradigms and tools that will be useful when designing and implementing agents.
After a brief glimpse of what kinds of uses agents have been used for, we will
present some arguments for why and how agents should be used in CAL.

3.1 What are Agents?

As we have already noted, researchers do not agree on exactly what constitutes
an agent (Jennings, 2000). Especially when we add the word “intelligent” to the
concept, thus creating the concept of an intelligent agent. Most opponents of
artificial intelligence will stop listening and others will hope for a silver bullet that
will enable computers to do all the thinking, enabling humans to get on with the
fun stuff. After a blatant characterization we will look at what researchers have
obtained during the last ten years or so of research in the field.
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3.1.1 Definitions

Before we can discuss agents any further, we must come to some sort of agreement
of what we mean by an agent. Although the theoretical background of agents has
its own value in defining agenthood, it will be presented in the following section.
A good starting point for defining what an agent is can be by discussing two
notions of agenthood. The weak notion holds that agents should be autonomous,
reactive, proactive, and have social ability (Woolridge & Jennings, 1995).

By ‘autonomous’ we mean that the agent has its own thread of control In tradi-
tional operation systems this means that the agent has its own process. In modern
concurrent talk we talk about threads which can be either native (operating sys-
tem) processes or internal processes (which are given execution time by the sub
environment inside a single native process). ‘Proactivity’ and ‘reactivity’ further
define autonomy by requiring that the agent can react to changes in its environ-
ment (reactivity), and it can actively pursue a goal by running when needed with-
out requiring explicit user input. Reactivity requires that the agent be situated in
an environment that it can sense. For example, if an agent is responsible for mon-
itoring an industrial manufacturing process, it should have a sensor that can sense
the state of the process, such as temperature, chemical balances etc. Finally the
requirement for social ability means that the agent has the ability to interact with
other agents or the user.

Although most researchers will agree upon the weak notion of agenthood (Wool-
ridge & Jennings, 1995), it is too weak to create anything new. For example,
Unix variants come with a variety of helper applications such as xbi f f , which
notifies users of new email. The xbi f f helper application fills the weak notion
requirements: 1) it is autonomous since it runs in its own process and is given pro-
cessing time by the operating system; 2) it reacts to changes in its environment by
monitoring the user’s incoming email file and reacting when the file is changed,
i.e. new email has arrived; 3) it is proactive by actively informing the user of the
changes when changes have occurred; and finally 4) it has social ability because
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it is able to inform the user when new email has arrived.

Since the weak notion is not good enough a stronger notion needs to be devised so
that agents can differ from widely accepted software paradigms. Woolridge and
Jennings (1995) define the stronger notion to include mentalistic notions (knowl-
edge, belief, intention, and obligation) plus emotions. The stronger notion brings
more aspects that can be perceived as intelligence. No one can be fooled into
thinking of xbi f f as intelligent. Intelligence is also a requirement of agenthood
(Jennings & Woolridge, 1998). Bates (1994) also includes the requirement of
beliefs and intentions in order to obtain believable user agents.

The Belief-Desire-Intention-model is probably the best-known model of practical
reasoning (Jennings et al., 1998). An agents that conforms to the BDI model has
beliefs that correspond to the information it has of its environment (knowledge),
desires that reflect the options that it has available to it, and intentions that reflect
the possible states that the agent wishes to commit to. Once agents have commit-
ted themselves to fulfilling an intention, they will keep trying to fulfill it until it
is completed or proved impossible to complete (Woolridge, 1997). Singh (1998)
argues that mental agency is a mistake because it limits design autonomy and the
agent is limited by how the original design is documented. According to his point
of view how agents behave socially is important, because behaving by its societal
standards (e.g. keeping promises), it complies to its communication.

Other researchers have defined agents in broader terms. For example Sycara,
Decker, Pannu, Williamson, and Zeng (1996) define intelligent software agents
as programs that act on behalf of humans by locating and accessing information,
resolving inconsistencies, filtering irrelevant or unwanted information, integrating
information from several sources, and adapting to a user’s needs. Their definition
is heavily biased toward what they call information agents (for a discussion on
their classification of agent types see 3.1.3) which are specifically given the task
of helping a user cope with the ever increasing amount of information that is
available.
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While the previous definitions have concentrated on defining agents based on their
behavior, Genesereth and Ketchpel (1994) requires only that a software agent uses
an Agent Communication Language (ACL — for a definition of what they are,
see 3.2.2) when communicating with other agents. They do not require that an
agent would be autonomous (i.e. have their own thread of control), situated or
flexible. The requirement that agents are agents when they use an ACL means
that single, stand-alone agents cannot be considered as such. While ACLs are
often needed in multi-agent systems (MAS) stand-alone agents may be created
and thus Geneserath & Ketchpel’s (1994) definition is incomplete.

We will now return to the definition outlined by Jennings and Woolridge. In a
later article they define agents as being situated, autonomous and flexible (Jen-
nings et al., 1998). Situatedness and autonomy we have already outlined above.
Flexibility requires that the agent be responsive, proactive, and social. In this case
the definition has moved slightly away from mental agency toward more reflec-
tion of how the agent behaves socially as Singh (1998) argued. When agents are
‘responsive’ they respond to requests from other agents or users in a timely and
sensible (i.e. the reply has some connection to the request) fashion. This also
means that an agent needs to have some way of communicating with its social
environment, be it another user or an agent. For an agent to be ‘social’ it therefore
needs to understand and produce agent communication, or have a user interface
through which it can communicate with a user. ‘Proactivity’ means that the agent
will actively promote the completion of its goals (intentions) by taking the nec-
essary steps. Jennings (2000) further emphasized responsiveness, proactivity, and
sociability. By creating agents that fill this definition we can obtain applications
that behave rationally in their own environment, but the applications will not pass
the Turing test.

The requirements that agents must be strongly social implies societies of agents or
multi-agent systems. As we have already noted, an agent-based system may use
only a single agent, but most of the potential and research interest lies in the field
of multi-agent systems (Woolridge, 1997). MAS is a part of a distributed artifi-
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cial intelligence (DAI), which also includes distributed problem solving (DPS).
While DPS is closely related to parallel computing with often centralized data
and global control of the computation, in MAS there is no central control. Data
is decentralized, computation is asynchronous, and each agent has a limited view-
point (Jennings et al., 1998). We can now conclude that multi-agent systems are
loose and dynamic groupings of agents which use each other’s abilities as needed
to fulfill their own goals.

3.1.2 Theories and paradigms

Agents are the fruit of the interaction between artificial intelligence, object-
orientation, concurrent object-based systems, and human computer interaction
(Jennings et al., 1998). While they have all had an impact on agenthood, Al is
still the primary basis for agent research. That is why in the beginning of agent
research the term intelligent agent (e.g. Sycara et al., 1996) was widely used and
still is (Woolridge, 1999).

Even though Al aims at building intelligent artifacts that sense and act in an envi-
ronment (Russell & Norvig, 1995), which is what agents do as well, study focused
on agents did not begin in earnest until the 1980s. Al research before this — and
throughout the 1980s — concentrated on the various components of what can be
seen as intelligent behavior, even if no definition of has been accepted (Jennings
et al.,, 1998). The research activity closest to agents during the 1970s was Al
planning (Jennings et al., 1998), also known as symbolic Al.

Symbolic Al is based on a symbolic model of the world (Woolridge & Jennings,
1995). In most cases the world is shrunk to only cover a model of the agent’s
environment, typically in first-order predicate logic (Jennings et al., 1998). If
we think of a symbolic Al system that would hold a viable model of the whole
physical world, we would be faced with a theorem prover (Woolridge & Jennings,
1995). This and other issues have led to the realization that symbolic Al cannot
scale up to real-world problems. Many researches have begun to question the
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viability in symbolic reasoning and Al in general. Rodney A. Brooks is the best-
known of these critics (Jennings et al., 1998). Brooks argues that intelligence
emerges from the interactions that take place in the world (Brooks, 1991). Thus
we can see that intelligence is in the eye of the beholder (Woolridge & Jennings,
1995) and therefore the Turing test can be completed.

Because symbolic Al has failed, other theories have been proposed and developed
(Woolridge & Jennings, 1995). Brooks himself has developed subsumption archi-
tecture which employs no symbolic representations or reasoning at all. If an agent
is developed using it, it will have a number of behaviors that are of the form “situ-
ation — action”. Although subsumption architecture has been used successfully,
some problems still remain. First of all, since the agents do not have an internal
model of their environment, they must have an adequate amount of information
available to them of the local environment. However, if the agent uses only local
information to support its decision making, it cannot take into account non-local
information and only reacts to short-term changes. This pure reactivity will not
enable learning nor allow improvement of the agent’s action as time passes. In
addition, as the intelligence of the agent is emerges from its behavior, it is difficult
to create an agent (or a collection of agents) to fulfill a specific task. (Jennings
etal., 1998)

As neither purely deliberative nor reactive architectures work well in all situations,
researchers have begun concentrating on hybrid architectures, which combine as-
pects of both (Jennings et al., 1998). These hybrid systems are created with sev-
eral layers of functionality in which the first level to receive the perceptual input is
purely reactive and often resembles Brooks’ subsumption architecture. The next
level deals with the knowledge level view of the agent’s environment and often
makes use of symbolic representations and finally the uppermost level concerns
the social level. The social level is concerned with the knowledge of other agents
and their goals, beliefs etc. The first two levels can be described as using often
well-known methods for reacting to the sensory input and using (traditional) Al
only in the knowledge representation (Woolridge & Jennings, 1995). We have
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previously talked about the BDI model which is often used when talking about
hybrid systems. The beliefs are represented by what the agent knows (or believes)
about its environment. Desires reflect the options that are available to the agent
based on its beliefs, and finally, intentions represent the goals that the agent is
committed to fulfilling (Jennings et al., 1998).

Although agents have their basis in Al, they are also strongly tied to other dis-
ciplines as well. As we previously noted, object orientation, concurrent object-
based systems, and human computer interaction research have also led to the
adoption of agent technologies. One of the main reasons for this is that “intel-
ligent agents are ninety-nine percent computer science and one percent Al” (Et-
zioni, 1996). So software engineering is very much a part of agents, a fact that
most Al researchers have overlooked (Woolridge, 1997).

Object Oriented Programming (OOP) or Object Orientation (OO) is a software
engineering paradigm that views the world as a collection of objects, each having
its own attributes and function. Objects are used to encapsulate the implementa-
tion of any given entity so that a programmer using an object does not need to
know how an object function or the behavior that it exhibits is implemented. The
only knowledge that programmer needs is to know what methods are available
to change an object’s state and therefore its behavior. (FOLDOC - Computing
Dictionary, 2001)

OO programmers and researchers often fail to see anything new in an agent-based
approach as both agents and objects encapsulate some state, perform actions on
the state (or based upon the state), and pass messages to each other (Jennings
et al., 1998). However one major difference can be seen. While an object must
do everything that a message passed to it calls for, i.e. once a method is invoked
the object must do what the method calls for, agents can control their behavior
and decline to respond (Jennings, 2000). Thus an agent can decide when to act,
which is why agents do not invoke each other’s actions but request that an action
be performed. To summarize (by modifying the slogan in Jennings et al., 1998),
we can say that objects are like any working dog breed which will do things for
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free; whereas agents embody the terrier spirit of “show me the money.” While
object orientation is not suitable for agent-based software engineering in isola-
tion, OO can nevertheless be used to develop agents, especially as most modern
OO0 languages, such as Java, enable concurrency which can give each agent its
own thread of control. This may lead to the thought that agents are active ob-
jects, but one conceptual difference remains; agents are “rational decision making
system([s]” (Woolridge, 1997).

Human-Computer Interaction (HCI) is the field of research which is concerned
with how people interact with computers and how such interactions can be made
as facile and intuitive as possible. It has affected agents in that despite most in-
terfaces being directly manipulated by the user more and more, we can also see
programs which take the initiative (Jennings et al., 1998) . Direct manipulation
means that the computer program will not do anything until the user has explic-
itly told it to do something. Unix has had a long history of making various little
tools available that can be activated automatically to perform certain tasks (such
as email filtering based on user provided rules to move messages automatically to
different folders etc.). Many more “intelligent” tools are being provided. Agents
used in user interfaces can be criticized for being glorified user interfaces (Singh,
1998), but the fact that “expert assistants” or “digital butlers” (Jennings et al.,
1998) are made available to users make their lives much easier. Nicholas Negro-
ponte points out that it is not an issue of 1Q, but it is shared knowledge working
to-wards the user’s best interests by either the user or agents themselves sending
out agents to collect information on the user’s behalf (Negroponte, 1995).

Although evaluating and comparing differing agent architectures and their effec-
tiveness in a certain environment is difficult, steps toward this have been taken. As
research on different architectures is undertaken, attention must also be given to
the development of programming languages and development environments that
would hold a higher level of abstraction in order to be more useful for an agent
programmer. (Jennings et al., 1998)
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3.1.3 Classifications

The fact that we have agents that work in varying circumstances has led to re-
searchers wanting to classify different types of agents based on the environment
in which they function and their function in itself. Some of the original classi-
fications used terms such as gophers or service providers. Later on more formal
classifications appeared. One fairly descriptive classification has to do with the
function of an agent. Decker, Pannu, Sycara, and Williamson (1997) present three
types of agents: task, interface, and information.

Task agents are given a task that they must try to fulfill, as their name implies. The
task should be clearly defined and often multiple agents are given a subtask of a
task for completion as required. Task agents may have been given their task by an
interface agent that interacts with other systems, often other agents or users. For
the task agent to be able to fulfill its task it may need to utilize some information
that is stored in an information agent or that such an agent will “research.” Based
on this classification a user should never interact directly with agents other than
interface agents. Often, however, practicality takes precedence and the user will
interact directly with both task and information agents as well.

Other sources have presented broad categories such as gophers, service performers
and just predictive or proactive agents. Gophers can be thought of as information
agents as they are concerned with the storage and retrieval of knowledge. Service
performers are just another name for task agents. Bates (1994) calls interface
agents as user agents, i.e. agents that act on behalf of the user and interact with
the user. Predictive or proactive agents are a combination of information, task, and
interface agents (or we can consider a MAS of such agents as a predictive agent)
that are combined together e.g. for the purpose of monitoring news services for
articles that the user might be interested in (Jennings & Woolridge, 1998).
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3.2 Designing and | mplementing Agents

Now that we have a basic knowledge of what an agent is, we can address the issues
related to the design and implementation of a real live (digital) agent. Naturally,
as the field of agent engineering is still relatively new, no firm or even well-tried
guidelines exist, but some pitfalls have at least been found.

3.2.1 Agent Engineering

Creating complex software systems is a complicated task. In order to help soft-
ware developers in the task many different paradigms have been designed to give
developers tools that they can use when designing software systems. Whereas ob-
ject orientation has often been considered as a solution to many of the problems,
the rise of component based engineering and design patterns shows that object
orientation alone does not solve many of the issues that accompany complex sys-
tems.

An agent oriented approach to software engineering differs from other engineer-
ing methodologies (e.g. procedural programming, object orientation, and design
patterns) by considering the system as a collection of agents. Each of the agents
has its own task that it tries to fulfill through communication with other agents
(Jennings & Woolridge, 2000). Although such a hierarchical collection of inter-
linked components has been an established practice in software engineering for
quite a while, agents enable a new level of dynamics in the dynamic organization
at runtime. This leads to a system that can better cope with new unexpected situ-
ations as the developers need not predict all of the possible situations that might
arise.

While agent development is still a relatively new field and no established guide-
lines exist, some attempts at creating such guidelines have been made. Jennings
and Woolridge (2000) is a fairly recent attempt. As in all software systems, the
design must begin from specifying the basic environment in which the software
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system must work. In the case of agents we need to cover the beliefs that the
agents have, the goals that they are trying to achieve, the actions that they have
available in order to fulfill the goals, and the interactions that take place between
agents over time.

Once the specification has been created it needs to be implemented. The trans-
formation from specification can be made in two ways, but both require that the
specification be created in some logical language. The first available option is to
directly execute the agent specification in some environment that can execute a
specification. The other available option in this case is to translate or compile the
specification into a concrete computational form using automated tools. The main
problem with this approach is that the agent will not be able to learn, or modify
its behavior, at runtime. Since few attempts have been made to specify agents us-
ing logic (Jennings & Woolridge, 2000), we need to also consider implementing
agents by using traditional engineering paradigms in the background (Jennings,
2000).

So that the development of agents need not always fall into the same pitfalls, at-
tempts have been made to list some of the pitfalls that designers should be aware
of when creating new agents. The most comprehensive list can be found in Wool-
ridge and Jennings (1998), which we will summarize here.

Naturally, as with any new technology, the problem of over zealous marketing of
the new technology exists. Agents are often sold as ultimate problem solvers for
a given problem, a legacy that comes from the over optimism of Al. With the zeal
also comes the enthusiasm to use the new technology everywhere, even in places
in which other technologies are better suited. The same applies to agents, espe-
cially as there is not enough experience that would show in which environments
agents are really useful.

Often the zeal that comes with a new technology results in statements that are
difficult to understand and which cause misunderstanding of what it is good for or
why it should be used. If the agents really are needed, there still exists the prob-
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lem that too generic a solution is attempted when a custom solution to a particular
problem would be more beneficial. Since agent systems are typically extremely
complex, the created initial prototypes and industrial strength solutions are sepa-
rated by a large chasm that needs to bridged.

If we consider the design and implementation phase many of the pitfalls have to
do with forgetting the existence of other related technologies or other projects
which have utilized agent based engineering and may have created libraries or
components that might be usable in the system being designed. The designs may
vary from overly intelligent (and industrially weak) agents to agents with no in-
telligence at all. Using ready implementations gives an added level of strength
including the fact that the standards used in other systems have typically been
tested and evaluated, and creating a new standard rarely offers any added value.
Typically the agent system is initially created so that all of the agents, of which
there may be too many or too few, run on same machine in simulated concurrency.
This is good for testing a concept, but in industrial strength applications the agents
also need to be tested in various networked environments which often cause new
concerns. Naturally a system of multiple agents also, in most cases, needs some
sort of structure so that some purpose may be obtained from the society of agents.

In addition to all of the agent specific pitfalls we need to remember that agents are
also typically concurrent, distributed systems and all of the complexities related
to their development also exist (Jennings et al., 1998). For example, in MAS
we need to address issues such as network congestion or failure, the loss of any
number of agents at any given time etc. Since these issues are not limited to agent
based engineering we will not discuss them here.

3.2.2 Agent Communication

Previously we saw that one of the definitions of agenthood concluded that an
agent is any piece of software that uses an agent communication language (Gene-
sereth & Ketchpel, 1994). Finin, Labrou, and Mayfield (1994) also emphasize the
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need for agent communication using a common language that all agents under-
stand. Several attempts of creating a common language for agent communication
have been undertaken with the Knowledge Query and Manipulation Language
(KQML) as one example. While traditional communication between applications
concentrates on communicating information, agent communication languages (at
least in KQML) also communicate attitudes on the content and performatives that
define the actions that agents may attempt when communicating with each other.

It is important to note that an ACL is not directly interested in the transport or
higher level protocols that are used to communicate the language, although im-
plementors of ACLs do have a strong interest in them. Some of the requirements
that can be placed on ACLs are that the language needs to be defined in a way
that it is easily read by humans. Since agents are often designed to work in highly
heterogeneous environments, the languages they use in intercommunication need
to be layered in a way fits well with other systems and is usable over a number of
different transport protocols (suchas HTTP, TCP/IP, etc.). Naturally considering
reliability, as well as efficiency in bandwidth usage and processing time, is impor-
tant when designing a language that will be implemented in a real environment.
(Finin et al., 1994)

While many different languages have been created to allow intercommunication
between different applications as well as agents, no ACLs have been created that
have allowed agents to effectively understand each other (Jennings et al., 1998).
The late 90s also saw the rise of XML (XML, 2001) which was created to enable
data interaction between various systems that exist especially on the Internet. Sev-
eral different technologies for sharing information across sites are also in use, e.g.
Resource Definition Format that is used to “integrate[s] a variety of applications
from library catalogs and world-wide directories to syndication and aggregation of
news, software, and content to personal collections of music, photos, and events”
(RDF, 2001).

If ACLs are to gain widespread acceptance they need to be implementable in
highly performance critical environments. In such environments a generic lan-
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guage is not always suitable. Implementing custom agent communication lan-
guages for specific agent environments also leads to increased security as generic
protocols are often prone to misuse. Although the ability of agents to decide which
requests to honor does help in reducing security risks, unexpected holes may open
as well.

As agents have often been prototypically created for use as personal assistants
that help in scheduling and such, it will be interesting to see whether the SyncML
initiative (SyncML, 2001) will gain support from agent researches. As SyncML
is a XML-based language for mainly calendar and address book synchronization,
it may prove to be the starting point of the widespread acceptance of XML as
the basis for ACLs. Development has also begun on a XML-based agent markup
(communication) language at DARPA called DARPA Agent Markup Language
(DAML, 2001) which extends the functionality of RDF to provide even more
possibilities for semantic modeling.

3.2.3 Agent Applications

Many working prototypes and actual implementations of agents have been created
during recent years. While agents have been applied in many industrial systems
(Jennings et al., 1998), we have yet to see agents that would really enhance user
experience. Although many personal assistants, such as Microsoft’s “Clippy” in
their Office suite, have been implemented, they are rarely used to enhance pro-
ductivity. Despite this, information agents show great promise in helping users in
their everyday tasks.

Klusch (2001) presents a good overview of information agent applications. Infor-
mation agents are created to proactively and reactively gather information, synthe-
size and filter the data and present it to the user. Especially with the modern chaos
of the Internet and the inability of even the best search engines to keep up with
all of the changes, new systems are needed by users to provide reliable collec-
tions of information on any given topic. The intelligence required by such agents
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can be significantly reduced by some of the methods of communicating semantic
information on resource content that we discussed in 3.2.2.

Various task agents have been created that even handle mission critical applica-
tions, such as systems that control manufacturing processes. Other examples in-
clude air traffic control in which each airplane is represented by an agent and
air traffic control is represented by other agents which try to accommodate the
airplane agent’s desires. (Jennings et al., 1998)

Many prototypical task agents have been created that try to automate the process
of scheduling events or meetings between several different participants (Zeng &
Sycara, 1995 and Kautz, Selman, & Coen, 1994). Especially with such systems,
the importance of the user interface is important. An initial version developed by
Kautz et al. (1994) used email forms to communicate with the users while a later
version used its own GUI. Naturally users where more willing to interact with the
GUI instead of an error prone email form.

Interface agents can often be used in conjunction with information agents to pro-
mote an interface agent’s ability to learn by monitoring a user’s actions. Such
monitoring could, for example, note that a user often moves email messages to
or from a certain address to a certain folder and ask the user whether they are
willing to create a filter based on that action. A system that implements this sort
of behavior is presented in (Maes, 1994). Many other systems have also been de-
veloped, but widespread acceptance is still lacking. Maybe the future will bring
agent-based applications on to every user’s desktop.

3.2.4 And the Future?

As arelatively new paradigm in software engineering, agent based engineering has
its own share of challenges. Unlike new programming languages that are spon-
sored by companies and published with ready development environments such as
Java and C#, agent engineering does not have any development environments or
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programming languages that were specifically designed (Jennings et al., 1998).
In order to create agent-based applications developers need to shoehorn existing
programming languages and environments into a new paradigm.

Although agent based engineering is mostly about traditional software engineer-
ing, using tools developed for another paradigm causes a significant loss of pro-
ductivity and effectiveness. When discussing design patterns, it is often noted that
design patterns are recurring patterns that have been modeled and named. These
patterns often become features of future programming languages or environments
such as is the case with the Observable-pattern and its implementation in standard
Java libraries. What agent based engineering needs is its own modeled and named
patterns and toolkits that help developers in their designs. Naturally old designs
are not made obsolete by the new as agent based engineering still faces all of the
challenges that distributed and concurrent systems with flexible interactions are
presented with. What we are reaching for is a new level of complexity that brings
along it more power to solve even more complex real-world problems.

With agents becoming more and more pervasive at every level of computing, user
trust is an issue that must be addressed (Norman, 1994). For a user to trust an
agent, the users must retain the feeling of complete control (Kautz et al., 1994).
Unfortunately, when we consider the applications available on a typical user’s
desktop, how many of the applications enable the user to retain the feeling of
complete control. Currently most of the “agents” that we see on ordinary user’s
desktop do everything but give the user the feeling of control.

Recent developments concerning the privacy of a user when each site collects their
own demographics have heightened the need for trust between the user and their
agents. For a user to give an agent free reign in filtering email messages, searching
for interesting news etc., the user needs to know that the information that the agent
contains will not leak to any other party, and that the agent is not limited to a
given set of information sources. Open standards will enable developers to create
information sources and agents that utilize them without tying users to any one
provider. Most people perceive this as a “good thing(tm)” while dependence on
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a single source is frowned upon. The agent community needs to promote open
standards that have the support of industry as well if we are to see agents on every
user’s desktop.

3.3 Integrating Agentsinto Computer Aided Instruction

The earliest examples of CAI began to show around the 1960s, and the first CAl
applications containing intelligence, typically called Intelligent Tutoring Systems
(ITS), started to appear in the 70s and flourished in the 80s. During the 1990s,
however, they began to disappear from mainstream CAI publications. Initial def-
initions of ITS argued that they must possess knowledge of the domain (expert
model), learner (student model), and teaching strategies (tutor) (Shute & Psotka,
1995). Later definitions for what the “I” in ITS means, presented in (Shute &
Psotka, 1995), show how many of the ITS researchers were stuck with an obsolete
view of Al. This view emphasizes modeling the world and using Al techniques
based on inferences (Schank, 1991) which the Al community had already found
problematic by that time (Jennings et al., 1998).

The problems found in traditional 1TS systems have lead to a shift in focus from
traditional Al to agent-based systems. Some of the problems that are found in tra-
ditional ITS are presented in (Eisenstadt et al., 1993) and include the following.
They argue that the main problem with ITS is that they deal with toy examples
and cease to be useful once the learner has left the novice stage. The same argu-
ment is emphasized by Schank (1991) who notes that one of the issues to keep
in mind when developing Al systems is to use real problems instead of toy prob-
lems. The amount of user control is also one of the great debates that troubled the
ITS community in the 1990s (Shute & Psotka, 1995). The problem according to
Eisenstadt et al. (1993) is that traditional systems tend to force students to follow
a predestined path without permitting learning through discovery.

While the use of ITS has proved to be problematic there are strong reasons why
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they should be used. The worry of Eisenstadt et al. (1993) that users view visu-
alizations without necessarily understanding them or understanding them incor-
rectly is a valid one. Methodologies to supervise the independent learning process
need to be implemented to prevent this from happening.

What this leads to is a new level of complexity in systems design. If we are to
leave traditional expert systems behind we need to find new systems that enable
the modification of the knowledge base that the system will use to ensure that the
student understands the visualization while still enabling the freedom of discov-
ery. Schank (1991) defines an intelligent system as one that learns. In this case
we can consider the modification of a knowledge base that an agent has as simple
learning. As agent-based engineering is suggested as the new paradigm for deal-
ing with the ever increasing complexity in software systems (Jennings, 2000), we
can see the transfer from the use of Al in learning to the use of highly interactive
systems often characterized by agents (Aroyo & Kommers, 1999).

Initial uses of agents in CAIl can be found as early as the mid-nineties. Even the
initial uses of agents offer a radically different approach from traditional ITS, as
agents are used to advise only when necessary without interruptions to user tasks
(Selker, 1994). However during the nineties very little was done on the uses of
agents in CAI. The next time uses are seen in any abundance was in Aroyo and
Kommers (1999).

While the applications of agents as new ITS presented in (Aroyo & Kommers,
1999) provide some ideas on how to use agents in CAIl we are still a long way
from having any useful frameworks which can be used in implementing agents
in CALl. For CAI applications that use agents to become truly useful and worth
the effort that is put into developing them, we need to begin building tools that
are specifically designed to enable the use of agents in CAI. We are still in this
situation even though Schank (1991) defined the creation of tools to help in the
engineering of Al applications as one of the issues that need to be addressed.
However, the transition from traditional Al views to agent-based engineering ac-
counts for the relative standstill.
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The power of agents is best utilized in an open learning environment. In such
an environment the computer is used as one tool among many for information
seeking, visualization, communication, scheduling etc. Agents can be used in
certain well-defined domains to help the student in whatever task is at hand, but
agents need not know all of the elements of the learning environment. While old
ITS tried to control the whole learning environment and tried to tie the student to
following a certain path, non-intrusive agents will allow the student to take their
own paths. In this scenario the agents will assist the student when needed and
when the agent’s skill set enables assistance. The days of theorem provers and
inference engines are long gone (Woolridge & Jennings, 1995 and Schank, 1991),
at least in light of current knowledge of what Al is capable of.
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4 A Case Study with Seal

While | do not present a new framework to help in creating agent-based CAl
applications, | will present a prototype, or proof of concept, of the use of agents in
software visualizations. In addition to using agents as a part of its implementation,
there are some additional features that differ from existing algorithm animation
environments.

| have attempted to approach computerized visualizations from a slightly differ-
ent perspective by creating a desktop on which the paper and pencil are mainly
controlled by the student, but the computer can automate some of the repetitive
tasks that form the core of most algorithms. With the student telling the computer
what each step of the algorithm does we can achieve the same benefits as using
paper and pencil. Once each line in a block has been executed by the student, the
animation agent will take over and continue until a new line is encountered.

If, at any time in the execution, the student sees that the animation does not com-
ply with his mental model of the algorithm’s execution, he can stop and backtrack.
This will enable the student to either change their mental model by noticing that
their initial guidance was incorrect or to change the guidance given to the com-
puter so that the animation will comply with the student’s mental model.

Taking over the execution of loops and such, once the student has executed each
line at least once, reduces the amount of repetetive work that the student needs
to do and hopefully eliminates errors caused by repetition. When the amount of
repetetive work is reduced, the student can concentrate on watching the anima-
tion of the algorithm being executed and hopefully notice any errors before the
algorithm’s execution ends.

Once the execution of the algorithm is complete, the instructor agent will enter
the stage and begin pointing out to the student what went wrong and where. In
the initial prototype the instructor’s ability is limited to pointing out the lines of
the algorithm in which the student’s guidance differed from how the algorithm is
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supposed to be executed. In order to highlight some key points in the execution
of the algorithm, the ability of the instructor to mark a certain line of code and
show additional instructor provided text is available, but only after the algorithm’s
execution is complete.

In the following we will dicuss some of the design principles that were taken into
account while implementing Seal® in addition to pointing out some issues that
have arisen during the implementation. We will also present a sample of how Seal
can be used in an educational setting and provide a simple evaluation of Seal’s
pedagogical worth.

4.1 Design and Implementation

Seal’s design is based upon the following requirements, discussed in more detail
below.

e Seal is intended for use in CS courses as a student aid when working on
assignments that require the tracing of an algorithms state at each step of its
execution.

e Seal must utilize agent technology in its implementation.
e It must also enable student debugging of the algorithm’s execution.
e The instructor must be as unobtrusive as possible.

e The user interface must be as simple as possible so that the user is not
tempted to consider paper and pencil as an alternative.

e The user must have control over what data is shown in the animation, e.g. a
loop variable is often redundant and may be distract the user.

e Seal must work on multiple platforms and varying screen sizes.

1Seal’s homepage is at http://cs.joensuu.fi/ seal/.
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These requirements were chosen because they provide a view of the new features
that Seal provides in comparison to other algorithm animation systems. The scope
of the technical requirements that are listed above covers most of the general tech-
nical requirements that can be placed upon any algorithm animation environment.
It must be noted that the requirements have been listed in a very free-form way
when compared to the detail that is needed in actual requirement specifications,
but they should serve in this context.

4.1.1 Algorithm Animation

As already mentioned, Seal is intended to replace paper and pencil based algo-
rithm walk-throughs used as assignments in order to help students understand an
algorithm’s execution. While no requirements have been placed upon the user
groups that can benefit from its usage, some issues need considering.

Because graphical displays are not self-explanatory (Ben-Bassat Levy et al.,
2001), Seal is not intended for use at the beginning of a student’s studies in
computer science. It relies heavily on common notation of algorithms (pseudo-
code) and data (e.g. display of arrays). Until students are somewhat familiar
with pseudo-code and algorithmic presentation, the code that Seal presents is not
self-evident.

The reason for the pseudo-code representation of an algorithm is based on how
the algorithm is represented internally. Seal reads its algorithms from XML files
which must conform to the document type definition (DTD) presented in B. The
XML representation of the algorithm is transformed into HTML by the use of
XSL/T transformations (XSL, 2001). The generated HTML is then used to dis-
play the algorithm. An example algorithm’s (see appendix C) HTML representa-
tion can be seen in figure 5 (in section 4.2).

Because previous algorithm animation environments have used program code or
custom file types as their internal representation of algorithms, sharing the algo-
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rithms from one environment to another requires additional work. So that the
different types of animation environments, each with their own strengths, can bet-
ter benefit from the work invested in the others, a common format for algorithm
representation is needed. XML has been developed to solve many of the interop-
erability problems common in most computer systems. While we will not concen-
trate on the benefits of using it in comparison to other formats, it is important to
understand that XML is a human readable format with a relatively low overhead.
The DTD developed as a part of Seal and presented in appendix B is the first
step in this process. The current version of the DTD has limited expressiveness,
but can still be used to represent simpler algorithms. Further development of the
DTD is needed.

The following figure (3) illustrates the steps and documents that are needed when
transforming the algorithm into its HTML representation. In our example, the
algorithm file is the sum xm -file and the algorithm DTD is the DTD provided
with Seal, shown in appendices C and B respectively. The XSL/T rules used in
the transformation are not shown but can be obtained from Seal’s homepage.

Show error
and exit

no

Al gorithm DTD

XM. al gorithm
file

Val i dati on Parse XML
yes

XSL Transformation
Spec DOM Documnent
/ Tree

Transformtion

[

Figure 3: Diagram of the conversion process from XML to HTML.
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The validation has not been implemented in the current prototype but will be im-
plemented before instructors can be expected to create their own algorithms for
use in Seal. The DOM (DOM, 2001) document tree is used by the various com-
ponents to access the algorithm at the code level.

The reason for using a structured format to represent the algorithm and related
data is that, in addition to easy transformation into pseudo-code, the instructor
may use the internal representation to execute the algorithm with the given input
data. The instructor can then use the execution stack it receives to compare with
the execution stack of the user to locate the points in the execution where errors
occurred.

The use of XML to represent an algorithm is a novel approach. At least searches
on the world wide web for previous work in the field yielded no easily discernible
results. While the definition at the moment is limited to defining a small subset
of functionality that even pseudo-code algorithms generally include, it can be eas-
ily extended to fulfill most needs. Because XML is a human readable format,
instructors and other interested parties can create their own algorithms for use
in Seal without the need for an additional algorithm editor. Of course such an
algorithm editor would be an important addition for ease of use.

4.1.2 Agent Technology

Seal is divided into three different subcomponents: animation, algorithm, and in-
structor. These components are tied together by the core of Seal which enables
the initial communication between the components and creates the basic user in-
terface. To fulfill the requirement that it must use agent technology in its imple-
mentation we need to see how each of the components fulfills the requirements
for agent-based systems.

While it does not fulfill many of the facets that agent-based software engineering
provides (mainly the lack of dynamic re-organisation) (Jennings, 2000), its sub-
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components are autonomous and active. While the activity that Seal’s components
undertake is mainly reactive especially the instructor also has many proactive fea-
tures that maintain the use of both types of activity. We will discuss each of the
component’s agent-like features in more detail below, but we can assert that Seal’s
subcomponents are infact agents.

The algorithm component is the least agent-like of all of the components, as it
does not have its own thread of control but relies on requests obtained from other
agents or the core system. It can be best described as an information agent because
it takes some base information and transforms it into the format requested by other
agents. As such it has some social ability in order to communicate with other
agents. While it seems to have a user interface as well, it does not react to user
actions and as such we cannot consider it to communicate with the user.

While the algorithm doesn’t have its own thread, the animation agent must have
its own thread in order to automatically take over algorithm execution from the
user when all necessary data has been obtained. At a source code level the anima-
tor is divided into two parts: one functions in the same thread as the core system
and the other is the primary animator which handles the creation of new steps by
following user input automatically. The level of social interaction with the user
requires fairly complicated interactions, taking the animator away from traditional
algorithmic approaches and closer to agenthood (Wegner, 1997). The animator’s
interaction with the other agents is limited to interactions with the algorithm be-
cause the trace of the user’s execution path through the algorithm is maintained
by the algorithm agent based on the data it gets from the animator.

The instructor’s functionality will be discussed in more detail below, but consider
it in relation to the other two agents present in Seal. While it does not directly
receive data from the animator, it follows the animator’s execution and only begins
to function in a visible way (to the user) once the animator’s execution is complete
or when an endless loop is encountered. Once the instructor takes control of the
user session it directs the animator in order to animate the correct execution of the
algorithm, if needed. The more mental features of the instructor’s agenthood will
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be left for discussion below.

Here we have concentrated on considering the algorithm, animation, and instruc-
tor agents’ agenthood in the light of the more generic definitions of agenthood.
While I do not fully subscribe to the view that agenthood requires mental agency,
| view social agency as adequate (Singh, 1998 and Jennings et al., 1998). In this
light the social ability present in the animation and instructor agents is sufficient.
Future development can further emphasize the benefits that can be obtained from
using agents in such a system.

Some future development that can be envisaged for Seal includes the use of the
Internet to enable networking between various installations of Seal. If we want
the instructor to be able to modify its behavior based on previous sessions with
its users, a single installation’s knowledge database will be woefully insufficient.
Because the Internet allows easy communication around the globe, several cen-
tralized data stores could be used to store the accumulated knowledge of all of the
instructors. Likewise the central storages can be used to store the algorithms cre-
ated by instructor’s worldwide, thus further reducing instructor load in utilizing
Seal.

4.1.3 Debugging

When we discussed the design of animation environments (section 2.3) the
“design/edit/run/debug”-cycle was mentioned. While Seal’s nature as described
above includes an inherent need for the run and debug parts of the cycle, this
requirement needs additional illustration.

An inherent part of being able to debug a program or algorithm’s execution is the
ability to provide the input data on which the program will operate. Seal allows
the student to enter their own input data (ideally is formed so that the student will
know what the final solution of the algorithm’s execution will be). If this is the
case, the user should be able to see when the execution of the algorithm, based on
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their guidance is incorrect, if the desired result cannot be obtained.

This enables the use of the debugging part of the cycle as the student may back-
track to the point in which s/he thinks that the execution went on the wrong track
and try to correct it. The ability to backtrack through an algorithm’s execution
will also let the student view the algorithm’s execution several times, thus en-
abling better recollection.

4.1.4 The instructor

The instructor forms the core of the agent-based implementation of Seal. After all,
the definition of the algorithm and animation components as agents is an exercise
in definitions. The instructor is required to be as unobtrusive as possible. This
means that it must not force the student to follow a predetermined path but must
allow free investigation as well as trial and error.

To fulfill this requirement the instructor has been designed so that it does not
require the student’s attention until the student’s execution of the algorithm is
completed. Once the student’s execution is complete, the instructor will point out
the first error, if any, of the student. It will also show the correct execution of
the given statement. After this the student is expected to continue the execution.
Again, once the execution is complete the instructor will take over and repeat the
previous if necessary.

Once the algorithm’s execution has been successfully completed, the instructor
can give the student a walk-through of the algorithm’s correct executions with
additional textual material that is provided with the algorithm. This additional
textual material is not shown to the student during the initial phase as it will dis-
tract the student and add to the student’s cognitive load. It is shown at the end to
better ensure student understanding.

While the instructor does have some beliefs, it is still lacking in its mental at-
tributes. Further development needs to concentrate on better models of typical
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problems with basic programming constructs that can be used to guide the student
towards the correct execution of algorithms.

User authentication, in addition to the modeling of students, will enable the in-
structor and other agents to add intelligence to their own behavior once a student
is known to understand certain constructs. For example, in CS1 algorithms the
student will be required by the animator to show how a loop variable is used as
an array index whereas in CS3 the student should already understand the relation.
User modeling and authentication can help by allowing the animator to automate
the use of loop variables as array indexes if the student is known to understand the
connection.

Enabling the instructor’s learning based on the student errors and solution paths
needs to be researched as it can help in developing the beliefs of the instructor.
While the creation of a complete student model is not even attempted, some mod-
eling will be useful. In this case, using centralized storage areas for such informa-
tion will provide more data for each instructor to use so that emergent behavior
can be achieved.

415 User Interface

Since we are designing an application that will be rarely used and as a small tool,
the user interface must designed so that the cognitive load that it presents is as
small as possible. Unfortunately user interface design is not an easy or quick task
and the current prototype is not self-evident or easy to use. Further development
must concentrate on some of the following issues to make Seal more user friendly.

The overall view of the software needs some fine tuning. Currently Seal opens up
a huge window (using all available window space) and several smaller windows
inside the parent window. This is a common approach on Windows platforms,
but Macintosh and X-Windows users are more used to the approach of several
independent windows. The use of independent windows gives the user a better
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choice of what is visible and where to place each window.

The animation engine needs a severe rewrite so that the animations are smoother
and value changes are illustrated instead of their instantaneous appearance. The
animation of the values will also better illustrate how different variables in the
algorithm modify each others value’s during execution.

The use of sound has not been studied very much. Many interface design guide-
lines suggest the use of sounds to give auditory cues in additional to visual cues but
the use of sound in program visualizations has not been extensively researched.
In normal use Seal does not necessarily need to have sounds enabled, but future
research on the use of sounds with visualizations may provide reasons to include
the use of sounds in Seal.

4.1.6 Data Visualization

The need for the user to select what data is shown was discussed in connection
with some of the issues that need consideration when designing program visu-
alizations. Most researchers agree that users must have the ability to limit the
amount of data that is shown so that the screen does not become cluttered. Seal
offers the user the ability to hide or show variables as needed. The ability to posi-
tion the variables in a pleasing and sensible order is important, since the animation
engine cannot infer sensible locations for the variables by itself.

Future development needs to investigate ways of deciding how visible data should
be placed so that the animation appears smooth and uncluttered. Currently none of
the available program visualization applications provide any kind of automation
that places variables in a meaningful way. This may be another application area
in which agents can be beneficial.
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4.1.7 Platform independence

Because an instructional tool needs to be used in widely differing settings, plat-
form independence was placed as one of the requirements for Seal. In the current
situation Java is the only language that offers a sensible approach to developing
platform independent software that requires a graphical user interface.

Although Java has been used to create Seal it is not being deployed as an applet.
The primary reason for the application approach of Seal is that supporting all of
the various browsers and running environments is quite a task and downloading
an applet for each use is a waste of resources.

The choice of Java as the development language was strengthened by the easy net-
working opportunities it provides. As some of the options for future development
have shown, support for various networking scenarios is needed.

In addition to the selection of a portable programming environment, platform in-
dependence has placed its own requirements on interface design. Seal does not
use any hard-coded values for screen sizes, colors, or fonts as they might not be
available on all platforms.

While Java does offer significant benefits when designing platform independent
software, it has some unfortunate limitations as well. One of the main limitations
is that in addition to Seal the Java Runtime Environment adds to the disk space
required. Unfortunately Java is also quite slow especially on older computers.
Both of these factors limit its usability on older computers on which native code
would be fast enough. Luckily even on most slower computers Seal’s functioning,
once started, is fast enough.

4.1.8 Implementation experiences

Because the development time of the current version of Seal was limited, the lack
of suitable agent frameworks or even design patterns had an impact on the de-
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velopment. Building the whole architecture with custom components, excluding
the standard Java libraries and XML and XSL/T libraries, has taken an undue
amount of time. This time has reduced the time that could have been used to fur-
ther develop the functionality of the instructor towards a more rational entity. The
instructor needs to be developed more before concentrating on other issues.

Since most of the formal specification models for agents (Jennings & Woolridge,
2000) were too heavy for use in the specification of Seal, a traditional software
engineering approach was taken in which the agents are custom built. Unfortu-
nately, agent development, as all software development has its own set of pitfalls
(Woolridge & Jennings, 1998) that we saw in our own development process more
than once.

My original design had four different agents that used an ACL to intercommu-
nicate. This plan was already partly implemented into code before its feasibility
was questioned and the code needed to be dumped. The current version, as al-
ready noted, has only three agents and all communication takes place through
normal method calls.

| have tried to avoid creating a system that is a good prototype but far from an
industrial strength solution. Of course the fact that we are talking about educa-
tional software that is not intended to be used alone means that the requirements
are not as high as in air traffic control environments. Nonetheless bad choices
during the design would have lead to a system that is unusable in any real learning
environment.

As already noted, | initially designed the application with too many agents but at
some point the whole agent approach needed reconsidering as well. Hopefully
the current design provides a good balance between the number of agents and
their intelligence. Future development needs to enhance the intelligence of the
instructor but that does not concern the other parts of the application directly.

Because 99% of agent development is still traditional software engineering (Wool-
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ridge, 1997) — and Seal is closer to 99.9% — most of the problems that | faced
during the development were caused by the challenges that most software devel-
opers face every day. Some of the problems had to do with the lack of proper
documentation for new technologies while others had to do with problems related
to the use of external libraries.

One of the main problems in developing agent based applications in Java is that
agents need a high level of concurrency which is often problematic in Java. While
Java does support threads and concurrency, some of its undocumented and some-
times buggy “features” can easily give the developer more than a few gray hairs.
Luckily in another project | was required to write even more concurrent code
that needed industrial level reliability. This helped prevent several problems that
would have certainly arisen otherwise.

One of the biggest hurdles in Seal’s development was trying to modify the high-
lighting behavior of Java’s text-component that allows showing HTML code.
Only after several hours of workaround development and browsing of obscure
documents was the solution to my problem found — a solution that would have
been easy to document in the developer documentation of Java’s class libraries.

4.2 Example of use

We will now walk-through a student’s example session with Seal. Its initial view,
after startup, can be seen in figure 4. The sum-algorithm is loaded on startup
by default and we will consider it in this example. The sum-algorithm’s original
XML-representation can be seen in appendix C and the converted HTML, the
student’s view of the algorithm, in figure 5.

Figure 4 shows the various windows that Seal opens at startup. The ‘Animation
controls’ window should be self-evident, it is also the window needed to start the
execution of the algorithm. The Value changer allows the student to enter a new
value that is used to modify a variables value. The modification of the variable’s
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Figure 4: Initial view of Seal.

Figure 5: Seal’s view of the sum-algorithm.
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value is based on the function that is selected with set as the default.

Once the student has selected which variables they want visible — all in this case
— it is time to start the execution of the algorithm by clicking the play button in
the animation controls. As the function in question has a parameter, the user is
prompted to set the initial values of the parameter as seen in figure 6. With an
array all of the values must be set, but this should not be an obstacle as in most
examples the size of the arrays should be fairly small so that setting all the values
does not take an undue amount of effort. If the student notices an error in the
value of the parameter that they set, they may change it without any effect on the
algorithm execution before the first line’s functionality is embarked upon.

Initialize Parameters

oK

Figure 6: Setting the function’s parameters.

Once the parameters have been set, the execution of the algorithm will begin in
earnest. In this case the first line of the execution requires the initialization of the
variable s which holds the sum. To initialize the variable, the student must enter
the value 0 into the “Value changer’ window, set the function to Set and drag the
value of the correct variable. The state of the execution after the parameter has
been set and the first line has been executed can be seen in figure 7.

The next step has to do with initializing the control variable for the for-loop. For
readers familiar with algorithmic representations the meaning of the statement is
quite clear, but let us assume that our example student has just begun his studies
in CS and even a simple loop is a difficult concept. The first time the line is
encountered its function is apparent to our student, the variable i gets the value 1
in the same way as described above when initializing s.

On to the next line of the execution — so far so good. In this line the value of
s should grow with the value found in array a’s i th slot. So, our student selects
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Figure 7: The state of the animation after the first line of the algorithm has been

executed.

Sum as the function in the “Value Changer’ window and then correctly drags the
first value of the array to s. After this line’s execution the value of s is 5 as seen

in figure 8.
[} value Changer s EI
Function: [Sum w | value: |1 Drag Me!

[] Animation

m.]

sis[sis[s[s[s]sls] |
5
5.0

Figure 8: View of the animation after the first round of the for-loop.

What our student does not understand is that when the for-loop is executed again,
I should be incremented by 1. Since he does not know why the execution stopped
at the for-loop’s line, he clicks ‘play’ to make the animation continue. Since the
animator has received guidance on what to do with the body of the for-loop when
the value of i is 1, it will begin looping automatically, always incrementing s
with the first value of the array a.
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This mode of execution will create an endless loop since the end condition of the
for-loop, ¢« = 10, is never reached. Once the for-loop has been executed eleven
times, the instructor will interrupt the execution and guide the student back on
track by informing the student of the for-loop’s end condition. The execution will
then be rolled back to the state visible in figure 8, the instructor’s guidance can be
seen in figure 9.

[

o {7 value Changer ; o £ variable Visibility *
| ~w | value: |1 Drag Me!

|l Function: [Sum variable [s w ‘7 Hide

"] Algarithm
function sum (a[])
rr

fori = 1to 10 do
s:= 35 + afi]

end do

return =

JeEs

ﬁ Did you notice that the loop's index is out of bounds?

ﬂﬂﬂﬂﬂﬂ

Figure 9: Instructor’s guidance when the for-loop has been executed too many
times.

At this time some bells begin ringing in our student’s head. He remembers the
last lecture in which the lecturer described how for-loops function and remembers
to increment i ’s value with 1 now instead of just continuing. Since the animator
does not know what to do with the body of the for-loop it will pause to ask for
guidance from the student. This time around the student checks that the function
in the “Value changer’ window is Sum and drags the second value of the array a
to s. After this the animator infers that each time the beginning of the for-loop in
reached i is incremented by one and s is incremented by the i th element of the
array a.

Once the execution of the for-loop is complete, the last line of the algorithm holds
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the return value of the function. Once this has been reached, the instructor will
grab the value that would have been returned and ask the student whether the value
is correct (see figure 10). If the student answers correctly a final acknowledgment
is given; otherwise the student is prompted to consider whether his preconception
of the result is correct.

. =4 =4 )

["] Animation Controls a " value Changer o [ variable visibility ¢°

l<= |[ =< [[ = |[ 10 |[ swop |[ »> |[ >»1 | Function: [Sum w | value: |1 ~ Drag Me! l variable [5 » || Hide |

[} Algarithm & B[] Animation & EH
function swm (a[])

gi=0

fori = lto 10 do B

§ -5+ ali] EEEEEEEEEE] |
end do
return =
Execution complete BIETE
[ tastructar o E Does the return value 50.0 correspand to your view of the algorithm's result?
Did you notice that the loop's index is out of by
m [¥es ][ No |
Yes | No

Does the return value 50.0 correspond ta your

view of the algorithm's result?

s is now visible.

Figure 10: The end of the algorithm has been reached. Is the result correct or not?

4.3 Evaluation

Before we use any generic evaluation checklists we will look at how Seal fits into
the level classification of Anderson and Naps (2001) that we used earlier (see sec-
tion 2.2). While Seal is clearly geared towards understanding the algorithm as a
recipe (level 1) with its pseudo-code representations, it can still be considered as
belonging to the second level. While Seal does not show actual implementation
code to the student it requires that the student understands each step of the algo-
rithm’s execution which should be fairly easy to transcribe into program code by
a student familiar with the programming environment. It is possible that Seal can
be used to help in efficiency analysis and correctness proofs but these issues have
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not been a deciding factor during its design.

On the instructional design scale Seal falls into many of the levels quite easily. It
does not belong to the first level in which the animation can be viewed passively as
it requires active student participation. While the current version does not support
showing textual materials alongside the animation, the requirement for level I,
the development roadmap has this feature marked up as high priority and the ar-
chitecture fully supports this functionality. I must thank Naps for his input on this
matter at the First Program Visualization Workshop, without it this functionality
would have been overlooked.

Level 111, user designed input data, is clearly implemented by Seal as seen in figure
6. While the student is not asked to predict what will take place in the algorithm’s
execution at certain breakpoints (level 1V), the student must guide the algorithm’s
execution at each new statement. While level 1V is Seal’s placement on the scale,
level V is not. Although the user can decide which variables he wants to view
during the execution, Seal is not designed to cope with large amounts of input
data so that the amount of information viewed would really need to be adjusted
(level V).

Levels VI and VII are also a part of Seal’s repertoire as the user has the ability to
— and might be required to — backtrack in the algorithm’s execution to correct
it (level V1), and the user actively works on the design of the visualization (level
VI1). The final level on the instructional scale has to do with the linkage between
the algorithm animation and other course materials. Naturally we cannot evaluate
Seal’s placement in this level as it depends on the design of the course materials
and instructor more than anything else. Seal is not specifically designed to be a
part of a certain course.

To evaluate Seal, | have chosen the checklist presented in (Delta Checklist, 1989).
It has been chosen over the extended Ravden & Johnson checklist (Tukiainen &
Lempinen, 1994) because of its focus on cognitive issues instead of technical and
user interface issues. Once Seal is completed and has left the prototype stage
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the evaluation should include the use of a technical checklist to evaluate the user
interface.

The following table shows the numeric grades of Seal in the different evaluation
categories of the Delta-project. A grade of NA means that the category is not
applicable, otherwise 0 is the worst and 3 is the best. The potential column is
used to describe how the planned development of Seal should change its grade in
the category as we are still evaluating an extremely raw prototype. We will take a
closer look at Seal’s evaluation in the categories below with the rationale for the

grade.
Evaluation Category Grade (0-3) | Potential
Engagement 3
Interactivity 3
Tailorability 1 ++
Appropriateness of multimedia mix NA
Mode and style of interaction NA
Quality of interaction NA
Quiality of end-user interfaces 0 ++
Learning Styles 1
Monitoring and assessment techniques 1 ++
Built-in intelligence 0 +
Adequacy of ancillary learning support tools NA
Suitability for single user/group/distributed use 3/0/NA
Availability in terms of cost and delivery platforms 3
Outstanding strengths and attractive features NA
Outstanding limitations and weaknesses NA

I cannot be an objective evaluator of Seal. This evaluation is intended to gather
and underline the educational aspects that have guided its design and implemen-
tation. Engagement is given the best possible grade since what CS student would
rather use paper and pencil instead of a computer, especially when the computer
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is clearly supposed to reduce the amount of work. In reality however, only ex-
periences of using it in actual learning situations will show what the grade will
be.

I have left some of the interactivity subgroups without a grade as the general level
of interactivity in Seal is important. In an environment designed for algorithm
animation, the use of animation is automatically appropriate. Because Seal is an
inherently interactive system — after all, the student guides the whole animation
process — the quality, mode and style of the interaction cannot really be given a
grade. Overall its interactivity does rate an excellent grade, again due to its nature
more than anything else.

Most of the categories marked with a potential of development are those that had
to be given less attention in the creation of the prototype. Its tailorability has to
do more with how instructors use it as a part of their courses. Seal is designed to
work in guided laboratory sessions or independent work but needs to be integrated
into the course context for it to be useful.

The Delta-project’s definition for built-in intelligence is described as how well
the program remembers what the student has already learned. While my view
of built-in intelligence is somewhat different, Seal can be implemented with the
ability to remember which algorithms the student has covered and completed. In
Seal’s case this should not be an important attribute.

Monitoring and assessment techniques received a fairly low grade as currently the
amount of assessment is only adequate. Future development should provide more
abilities for the instructor to assess the student’s actions and modify the guidance
accordingly. Seal’s support for different learning styles is limited; after all it is
a tool for automating assignments. Because Seal is primarily designed for use
by a single student, its suitability for group use is poor. While problem solving
in a group may be beneficial, in this case the important factor is ensuring student
understanding which requires that each student’s understanding can be monitored.
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Because Seal is published under the GNU Public License (GPL, 2001) and is
developed with Java it should rank fairly high when considering its availability.
Because of the last two years spent designing and implementing Seal, | feel that
objectivity in evaluating its strengths, weaknesses, attractive features, and limi-
tations is impossible. Therefore | will leave them without an evaluation and let
others evaluate Seal further when the development has progressed.
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5 Discussion

Computer based educational environments have come to the point in which tradi-
tional uses of artificial intelligence are inadequate and no clear replacements have
surfaced. Agents — in all of their diversity and ambiguity — have been proposed
as an alternative to traditional Al systems. Because intelligence on the computer
side is often needed in learning environments the use of agents in CAl needs to be
studied and evaluated. Several prototypical systems have been created that utilize
agent-based technology in educational environments, but the silver bullet is yet to
be found.

As we have already discussed agent-based computing is not that much about cre-
ating Al systems that learn rather than creating systems that help users manage
complexity by providing networks of interactions that might have been unforeseen
by the original designers of the system.

While teaching understanding algorithms can be seen as something helped by
intelligent agents, many other topics are harder to reduce into an algorithmic or
interactive set of rules. As we saw in the description of Seal (4) it is easy for a com-
puter to know when the execution of an algorithm by the student differs from how
it should be executed. Unfortunately very few topic matters have such clear-cut
boundaries between the correct and incorrect answer. Of course, the proponents of
agent-based engineering often argue that an algorithmic view is less powerful than
interaction (Wegner, 1997). This enables better possibilities for using intelligence
in the computer-aided instruction of subjects other than algorithms as well.

Seal, although still a barely usable prototype, shows that social agents and inter-
action can be used in algorithm animations. The interaction that takes place in
Seal between the student and the animator or instructor-agents helps ensure that
the student really understands the connection between the algorithm and the visu-
alization.

The additional guidance that Seal is able to provide for the user in comparison
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to many other algorithm animation environments comes from the use of social
agents. This guidance takes the form of pointing out the steps in which the al-
gorithm’s execution as defined by the student differs from the correct execution.
Thus, when faced with the deviance from the correct execution, the student has
the opportunity to reconsider his own view of the algorithm’s function or result.

The development of Seal has shown that agent-based engineering offers new op-
portunities. Unfortunately, as agent-based engineering is a relatively new branch
of computer science, the lack of suitable development environments and common
standards means that developing agent-based applications requires quite extensive
resources. Hopefully as agent-based engineering matures design guidelines, de-
velopment environments, frameworks, and libraries will be created that will help
in the creation of new agent applications.

My work with Seal has brought forth the need for a common way of represent-
ing algorithms and related textual information for use in algorithm animations
and other uses of algorithms. The work begun on the XML DTD presented in
appendix B is the first step towards such a common format.
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A List of Abbreviations

Abbreviation Description Defined in
ACL Agent Communication Language 3.2.2
Al Acrtificial Intelligence 1
BDI Belief-Desire-Intention 311
CAl Computer Aided/Assisted Instruction 1

CAL Computer Aided/Assisted Learning 1
CS Computer Science 1
CSE Computer Science Education 1
HCI Human-Computer Interaction/Interfaces 3.1.2
ITS Intelligent Tutoring Systems 3.3
MAS Multi-Agent System 3.1.1
(6]0) Object Orientation 3.1.2
SV Software Visualization(s) 2
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B TheDTD used todescribealgorithmsin Seal

<?xm version="1.0"?>

<l--

The al gorithmrepresentati on DTD for use in Seal
(c) 2001 Ramin Mraftabi <ram n@s.joensuu.fi>

This programis free software; you can redistribute it and/ or nodify
it under the ternms of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any |later version.

This programis distributed in the hope that it will be useful,
but W THOUT ANY WARRANTY; wi thout even the inplied warranty of
MERCHANTABI LI TY or FI TNESS FOR A PARTI CULAR PURPCSE. See the
G\U General Public License for nore details.

You shoul d have received a copy of the GNU General Public License
along with this program if not, wite to the Free Software
Foundation, Inc., 59 Tenple Place, Suite 330, Boston, MA 02111-1307

<l ELEMENT al gorithm (description, (function)+)>
<l-- algorithmattributes, for descriptions on what the |evel neans
see http://ww. acm org/si gcse/ cc2001/ st eel man/ cs- cour ses. ht ni
- >
<! ATTLI ST al gorithm nane CDATA #REQUI RED
| evel (Cs1| Cs2| CSs3) "Cs1'>

USA

<l-- Description and related fields, basically very sinplified XHTM. 1.0. ..

-->
<! ELEMENT descri ption (CDATA| (p|ul]ol)+)>

<I ELEMENT p (CDATA| enf strong|tt)+>
< ELEMENT ul (li)+>

<IELEMENT ol (li)+>

<IELEMENT |i (CDATA| enjstrong|tt)+>
<! ELEMENT em CDATA>

<! ELEMENT strong CDATA>

<! ELEMENT tt CDATA>

<l-- The function and related fields -->

63



<! ELEMENT
<! ATTLI ST

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT

<! ELEMENT
<! ATTLI ST

<! ELEMENT
<l ATTLI ST

<! ELEMENT
<! ATTLI ST

<! ELEMENT

<! ELEMENT

function (parant, body>
functi on nane CDATA #REQUI RED>

param (var) >

body (Iline)+>

line ((comment)?, (assignenment|for|while|ldo|if|return)>

assi gnerment (var, val ue)>
for (begin, end, body)>
whil e (cl ause, body)>

do (body, clause)>

if (clause, body, (else)?)>
el se (if]|body)>

return (val ue)>

begi n (assi gnenent) >
end (val ue)>
cl ause (val ue) >

val ue (var]|literal|expression)>

expression (val ue, operator, value)>

oper at or EMPTY>
operator type (sum sub, nult, div) #REQU RED>

var (index) ?>

var nane CDATA #REQUI RED
type (char, int, double, boolean) "int
size CDATA "1">

i ndex EMPTY>

i ndex nanme CDATA #1 MPLI ED
literal CDATA #l MPLI ED>

literal (#PCDATA)>

comment (CDATA| (plul]ol)+)>

64



C Listing of the sum.xml used in the examples of
Seal

<?xm version="1.0" encodi ng="i so-8859-1"?>
<?xm - styl esheet type="text/xsl" href="xsl/al gorithnhtm .xsl"?>
<?cocoon- process type="xslt"?>
<al gorit hm name="suni' >
<l evel >
<csl/ >
</l evel >

<descri ption>
This al gorithmcal cul ates the sumof the values in the paraneter array.
For correct execution, all of the array’s values shoul d be nunbers
characters and strings will cause errors

</ description>

<function name="suni >
<par ane
<var nane="a
</ par an>
<body>
<line>

type="array" size="10"></var>

<assi gnenent >

<var nanme="s"></var>

<val ue><literal >0</literal ></val ue>
</ assi gnement >

</line>
<l'i ne>
<for>
<begi n><assi gnenent ><var nanme="i"></var >

<val ue><literal >1</|iteral ></val ue></ assi gnenent ></ begi n>
<end><val ue><literal >10</Iiteral ></val ue></ end>
<body>
<line>
<assi gnenent >
<var nanme="s"></var>
<val ue>
<expr essi on>
<val ue>
<var nanme="s"></var>
</ val ue>
<operator type="suni/>
<val ue>
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<var nanme="a"><i ndex name="i"/></var>
</ val ue>
</ expressi on>
</ val ue>
</ assi gnenent >
</line>
</ body>
</for>
</line>
<line>
<return>
<var nanme="s"></var>
</return>
</line>
</ body>
</ function>
</ al gorithme
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